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Abstract
Targeted delivery of anti-tumor drugs and overcoming drug resistance in malig-
nant tumor cells remain significant clinical challenges. However, there are
only few effective methods to address these issues. Extracellular vesicles (EVs),
actively secreted by cells, play a crucial role in intercellular information transmis-
sion and cargo transportation. Recent studies have demonstrated that engineered
EVs can serve as drug delivery carriers and showed promising application
prospects. Nevertheless, there is an urgent need for further improvements in the
isolation and purification of EVs, surface modification techniques, drug assem-
bly processes, and precise recognition of tumor cells for targeted drug delivery
purposes. In this review, we summarize the applications of engineered EVs in
cancer treatment and overcoming drug resistance, and current challenges asso-
ciated with engineered EVs are also discussed. This review aims to provide new
insights and potential directions for utilizing engineered EVs as targeted delivery
systems for anti-tumor drugs and overcoming drug resistance in the near future.

Abbreviations: APCs, antigen-presenting cells; Apts, aptamers; AS1411, a guanine-rich DNA aptamer; BBB, blood-brain barrier; BC, breast cancer;
CAFs, cancer-associated fibroblasts; CP05, specifically recognizes CD63; DCs, dendritic cells; DHA, dihydroartemisinin; dPGs, dendritic polyglycerol;
EGFR, multiple drug resistance; EGFR, epidermal growth factor receptor.; EMA, European Medicines Agency; eNVs-FAP, FAP gene-engineered
tumor cell-derived exosome-like nanovesicles; EVs, extracellular vesicle; FAP, fibroblast activating protein-α; FAP, fibroblast activating protein-α;
FDA, Food and Drug Administration; GRP78, glucose-regulated protein 78; HGF, hepatocyte growth factor; imDCs, immature dendritic cells; iRGD,
rabies virus glycoprotein; lncRNA, long non-coding RNA; MDR, multidrug resistance; miRNA, microRNA; mPC, metastatic peritoneal carcinoma;
MSCs, mesenchymal stem cells; MTTP, microsomal triglyceride transfer protein; MVB, multivesicular bodies; ncRNA, non-coding RNA; NEs-Exos,
neutrophil-exosome system; NK cells, natural killer cells; NPs, nanoparticles; PDGFR, platelet-derived growth factor receptor; PEG, polyethylene
glycol; PSMA, prostate-specific membrane antigen; PSMA, prostate-specific membrane antigen; PTK7, protein tyrosine kinase 7; RNAi, RNA
interference; sdAb, single domain antibody; siRNA, small interference RNA; SIRP, signal regulatory protein; STAT6, signal transducer and activator of
transcription 6; TAMs, tumor-associated macrophages; tLyp-1, truncated LyP-1; TME, tumor microenvironment.
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1 BACKGROUND

The precise targeting of drug delivery and drug resistance
pose significant challenges in cancer treatment and are
the main causes of treatment failure and detrimental side
effects. Chemotherapy, commonly utilized in treatment for
tumors at advanced stages, exhibits high toxicity towards
normal cells, resulting in a range of adverse reactions,
including fatigue, vomiting, rash, intestinal disorders, and
febrile neutropenia [1]. Additionally, multidrug resistance
(MDR) is a prevalent issue in the use of free (or unbound)
chemotherapeutic drugs [2, 3]. Consequently, a press-
ing need exists to achieve precisely targeted delivery of
medications and to combat drug resistance.
In recent years, nanoparticles (NPs) have made consid-

erable strides in drug delivery [4], with a diverse range of
nano-based delivery systems approved by the US Food and
Drug Administration (FDA) [5]. Although the develop-
ment of nanomaterials once gave us hope, the therapeutic
efficacy of nanomaterial drugs has not met expectations
because of their high expense, poor biological compatibil-
ity, and potential to elicit an immune response [6]. Due
to their inherent biocompatibility in vivo, extracellular
vesicles (EVs) have shownbetter results in enhancingmed-
ication transport and therapeutic benefits than synthetic
nanomaterials [7, 8]. EVs, small vesicles varying in size
from 30 to 120 nm [8], are secreted by various cell types and
can facilitate cell-to-cell communication without necessi-
tating direct contact. Therefore, EVs can be utilized as local
or long-range drug delivery systems [9].
EVs possess the advantageous traits of low toxicity, low

immunogenicity, and relative stability in vivo, rendering
them an attractive option as carriers for nucleic acids and
drugs [10, 11]. They can be genetically engineered in their
natural state to confer cell and tissue targeting and can
safely deliver loaded drugs both in vitro and in vivo [12, 13].
Hence, EVs serve as promising natural nano-carriers for
clinical applications. Various methods exist for the modi-
fication, loading, and application of engineered EVs. Here,
we summarize the processes used to create modified EVs
using genetic or chemical techniques, their use for targeted
drug delivery, and their value in preventing drug resis-
tance. Furthermore, the use of engineered EVs for disease
treatment through drug packaging as well as insights and
prospects for the future of engineered EVs are discussed.

2 NPS FOR TARGET DRUG DELIVERY

The remarkable advancement of nanotechnology in recent
decades endowedNPswith the capability to enhance cargo
stability and solubility, facilitate transmembrane transport,
and extend circulation time to improve safety and effi-
cacy. Consequently, NPs have emerged as a kind of viable
medication deliverymaterials with several benefits [14, 15].
Notably, targeted therapy of NPs predominantly relies on
the enhanced permeability and retention effect [16]. Cur-
rently, the US FDA and the European Medicines Agency
(EMA) have authorized over 25 nanomedicines, with over
45 additional NP technologies under evaluation in clin-
ical trials, despite lacking the US FDA/EMA approval
(Figure 1) [17].
The specific binding between a ligand and a receptor

confers the nano-carrier with active targeting capability
[18, 19]. Folate receptors are known to be overexpressed in
more than 40% of various carcinomas [20]. As a carrier,
folic acid-modified polymer exhibits high cellular uptake
in tumors such as cervical cancer and squamous cell car-
cinoma and can encapsulate anti-tumor drugs, including
baicalin or nucleic acid, to augment its anti-tumor effects
[21–23]. The high expression of transferrin in malignant
cells and its low expression in normal human tissues ren-
der it an appealing molecule for targeted cancer therapy
[24]. Graphene oxide was used by Liu et al. [25] as a drug
carrier, surface-modified with transferrin, and loaded with
dihydroartemisinin (DHA). Upon injection into mice with
breast cancer (BC), the resulting formulation exhibited a
remarkable tumor-targeting ability, responded to a low
pH trigger, and significantly enhanced the cytotoxicity of
DHA.
In addition to ligand modification, the surface modi-

fication of antibodies is another option [26]. Using this
feature, some studies have modified graphene quantum
dots by attaching a high-affinity epidermal growth factor
receptor (EGFR)-scFv (B10), enabling precise targeting of
BC cells that overexpress EGFR [27, 28]. Upon loading
with cisplatin, scFv-modified NPs effectively killed tumor
cells. Similarly, a single domain antibody (sdAb) specific to
EGFR was used as a targeted warhead to modify bimodal
dendritic polyglycerol (dPGs) that can be cleared through
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F IGURE 1 Classes of NPs. Listed here are the three most commonly used types of NPs and their subclasses. NP, nanoparticle

the kidney. The findings indicated that antibody-modified
NPs exhibited enhanced specificity and a greater tendency
to accumulate in tumors [26].
Aptamers (Apts) are small, single-stranded DNA or

RNA molecules that have high specificity and affinity but
are less immunogenic thanmonoclonal antibodies [29]. As
a result, several nucleic acid Apts have been used tomodify
NPs to accurately target cancer cells. For instance, to treat
prostate cancer, A102-fluorouracil RNA Apts that target
the extracellular domain of prostate-specific membrane
antigen (PSMA) were used to modify NPs and encapsulate
docetaxel NP-Apt. Thesemodifications have demonstrated
significant anti-cancer efficacy and low toxicity in vitro
and in vivo [30]. Moreover, A10-3.2, an RNA Apt, bound
PSMA more strongly than A10, and the modified nano-
polymer could inhibit prostate cancer cells with multiple
targets and induced selective death by loadingmiR-15a and
miR-16-1 [31]. Interestingly, as for PSMA-targeting pep-
tides, some researchers constructed natural killer (NK)
cells targeting castration-resistant prostate cancer through
lentivirus and showed significant anti-tumor effects in vivo
and in vitro. The anti-tumor mechanism may be related
to iron death [32]. The interesting point of this experi-
ment is that it modifies NK cells directly, which gives full
play to the characteristics of NK cells that do not need
antigen stimulation and strongly kill tumors. More impor-
tantly, comparedwith nanomaterials, NK cells have higher
safety and feasibility [33]. It has great potential in tumor

immunotherapy. Thus, despite the numerous advantages
of NPs, their actual clinical applications are currently lim-
ited due in part to the translational gap between humans
and animals [34]. Additionally, there are concerns regard-
ing the toxicity and biological safety of NPs in vivo. When
NPs enter the body, they may have an immune reaction
with the body (that is, uptake by macrophages), resulting
in strong adverse reactions, such as immunosuppression,
increased risk of infection, interference with bacterial
clearance from the blood, and anaphylaxis [35–38]. Even
when polyethylene glycol (PEG) is used as an “invisibil-
ity cloak”, repeated injections may lead to the production
of PEG antibodies, resulting in faster removal of NPs
[39–41]. Collectively, NPs are limited by biocompatibility
and safety, as well as problems related to large-scale pro-
duction, so they are difficult to be widely used in the clinic
[42–44].
Targeted delivery of anti-tumor drugs and drug resis-

tance for malignant tumor cells are still big challenging
clinical issues, but there is still a lack of effectivemeans and
methods, including nanomaterials andApts, to solve them.
EVs, a key mediator actively secreted by cells, have been
shown to be crucial for intercellular information transmis-
sion and cargo transportation [45]. Recently, some studies
have shown that engineered EVs can serve as drug deliv-
ery carriers and have successfully constructed oral drugs
packaged paclitaxel which demonstrating good applica-
tion prospects [46, 47]. However, further improvements
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are urgently needed in the separation and purification,
surface modification, drug assembly, and precise recogni-
tion of tumor cells of EVs as drug-targeted delivery agents.
Thus, in this review, we summarized the current progress
of the isolation, purification, surface modification of EVs,
as well as their long-term prospects in targeted delivery of
anti-tumor drugs and overcoming drug resistance for can-
cers. It will provide new ideas and possible directions for
engineered EVs as targeted delivery systems for anti-tumor
drugs and overcoming drug resistance for tumor cells.

3 ENGINEERED EVS AND THEIR
THERAPEUTIC POTENTIAL

3.1 EVs

EVs were identified in reticular cells in 1983 and were
initially assumed to be responsible for cellular waste
removal [48]. However, in-depth investigations into EVs
in recent years have revealed their unique characteris-
tics. EVs are ubiquitously produced and released into the
extracellular fluid by almost all cells. They are about 30-
120 nm in size and are considered natural endogenous
NPs [49, 50].
EV production starts with the invagination of the cell

membrane, which enters the cytoplasm to become early
endosomes. These early endosomes receive particulate
matter fromcells to form late endosomes,which eventually
develop into multivesicular bodies (MVB) under endocy-
tosis. An MVB then combines with certain portions of
the cell membrane before being released into the extra-
cellular matrix as vesicles (Figure 2) [51, 52]. Since EVs
can be released by almost all cells, they possess excel-
lent circulatory stability and have negligible cytotoxicity
in vivo [53, 54]. At the same time, EVs can be extracted
from patients, so they have low immunogenicity, which
has more advantages than NPs [55–57]. EVs offer distinct
benefits in treating brain diseases owing to their capacity to
quickly penetrate the blood-brain barrier (BBB), according
to recent research [58]. Compared with directly deliver-
ing live cells, EVs have shown encouraging results in the
treatment of brain diseases [59, 60].

3.2 Characterization of EVs

As for how to identify EVs, the International Soci-
ety for Extracellular Vesicles proposes that at least one
of the following proteins needs to be evaluated (e.g.,
the plasma membrane-associated or endosome-associated
transmembrane or glycosylphosphatidylinositol-anchored
extracellular proteins and lipid- or membrane protein-
binding cytoplasmic proteins) to determine whether they
are EVs [61]. In most studies, electric vehicles are typ-

ically characterized using three methods: transmission
electron microscopy, the particle diameter analysis sys-
temandwestern blotting [61–63]. EV transmission electron
microscopy can identify the size and shape of EVs to
determine the presence of an EV-like structure in the
sample, which is usually in a saucer shape with a con-
cave center or a hemispherical shape with a concave side
[64]. The original state of EVs can be ensured by mea-
suring and counting the diameter distribution of particles
in the sample through the particle diameter analysis sys-
tem. Western blotting identification of EV surface protein
markers: usually the detection of protein markers, CD9,
CD63, and tumor susceptibility 101 (TSG101), is used to
determine the presence of EVs. In addition to the above
three general methods, EV markers can also be detected
by flow cytometry, which has the advantages of fast analy-
sis and fewer samples required. However, this technology
is time-consuming and labor-intensive, which limits its
applications [65]. In addition, a time-resolved fluorescence
immunoassay based on NPs has been developed, which
can capture EVs directly from urine and cell supernatant
and identify disease-specific markers on the surface of
urine EVs from patients [66]. Therefore, researchers can
actively select and develop a variety of markers to charac-
terize EVs in many ways according to their own needs and
conditions.

3.3 Isolation of EVs

There are many methods for isolating EVs, and differ-
ent separation methods can be used according to different
purposes and needs. Among them, ultracentrifugation,
ultrafiltration, precipitation, immunoaffinity capture, and
size exclusion chromatography are the five most com-
monly used techniques, and these techniques may be used
in combinations in different ways.
Ultracentrifugation is the gold standard for the isolation

of EVs and is themost commonly used isolation technique.
This method separates components in a solution based on
differences in size and density [67], and the operation is
simple. In addition to the initial instrument, the price is
low, and a high concentration of EVs can be separated
[68]. However, its disadvantages are time-consuming, high
equipment requirements, anddamage to the structure [69].
Ultrafiltration is a selective separation based on the size

of particles. This method is faster than ultracentrifugation,
and the activity of EVs is not affected. However, there are
problems, such as damage to EVs due to the applied shear
stress and low purity of recovery [70].
The precipitation method uses PEG to harvest EVs by

reducing the solubility of EVs [71]. This method is rela-
tively simple to operate and is used to separate large-dose
samples. However, the purity and recovery rate of EVs
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F IGURE 2 The formation and biological characteristics of EVs. (A) The formation of EVs; (B) Low immunogenicity. (C) Only a
small number of EVs will accumulate in places such as the liver and kidneys, so there is little toxicity in the body; (D) EVs can pass through
many kinds of biological barriers, such as the plasma membrane, the BBB and the cell barrier. APC, antigen-presenting cell; BBB, the
blood-brain barrier; EV, extracellular vesicle; lncRNA, long non-coding RNA; MHC, major histocompatibility complex; MVB,
multivesicularbody

are low, which is not conducive to subsequent functional
experimental analysis [72].
Immunoaffinity capture is based on the fact that EVs

can be separated by recognizing their unique surface
markers (such as CD9, CD63, CD81 and Alix) through
antibodies immobilized on surfaces such as magnetic
beads, chromatography column resins, multi-well plates
and microfluidic device [73]. This method has the char-
acteristics of strong specificity, high sensitivity and high
purity [74]. However, there are also some problems such as
high cost and unsuitability for large-scale separation [75].
Size exclusion chromatography, the mildest chromato-

graphic technique, takes advantage of size differences,
that is, the differential elution of particles of different
sizes through gravity flow, thus effectively separating EVs
from most proteins (such as albumin) in body fluids. This
method can maintain the integrity and biological activity
of EVs and has high yields, but it is time-consuming and
has a low recovery rate [76].
In general, each method has advantages and disad-

vantages, and researchers need to integrate and innovate
existing methods according to their own needs. For
example, to improve the separation purity, some studies
have tried to combine ultracentrifugation and ultrafiltra-
tion with size exclusion chromatography to isolate EVs

[77, 78]. The results showed that ultrafiltration combined
with size exclusion chromatography could reduce the
level of impurity cytokine (interleukin-10) in isolated EVs.

3.4 Therapeutic potential of EVs

The secreted EVs can engage with corresponding tar-
get cells through a diverse range of mechanisms [79].
Upon receptor binding, it initiates fusion and endocyto-
sis processes, subsequently triggering relevant biological
responses [80, 81]. Nucleic acids, including microRNA
(miRNA), long non-coding RNA (lncRNA) and DNA, may
be transported via EVs to facilitate cell-to-cell communi-
cation. According to Liu et al. [82], EVs from activated
T cells contain miRNAs that regulate immunity by tar-
geting antigen-presenting cells (APCs). Similarly, EVs
produced by donor dendritic cells (DCs) have been shown
to include functional donor major histocompatibility com-
plex molecules and APC activation signals, which may
increase allograft rejection [82]. Moreover, EVs can convey
proteins expressed by parent cells to facilitate intercellular
communication. For example, EVs can transfer a vari-
ety of proteins to promote the development of illnesses,
including Alzheimer’s disease and prions [83, 84].
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These observations highlight the natural EVs’ effec-
tiveness as a drug delivery platform in light of their
biodistribution, biocompatibility, and minimal immuno-
genicity. EVs have a high permeability and are capable
of traversing most biofilms, including the BBB (Figure 2)
[57]. Moreover, as they come from the patients’ own body,
the likelihood of immune response, allergic reaction, tox-
icity, and biodegradability issues is low [85]. Given these
advantages, EVs hold promise as candidates for cancer
therapeutic delivery.

4 SURFACEMODIFICATION OF EVS

Like other nano-therapeutic drugs, natural EVs in animals
tend to amass in organs such as the liver, kidney, and
spleen upon systemic delivery and are rapidly cleared by
phagocytosis in the reticuloendothelial system [86]. There-
fore, their surfaces require specific modification to achieve
accurate targeting to specific cells or tissues, thereby mit-
igating their accumulation in healthy tissues. Surface
engineering’s primary goal is to impart targeted specificity
to certain cell types. Genetic engineering and chemi-
cal alteration are examples of modification approaches
(Figure 3).

4.1 Chemical modification

Chemical modification of EVs can improve their physical
stability and increase the effectiveness of both their tar-
geting and medication delivery [87]. One effective method
for co-binding small and macromolecular organisms to
the EVs’ surface is click chemistry, which has a quick
reaction time, high specificity, and aqueous compatibility.
In addition, click chemistry has minimal effects on the
function of EVs [88]. To address the challenges of treat-
ing gliomas, in which the BBB often restricts the entry
of drugs into the brain, thus affecting the treatment of
tumors, Jia et al. [89] coupled the EVs’ membrane with
the neuroderm-1 targeting peptide by click chemistry to
deliver curcumin and NPs using EVs. The resulting EVs
could pass through the BBB and treat gliomas simultane-
ously. Similarly, c(RGDyK) peptide, which demonstrated a
strong affinity for integrin α(v)β3 in reactive cerebral vas-
cular endothelial cells after ischemia [90, 91], was found
attached to the EVs’ surface through a chemical reaction,
and the curcumin-loaded c peptide was then intravenously
delivered into a mouse model of transient middle cerebral
artery blockage [59]. The c peptide EVs can effectively pen-
etrate the BBB and inhibit inflammation and apoptosis in
the lesion area [59].

Chemicalmodification can also be used to inhibit tumor
immune escape. “Don’t eat me” signals are activated when
CD47 binds to the signal regulatory protein (SIRP) on
innate immune cells, including macrophages and DCs,
which allow the tumor to evade phagocytosis [92, 93].
By using click chemistry via a pH-sensitive junction, Nie
et al. [94] coupled an M1 macrophage-modified EVs with
dibenzocyclooctyne-modified antibody of CD47 and SIRP.
After systemic administration, themodified EVs recognize
active tumor targeting and effectively reprogram into an
M1-dominated tumor microenvironment (TME).
Nucleic Apts are a promising tool for specific targeting

owing to their strong affinities and selectivity for target
molecules [95]. The EVs’ surface can be modified with
nucleic Apts to improve their ability to target cells and
increase the effectiveness of medication delivery [96, 97].
For instance, Apts (AS1411) that target nucleolin, a protein
that is overexpressed on the surface of BC cells, were added
to EVs. These AS1411-modified EVs efficiently delivered
small interference RNA (siRNA)/miRNA to BC cells in
mice, resulting in effective tumor inhibition [98]. Another
study used an Apt (sgc7) that recognizes protein tyrosine
kinase 7 (PTK7) to modify the surface of EVs for targeted
delivery of chemotherapeutic drugs to cancer cells express-
ing PTK7 [87]. Additionally, EVs have been modified with
RNA Apts (such as PSMA-Apts and EGFR-Apts) to effi-
ciently deliver siRNA/miRNA to corresponding tumor
sites, leading to substantial tumor growth suppression.
Overall, EV nucleic Apt modification has the potential to
significantly increase the specificity and effectiveness of
targeted medication delivery [99].
The EVs’ surface can also bemodified by other chemical

methods. Qi et al. [100] created a cluster of superparam-
agnetic NPs based on EVs with dual functions that con-
nect transferrin-bound superparamagnetic NPs to the EVs
derived from blood reticulocytes by transferrin-transferrin
interaction, which not only enhances the specificity and
efficiency of cancer targeting but also enables real-time
imaging and monitoring of the drug delivery process.
Nakase et al. [101] combined cationic lipid treatment with
the negatively charged membrane of EVs and added lipo-
diamine to the EVs’ surface, which greatly improved the
cell uptake efficiency. CP05 anchoring modification has
been proven to retain the natural size and morphological
characteristics of EVs without affecting their distribution
in vivo and can change their cell targeting behavior, thus
more accurately treating tumors [102].
However, the availability of certain functional groups

on the surface of the EVs may restrict chemical modifica-
tion, and it may not be possible to target certain molecules
using this approach [103]. Furthermore, it is crucial to
properly account for any possible safety concerns brought
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F IGURE 3 Alteration of EV surface by chemical and genetic engineering. Chemical lipid or membrane-bound protein processes
or lipid-lipid interactions load many components, such as peptides, nucleic Apts and antibodies. Through the joining of membrane-binding
proteins, genetic engineering introduces targeted sequences, including peptides and proteins. Apts, aptamers; AS1411, a guanine-rich DNA
aptamer; CP50, the polypeptide fragment CP05 specifically recognizes CD63; EGFR, epidermal growth factor receptor.CD63-OVA, an
ovalbumin antigen fused with CD63; EV, extracellular vesicle; PDGFR TM domain, the transmembrane domain of platelet-derived growth
factor receptor; PSMA, prostate-specific membrane antigen; RVG, rabies virus glycoprotein; tLyp-1, truncated LyP-1

on by chemical alterations, especially when designing EV-
based therapies for clinical use. The modified EVs must
not be harmful and must not cause the patient to develop
an immunological reaction. Additionally, regulatory hur-
dles may need to be addressed before modified EVs can be
approved for clinical use.

4.2 Genetic engineering

Compared to chemical modification, genetically engi-
neered EVs offer several advantages for the expression
and stability of the targeted parts [104]. Moreover, the EV
membrane’s diversity of transmembrane proteins, includ-
ing lysosomal-associated membrane protein (LAMP) and
glycosylphosphatidylinositol, can be fused with ligands or
homing peptides to enhance the transport of EVs to their
intended destination [105].
By using genetic engineering, the gene sequences for

the relevant surface membrane protein and the ligand or
homing peptide may be combined. A common target for
the genetic engineering of EVs for targeted distribution is

LAMP-2B, a transmembrane protein that is abundant in
EVs generated from DCs [106]. In this approach, the tar-
geting protein or peptide’s gene is fused with LAMP-2B’s
gene to generate a chimeric protein that is produced on the
EVs’ surface. Despite this limitation, targeted medication
delivery using geneticallymodified EVs has shown encour-
aging results, and the potential for therapeutic use is now
being extensively investigated. Kumar et al. [107] used
EVs derived from DCs to fuse the EVs’ membrane protein
LAMP-2B into the central nervous system specific rabies
virus glycoprotein (RVG) peptide. The RVG peptide can
specifically bind to neuronal cells to express acetylcholine
receptors. In mice, glyceraldehyde-3-phosphate dehydro-
genase siRNA-loaded RVG-targeting EVs were injected
intravenously. The results demonstrated that EVs for RVG
targeting might selectively target brain neurons and result
in specific gene silencing. This provides a promising vec-
tor for the treatment of glioblastoma and gene therapy
of chronic neurodegenerative diseases [108]. Given that
immature dendritic cells (imDCs) can generate EVs with
low immunogenicity and toxicity [109, 110], Tian et al.
[111] employed imDCs and fused the N-terminal of the
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mouse EV LAMP-2B protein with the rabies virus gly-
coprotein (iRGD) peptide, which is specific for integrin
α(v)β3. Experiments revealed that iRGD EVs could specifi-
cally deliver adriamycin or doxorubicin to integrin-positive
BC cells. Bai et al. [112] fused the targeted peptide tLyp-1,
a ligand of selective targeting neuropilin 1 and neuropilin
2 [113, 114], to LAMP-2B and successfully constructed tar-
geted tLyp-1 EVs, which have a high transfection efficiency
for use in gene therapy. Given that endosomal proteases
may destroy the peptides on the surface of EVs during
their synthesis, Hung et al. [115] used genetic engineer-
ing methods to combine the N-terminus of the targeting
peptide-LAMP-2B fusion with the glycosylation sequence
to prevent peptide degradation.
LAMP-2B is not the only transmembrane protein that

can be used formembrane display. Another option is to use
platelet-derived growth factor receptor (PDGFR), a trans-
membrane protein. Cheng et al. [116] combined antibodies
targeting T cell CD3 and cancer cell-associated EGFRwith
the transmembrane domain of human PDGFR to create
EVs that showed powerful anti-cancer immunity against
EGFR-positive triple-negative BC cells in vitro and in vivo.
In addition to PDGFR and LAMP-2B, tetraspanin super-

family proteins CD63, CD9, and CD81 can be designed to
display targeting sequences or probes [117–119].
However, genetic engineering-based modification is

limited by the encoded gene sequence, and its application
is challenging.Ongoing researches are focusing on improv-
ing this method. In summary, surface modification of EVs
significantly enhances their stability and targeting, but it
is a challenging process that requires strict control of reac-
tion conditions to prevent destruction and non-specific
accumulation of EVs due to inappropriate temperature and
pressure [120].

5 THERAPEUTIC CARGO LOADING
IN ENGINEERED EVS

EVs can carry various types of cargo, the most com-
mon of which are small molecular drugs and nucleic
acids (Table 1). According to the loading mode, it can be
divided into endogenous loading and exogenous loading
(Figure 4). Endogenous loading is through the transforma-
tion of donor cells to secrete EVs that we are interested in,
which can be achieved by transfection or co-incubation.
Co-incubation is suitable for some fat-soluble drugs, such
as curcumin and adriamycin, and nucleic acid molecules,
such as siRNA.When co-incubated, cells can absorb goods
by endocytosis and secrete EVs of interest [121, 122]. In the
transfection method, a specific plasmid can be transfected
into the cell to express the desired goods (such as proteins,
peptides, nucleic acids and other active molecules), and

then be encapsulated and secreted by EVs. This method is
simple to operate, but the loading efficiency is low, and the
transfection reagent is toxic to the cell [123, 124]. Exoge-
nous loading is to first purify EVs and then load the goods
by physical or chemical methods, including electropora-
tion, ultrasonic treatment and extrusion [125], in which
proteins, CRISPR-Cas9 systems and DNA can be electro-
porated with high encapsulation efficiency but require
purification and may damage the integrity of the EVs’
membrane. The chemical load mainly includes saponins
permeation and calcium chloride, in which the use of
saponins auxiliary method can greatly increase the drug
loading [126]. Interestingly, a recent study has used lipid
NPs to deliver functional mRNAs to cells, such as vascular
endothelial growth factor-A (VEGF-A) mRNA, which can
be transformed into EVs secreted by donor cells, and these
EVs can effectively induce VEGF-A-dependent angiogen-
esis [127]. Compared with traditional transfection, this
method exerts less toxicity to donor cells and has a cer-
tain loading efficiency. Therefore, the way of loading is not
the same. It is hoped that more researchers will creatively
develop more and more effective loading methods in the
future.

5.1 Delivery of nucleic acids

The objective of gene therapy is to cure diseases brought
on by faults and aberrations of genes without causing
harmful side effects by introducing foreign, normal genes
into target cells [128]. Various diseases, including cancer,
can be treated with gene therapy using non-coding RNA
(ncRNA) [129, 130]. miRNA and siRNA can specifically
inhibit the expression of any cancer-related genes/mRNA
throughRNA interference (RNAi) [131], such asBcl-2 [132],
c-Myc [133], KRAS [132, 134], etc. However, ncRNA is a
macromolecule that is difficult to deliver within the body.
Excitingly, a study demonstrated that the EVs secreted by
THP-143 cells transfected with miR-1 mimics in vitro can
successfully load miR-143 and can be targeted to tumor
cells in mice [135]. Given the absence of delivery vectors
that can successfully traverse the BBB, Alvarez-Erviti et al.
[108] began to study targeting engineered EVs to the brain.
They skillfully used DCs successfully transfected with
LAMP-2B-modified pEGFP-C1 to secrete EVs express-
ing RVG, which were then electroporated with siRNA
and administered to mice. A strong RNAi response was
observed throughout the brain: the damaging β-amyloid 1-
42 protein in the animal cerebral cortex was decreased by
55%, and the mRNA of the beta-site APP-cleaving enzyme
1, a protein implicated in the formation of Alzheimer’s dis-
ease [136], was knocked down by 61%. Surprisingly, only
a slight RNAi effect was detected in the liver and spleen.
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TABLE 1 The application of EVs as cargo delivery systems

Source of EVs Therapeutic cargo Disease Reference
Subcutaneous fat MSCs miRNA-199-3p Osteoarthritis [196]
HEK293T cells Interleukin-10 Inflammatory bowel disease [197]
Normal human foreskin fibroblast cells siRNA and shRNA Pancreatic cancer [198]
HEK293T cells 5-FU and miR-21 Colorectal carcinoma [191]
Macrophage cells Paclitaxel Lung cancer [169]
Raw 264.7 macrophage cells Doxorubicin and paclitaxel Multidrug resistant cancers [148]
Hepatic stellate cells Cas9 RNP Liver diseases [62]
Human mesenchymal stem cells MicroRNA-29a-3p Glioma [199]
Primary dendritic cells VEGF siRNA Breast cancer [98]
HEK293T cells ASO-STAT6 Colorectal cancer [160]
Milk Paclitaxel Lung cancer [184]
H22 hepatocarcinoma cells Doxorubicin and 5-FU Hepatocarcinoma [200]
Raw 264.7 macrophages Doxorubicin Colon cancer [201]
KPC689 cellsMSCs CRISPR/Cas9 Pancreatic cancer [202]
[object HTMLSpanElement]MSCs [object HTMLSpanElement]MSCs siRNA Huntington’s disease [203]

Abbreviations: 5-FU, 5-fluorouracil; ASO-STAT6, a signal transducer and activator of transcription 6 targeting antisense oligonucleotides;HEK293T cells, human
embryonic kidney 293T cells; miRNA,microRNA;MSCs, mesenchymal cells; RNP, ribonucleoprotein; shRNA, short hairpin RNA.; siRNA, small/short interfering
RNA; VEGF, vascular endothelial growth factor.

F IGURE 4 Therapeutic cargo loading methods for EVs. There are two main ways to load EVs, endogenous loading and exogenous
loading, and different loading methods have their own advantages and disadvantages. EV, extracellular vesicle; lncRNA, long non-coding
RNA; miRNA, microRNA
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Importantly, there was almost no toxicity and very low
immune response after systemic administration [108]. The
efficacy ofmodifiedRVG in siRNAdistributionwas further
supported by research employing hepatocyte growth factor
(HGF) siRNA-loaded EVs from human embryonic kidney
cells [137].
In comparison to siRNA, miRNA can cause target

mRNA degradation or translation inhibition without com-
pletely binding to its targetmRNAsequence.Nie et al. [138]
exploited the EVs derived from BC cells that overexpressed
integrin β4, as it could specifically act on surfactant C and
be specifically internalized by cancer cells. When miRNA-
126 was loaded, the PTEN/PI3K/AKT signaling pathway
was blocked, and the growth and invasiveness ability of
A3 lung cancer cells were significantly inhibited [138].
More specifically, miRNA’s anticancer capabilities may be
strengthened by EVs. As demonstrated by the Kuroda lab-
oratory, engineered EVs loaded with miRNA are precisely
targeted to BC cells overexpressing EGFR through peptide-
targeting ligands, resulting in reduced growth of cancer
cells [139]. Although still in the early stages, these stud-
ies together demonstrate the potential of engineered EVs
in nucleic acid delivery therapy.

5.2 Drug delivery

One important argument for using engineeredEVs asmed-
ication delivery carriers is their capacity to overcome drug
restrictions and lessen toxicity in the human body. Addi-
tionally, EVs are a biological source, and clinical studies
have shown that their immunogenicity is minimal [140,
141]. By loading drugs into EVs, we may not only reduce
the limitation due to chemical properties of some drugs,
such as hydrophobicity, but also improve the circulation
time and efficacy in vivo and even reverse drug resistance
in tumors. Curcumin, a phenolic compound with anti-
inflammatory, anti-tumor, antioxidant, and chemopreven-
tive activities [142, 143], has poor clinical availability due
to its hydrophobicity, fast metabolism, and rapid systemic
elimination [144]. However, the co-incubation of curcumin
with EVs and subsequent delivery throughout the body
has been demonstrated to retain the therapeutic activity
of the drug, improve its solubility, increase its circulation
time in vivo, and enhance its overall utilization [145]. A
recent study suggested that loading doxorubicin into EVs
secreted by mesenchymal stem cells (MSC-EXO) may be
a superior option due to the excellent low immunogenic-
ity, multi-directional differentiation, and homing ability of
MSC-EXO [146]. Electroporation of doxorubicin intoMSC-
EXO not only reduces systemic dosing but also increases
cytotoxicity, inhibits tumor growth [111, 147], and even
overcomes drug resistance [148]. Additionally, compared to

free drugs, drugs with engineered EVs demonstrated better
internalization and longer circulation ability [149].
Aside from intravenous injection, oral administration is

more convenient and suitable for patients. EV secretion in
milk has been proven to be stable under the conditions of
strong gastric acid and intestinal degradation, making it
a more effective carrier for oral administration than free
drugs [150]. Researchhas also found that drugs loadedwith
engineered EVs derived from milk have lower half max-
imal inhibitory concentration and do not cause immune
response or inflammation in vivo, demonstrating better
efficacy than free drugs [151].

6 APPLICATION OF ENGINEERED
EVS IN THE TREATMENT OF DISEASES

6.1 Application of engineered EVs in
tumor therapy

The formation of a tumor involves multiple factors and is a
complex process withmany characteristics, such as unlim-
ited proliferation, immune escape, resistance to apoptosis,
and gene mutation [152]. It needs to have a complete oper-
ating system against the body, and every factor that is not
conducive to its growth will be suppressed. For example,
missense mutations of the p53 gene occur in almost all
progressive tumors, thus downregulating its function [153].
This is the so-called crackdown on dissidents and wooing
partners. According to the “barrel principle,” as long as
we attack and destroy the original balance of the tumor
from one aspect, the growth of the tumor can be inhibited,
which gives rise to a variety of treatment methods, such
as immunotherapy for TME immunosuppression, RNAi
directly acting on the molecular mechanism, and so on
[154]. These drugs also face pharmacokinetic challenges
in terms of poor targeting specificity and systemic circu-
lation, cell uptake and endosomal escape. Engineered EVs
can solve these problems because of their good biocom-
patibility, strong inclusiveness, and low immunogenicity
(Figure 5).

6.1.1 Targeting the TME

The TME has a significant impact on patient progno-
sis, as it greatly affects the effectiveness of chemotherapy
[155]. Engineered EVs have been used to alter the TME,
facilitating drug accumulation and penetration, improving
drug efficacy, and making tumors more responsive to spe-
cific therapies. Hu et al. [156] designed a tumor vaccine,
FAP gene-engineered tumor cell-derived exosome-like
nanovesicles (eNVs-FAP), which targets cancer-associated
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F IGURE 5 Engineered EVs for tumor treatment. Nucleic acids (such as miRNA) and/or drugs can be loaded into modified EVs by
endogenous loading and exogenous loading, such as electroporation or co-incubation, and then injected intravenously into mice. Such
engineered EVs not only reshape TME (such as inhibiting M2 macrophage polarization) but also directly mediate tumor apoptosis or inhibit
tumor progression. miRNA, microRNA; siRNA, small/short interfering RNA; TME, tumor microenvironment

fibroblasts (CAFs). They achieved this by genetically engi-
neering EV-like vesicles derived from tumor cells to
fuse with fibroblast activating protein-α (FAP). Upon sys-
temic injection in mice, eNVs-FAP demonstrated a robust
anti-tumor effect, as they not only enhanced anti-tumor
immune cell infiltration but also significantly inhibited
the recruitment of immunosuppressive cells, thus remod-
eling the TME. Moreover, eNVs-FAP can suppress tumor
development and induce ferroptosis [156]. TypeM2 tumor-
associated macrophages (TAMs) exhibit tumor-promoting
and immunosuppressive properties in the TME and are
often linked to poor outcomes [157, 158]. TypeM1 TAMs are
mainly pro-inflammatory and anti-tumor [159]. To repro-
gram the TME to the pro-inflammatory M1 phenotype,
Kamerkar et al. [160] used engineered EVs loaded with
antisense oligonucleotides of signal transducer and acti-

vator of transcription 6 (STAT6) to selectively silence the
expression of STAT6 (a key regulator of M2 macrophages
[161]) in TAMs, resulting in more than 90% inhibition of
tumor growth.
Tumor cells also evade immunity by creating hypoxia

and changing the pH of the TME [162–164]. To address this
challenge, a recent study has developed engineered EVs
that can respond to changes in pH, allowing the antibodies
they carry to be released in the acidic TME, thus effectively
reprogramming the TME [94]. Furthermore, engineered
EVs that are responsive to high levels of glutathione
expression in tumors can be biodegraded locally, releas-
ing catalase, which produces oxygen to alleviate tumor
hypoxia and enhance sonodynamic therapy for glioblas-
toma [165]. These results demonstrated that engineered
EVs can improve the microenvironment by inhibiting or
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reprogramming tumor-related cells and reprogram the
TME by improving environmental factors, thus affect-
ing tumor growth. According to multiple studies, tumor
cells can promote tumor growth and immune escape by
producing metabolites [166]. These observations raise the
question of whether they improve their energymetabolism
and inhibit their growth by engineering EVs. Moreover,
can the senescent cells [167] and microbiota of similar
tumors [168] also be the direction of engineering EVs?
These questions need further investigations.

6.1.2 Targeting tumor cells

Tumor cells possess the ability of indefinite self-renewal
and genetic variation, which confer a robust resistance to
treatment. However, the advent of engineered EVs pro-
vides a glimmer of hope. These EVs can precisely transport
medication to the tumor location. Engineered EVs have
been developed to identify sigma receptors overexpressed
in lung cancer cells [169]. In a mouse model of lung metas-
tasis, its EVs loaded with paclitaxel had superior anti-
tumor effects than free paclitaxel, and the animals’ survival
time was extended [169]. Metastatic peritoneal carcinoma
(mPC) is a common evolution of digestive tract cancer for
which there is currently no effective treatments [170]. To
explore an effective treatment, Lv et al. [171] synthesized
EV-thermosensitive liposome hybrid NPs through genetic
engineering and combined the co-administration of doc-
etaxel with granulocyte-macrophage colony-stimulating
factor. The study demonstrated thatmPCdevelopmentwas
effectively prevented. Drug-loaded exosomes can also tar-
get inflammatory regions. Wang et al. [172] developed a
neutrophil-exosome system (NEs-Exos), which not only
quickly crosses the BBB but also reacts to inflammatory
triggers and hunts down tumor cells that are present in
inflammatory areas. NEs-Exos loaded with doxorubicin
were intravenously administered into a glioma mouse
model. The results demonstrated that NEs-Exos effectively
inhibited the growth of tumor cells and prolonged the
survival time of the mice.
For the treatment of tumor cells, the engineered EVs

carrying drugs, miRNA, or siRNA can inhibit specific
oncogene expression or increase tumor suppressor gene
expression, and then they may be used as a target in terms
of apoptosis and telomere inhibition and so on.

6.2 Applications in other diseases

Numerous liver diseases, encompassing acute liver injury
and chronic liver fibrosis, currently lack satisfactory treat-
ment options, necessitating the search for alternative

therapeutic interventions. In comparison to synthetic non-
viral delivery vectors, vectors naturally present in the body
possess the ability to circumvent causing immunogenic-
ity and hepatotoxicity [173]. Wan et al. [62] proposed a
novel method for treating liver diseases by utilizing the
RNA-carrying capacity of engineered EVs. They devel-
oped EV ribonucleic acids and, upon systemic injection,
observed a significant reduction in central lobular cell
necrosis and hyperemia in a model of acute liver injury,
as well as the inhibition of acetaminophen-induced acute
liver injury and reduced mortality. Encouragingly, in a
model of liver fibrosis, this method was also found to
decrease the progression of chronic liver fibrosis. An addi-
tional study demonstrated that EVsmodified with cationic
amylopectin canmore precisely target the liver and exhibit
improved efficacy in treating liver injury [174]. These
findings indicate that engineered EVs hold substantial
therapeutic potential for the treatment of liver diseases.
The potential of peptide-modified EVs to treat cardiac

tissues has been examined. EVs carrying cardiac tissue-
specific peptides have shown improved cardiac targeting
[175]. In another study, the ischemic myocardial targeting
peptide was incorporated into the EV membrane protein
LAMP-2B derived from MSCs through genetic engineer-
ing [176]. After being intravenously injected into mouse
models, these modified EVs were shown to aggregate
higher in the ischemic heart region than unmodified EVs.
Additionally, in a mouse model of myocardial infarction,
these modified EVs significantly reduced inflammation
and cardiomyocyte apoptosis, promoted angiogenesis, and
enhanced cardiac function (Figure 6) [176].

7 APPLICATION OF ENGINEERED
EVS IN OVERCOMING DRUG
RESISTANCE

The emergence of drug resistance has become a major
problem that needs to be solved in current tumor treat-
ment. Tumor drug resistance is divided into congeni-
tal acquisition and acquired acquisition. Among them,
acquired acquisition is more common, and the most com-
mon drug resistance mechanism includes pro-survival
signals, genetic or epigenetic upregulation of conduction
and inhibition of apoptotic pathways, drug inactivation
or alteration of drug target molecules, overexpression of
multidrug resistance proteins and increased efflux pump
transport or drug export [177]. In recent years, many
studies have found that tumor-derived EVs can medi-
ate communication not only between tumor cells but
also between cancer cells and stromal cells in the TME,
leading to the spread of drug resistance and tumor progres-
sion [178–180]. EVs, because of their low immunogenicity
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F IGURE 6 Engineered EVs from different cell sources can be used to treat different diseases. (A) Mesenchymal stem cells,
dendritic cells, and macrophages are a few examples of cells that may be employed to make EVs. (B) Each kind of cell has unique qualities
that make it appropriate for the treatment of various disorders. EVs from various sources may be created to load therapeutic modalities,
including medications, nucleic acids, and proteins, successfully into modified EVs. (C) The recipient cells may be chosen and given the
modified EVs. The payload within the modified EVs is finally released for the precise therapy of numerous illnesses, including cancer,
neurological disorders, and cardiovascular diseases, once it has been ingested and internalized by the recipient cells. DCs, dendritic cells; MΦ,
macrophage cells; MSCs mesenchymal stem cells; MSCs-EVs, external vesicles derived from mesenchymal stem cells miRNA, microRNA;
siRNA, small/short interfering RNA

and biocompatibility, can act as an “invisible cloak” for
incorporating therapeutic agents and are not cleared by
the monocyte-macrophage system [181]. They also have
good tissue penetration capabilities (such as the ability to
cross the BBB) and endocytic pathways, acting as a “Tro-
jan horse” to easily deliver therapeutic agents to specific
cancer cells [182, 183]. Therefore, more and more stud-
ies focus on EVs as the preferred transport system for
reversing tumor drug resistance. Some studies have used
the EVs secreted by macrophages to load paclitaxel [169,
184]. These EVs can hide paclitaxel in circulation and
bind to tumor cells effectively under acidic conditions, so
that paclitaxel can induce internalization into cancer cells.
Compared with paclitaxel alone, EVs loaded with pacli-
taxel significantly increased cytotoxicity in drug-resistant

cell lines. Subsequently, a strong anti-tumor response was
observed in the lung metastatic cancer model [148]. In this
study, the mechanisms by which EVs are able to reverse
drug resistance may be (1) preferential accumulation of
EVs in cancer cells, (2) efficient delivery of incorporated
paclitaxel into target cancer cells by EVs, and (3) bypasses
P-glycoprotein (P-gp)-mediated drug efflux through endo-
cytic mechanisms. We prefer that EVs bypass the P-gp
efflux mechanism and cause it to accumulate in drug-
resistant cells, because regardless of the systemic or oral
administration route, the purpose of treatment is to deliver
the drug inside the tumor.Whether the drug is successfully
taken up by the cells and achieving effective concentra-
tions is a determining factor in drug efficacy and treatment
success. Under the condition of low pH in the TME, EVs
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are more easily taken up by cancer cells, directly bypassing
P-gp through the endocytic pathway of cells and releas-
ing therapeutic drugs in the cell body, thereby achieving
the effect of treating tumors [185, 186]. Increasing evi-
dence shows that ncRNAs, such as miRNA and siRNA,
are also closely related to tumor drug resistance [187, 188].
Among them, miR-21 is related to resistance to multiple
chemotherapies in colorectal cancer [189, 190]. Therefore,
Liang et al. [191] developed EVs which can introduce miR-
21 inhibitors and chemotherapeutic drugs into cells and
mouse models resistant to 5-fluorouracil (5-FU). Com-
pared with a single dose of miR-21 inhibitors or 5-FU,
the engineered EVs not only successfully reversed the
drug resistance to 5-FU but also significantly increased its
cytotoxicity. Similarly, siRNA has been shown to downreg-
ulate key immune transcription factors in tumors, leading
to the reversal of drug resistance and induction of anti-
neoplastic effects [192]. To introduce glucose-regulated
protein 78 (GRP78) siRNA into hepatoma cells, effectively
reduce the expression of GRP78, and increase the sensi-
tivity of cancer cells resistant to sorafenib, Li et al. [193]
used EVs released by bone marrow MSCs. EVs carrying
anti-miR-214, a miRNA associated with MDR, have also
been shown to effectively reverse resistance to cisplatin
in gastric cancer and inhibit tumor growth. The forma-
tion of drug resistance in tumors is diverse and complex,
but just like the “barrel effect”, targeting its key factors
can also reverse tumor drug resistance. Similarly, Zhang
et al. [194] found that microsomal triglyceride transfer
protein (MTTP) can promote resistance of colorectal can-
cer cells to oxaliplatin by inhibiting iron death through
the MTTP/proline-rich acidic protein 1/zinc finger E-box
binding homeobox 1 axis. When MTTP-knockdown EVs
were used, it was found that drug resistance could be
reversed.
The TME is also critical to the formation of tumor

drug resistance. The TME can inhibit the death of tumor
cells through an immune response, yet they can secrete
related factors to promote tumor growth, invasion, and
even drug resistance [195]. Although there are few stud-
ies on engineering EVs to suppress the microenvironment
and overcome drug resistance, there is still a great promise
for researches in this field. After all, the tumor and its
microenvironment complement each other.

8 CONCLUSIONS AND PROSPECTS

The advent of precision therapy has ushered in a new era
in drug delivery. Because of their favorable biological dis-
tribution, biocompatibility, and minimal immunogenicity,
EVs provide an ideal possibility for EV-based medica-
tion delivery. Engineered EVs also act as a means of

transport for small-molecule drugs and nucleic acids by
prolonging their half-life, decreasing clearance levels, and
safeguarding payloads from degradation or inactivation.
Furthermore, engineered EVs can be surface-modified to
promote their specific accumulation at the target site,
reduce off-target effects, and surmount drug resistance
mechanisms such as P-gp, thereby facilitating effective
treatment of tumors and other diseases. Additionally, the
crucial advantage of EVs is their ability to ferry drugs
across challenging membranes (such as the BBB), which
is not feasible with nanotechnology. However, numerous
hurdles exist in the clinical application of EVs. Primarily,
the impact of surface modification on EV stability, cellu-
lar uptake pathways, and in vivo tissue distribution needs
to be elucidated. Moreover, the loading efficiency of ther-
apeutically effective drugs is still inadequate, and there-
fore, improving it is a primary focus of future research.
Finally, althoughmultiplemethods for EV extraction exist,
most are arduous and costly; thus, realizing large-scale
production of EVs for clinical use is still a significant
challenge.
In conclusion, despite some difficulties, modified EVs

provide novel therapeutic opportunities for the treatment
of cancer and other disorders, as well as a potential ther-
apeutic strategy to overcome tumor drug resistance. We
believe that these challenges can be effectively resolved
and that engineered EVs will shine as a drug delivery
system in clinical treatment.
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