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cles: from intracellular trafficking
molecules to fully fortified delivery vehicles for
cancer therapeutics
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Extracellular vesicles (EVs) are emerging as viable tools in cancer treatment due to their ability to carry

a wide range of theranostic activities. This review summarizes different forms of EVs such as exosomes,

microvesicles, apoptotic bodies, and oncosomes. It also sheds the light onto isolation methodologies,

characterization techniques and therapeutic applications of all discussed EVs. Evidence indicates that EVs

are particularly effective in delivering chemotherapeutic medications, and immunomodulatory agents.

However, the advancement of EV-based therapies into clinical practice is hindered by challenges

including EVs heterogeneity, cargo loading efficiency, and in vivo stability. Overall, EVs have the potential

to change cancer therapeutic paradigms. Continued research and development activities are critical for

improving EV-based medications and increasing their therapeutic impact.
Introduction

Extracellular Vesicles (EVs) are lipid-bound structures released
by all cell types, acting as essential mediators of intercellular
communication across diverse organisms.1–4 Initially thought to
be mere cellular waste disposal mechanisms,5 the
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understanding of EVs has evolved dramatically over the past
three decades. They are now recognized as crucial players in
intracellular trafficking and the transportation of various
biomolecules between cells.5–8

EVs represent a captivating class of nanosized, membrane-
enclosed particles that act as cellular messengers.9 These
dynamic structures, primarily encompassing exosomes and
microvesicles (MVs), serve as potent communication tools,
shuttling a diverse cargo of molecules between cells.10 Notably,
specic cell types and conditions can further diversify EVs,
leading to subtypes such as apoptotic bodies shed during pro-
grammed cell death and large oncosomes secreted by cancer
cells.11,12 This review will delve into the distinct biogenesis,
release mechanisms, size, composition, and functional roles of
these multifunctional EVs subtypes.1,13,14

EVs act as versatile communication hubs, transporting
a meticulously selected cargo that includes DNA, various RNA
species like messenger RNA (mRNA)15 and non-coding RNAs
(ncRNAs) such as microRNAs (miRNAs),16–18 long non-coding
RNAs (lncRNAs),19–22 and circular RNAs (circRNAs).23–25 Addi-
tionally, proteins, metabolites, lipids, and glycoconjugates
derived from the parent cell can be packaged within EVs.26 The
protective lipid bilayer surrounding EVs shields their cargo
from degradation by extracellular enzymes, allowing for long-
distance travel through the bloodstream to reach distant
target tissues.26 The precise mechanisms governing cargo
selection and packing remain an active area of research, as the
cargo composition within EVs oen differs signicantly from
the parent cell's internal environment.26
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The impact of EVs on recipient cells is multifaceted and
depends on several factors. These factors include the specic
cell types and tissues interacting with the EVs, the cargo content
and quantity, and the recipient cell's ability to process and
utilize the cargo.26 While the details of how EVs interact with
recipient cells and how their cargo is delivered inside remain
under investigation, various mechanisms are being actively
explored.27

In the context of cancer, EVs emerge as intriguing players.
They exhibit a selective packaging and delivery of cargo,
fostering a dynamic communication network between tumors
and the host organism.28 This intricate interplay signicantly
inuences all aspects of tumor biology, impacting tumor initi-
ation, progression, and metastasis.29–32 EVs, released by both
cancerous and non-cancerous cells, can exert local and long-
distance effects, inuencing various cell types within the
tumormicroenvironment and potentially affecting all biological
systems of the patient.33

The unique properties of EVs, including low toxicity, excel-
lent biocompatibility, low immunogenicity, and inherent tar-
geting capabilities, make them highly promising candidates for
drug delivery systems in various diseases, including cancer.34

Research efforts are directed towards engineering therapeutic
EVs by modifying normal cells to optimize their cargo and tar-
geting properties.24 While initial studies explored cancer cell
lines like HeLa cells for proof-of-concept, the oncological
properties of cancer cell-derived EVs are now recognized.35

Consequently, the focus has shied towards utilizing intact
normal cells as sources for therapeutic EVs production.

Types of EVs and their composition
Exosomes

Among the diverse EVs subtypes, exosomes stand out for their
diminutive size, typically ranging 30–150 nm in diameter as
shown in Table 1.58 These nano-messengers are meticulously
produced through the endosomal pathway. This intricate
process involves inward budding of the limiting membrane of
early endosomes, leading to the formation of multivesicular
bodies (MVBs) (Fig. 1).59 Once mature, MVBs can either fuse
with the cell membrane and release their exosome cargo into
the extracellular space, or they can fuse with lysosomes for
degradation. Exosomes play a vital role in a multitude of bio-
logical processes.1,13,36,37 They serve as crucial mediators of
intercellular and intracellular communication, facilitating the
exchange of proteins, lipids, and nucleic acids between cells.59

Their involvement extends to various physiological functions
such as immune response stimulation, myelin sheath forma-
tion, tissue repair, and neural survival.1,13,37

Biogenesis of exsomes is a complex process, exosomes are
generated through intricate cellular mechanisms. While the
endosomal sorting complex required for transport (ESCRT)
machinery plays a pivotal role in their biogenesis, alternative
pathways exist. The ESCRT pathway, comprising proteins like
ALIX, TSG101, Chmp4, and SKD1, is instrumental in forming
multivesicular bodies (MVBs) and subsequent exosome
release.1,38,60 However, ESCRT-independent mechanisms
© 2025 The Author(s). Published by the Royal Society of Chemistry
involving proteins such as CD63, CD81, TSG101 (note: TSG101
participates in both pathways), ARF6, and heparanase also
contribute to exosome production (Fig. 1).38 These complex
pathways underscore the diverse mechanisms governing exo-
some biogenesis and highlight its intricate relationship with
cellular processes.

Exosome release is inuenced by various factors, including
intracellular calcium levels, hypoxia, growth factors, TNF-a,
heparanase, and glutamate.61 Once released, exosomes interact
with recipient cells through multiple mechanisms, including
clathrin-mediated endocytosis, caveolin-mediated endocytosis,
macropinocytosis, and direct fusion with the plasma
membrane.38,39 These uptake processes determine the intracel-
lular fate of exosomes and their cargo, ultimately inuencing
cellular responses.

Exosomes are heterogeneous nanovesicles characterized by
a lipid bilayer encapsulating a diverse cargo of biomolecules.9,62

This cargo encompasses proteins, lipids, and nucleic acids,
including DNA, mRNA, various ncRNAs (miRNAs, lncRNAs,
circRNAs), and metabolites.24,58,63–66 The specic composition of
exosomes is inuenced by their cell of origin, highlighting their
potential as biomarkers for distinct cellular states and
pathologies.67,68

Lipid composition is a critical determinant of exosome
structure and function. While sphingomyelin is enriched in
some exosomes, particularly those derived from brain cells,
other lipids like cardiolipins can also be abundant.6,40 Notably,
exosomal lipid proles oen differ from their parent cells, with
elevated levels of glycolipids, free fatty acids, and phosphati-
dylserine, and decreased levels of phosphatidylcholine, diac-
ylglycerol, phosphatidylinositol, and
phosphatidylethanolamines.6,40

Protein content is another key aspect of exosome character-
ization. Exosomes carry a variety of proteins, including trans-
membrane and cytoplasmic proteins, with functions spanning
cell adhesion, immune response, and intracellular signaling.69

Specic protein markers like CD63, CD9, CD81, ALIX, TSG101,
HSC70, and HSP90b are commonly used to identify and isolate
exosomes (Table 1). However, the protein composition is highly
diverse and reects the origin and functional state of the parent
cell.70
Microvesicles

Microvesicles (MVs) are a heterogeneous population of EVs
ranging in size 100–1000 nm.14 Unlike exosomes, which origi-
nate from the endosomal pathway, MVs are directly shed from
the plasma membrane via outward budding (Fig. 1).70 This
process is inuenced by a complex interplay of factors,
including phospholipid redistribution, cytoskeletal dynamics,
and the involvement of specic proteins such as SNAREs,
tethering factors, molecular motors, and components of the
ESCRT machinery.47,71

MVs carry a diverse cargo, including proteins, lipids, and
nucleic acids similar to exosomes.72 Their lipid composition
differs signicantly from the parental cell membrane, with
increased levels of phosphatidylserine and decreased levels of
Nanoscale Adv., 2025, 7, 934–962 | 935
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phosphatidylcholine, phosphatidylinositol, and phosphatidyl-
ethanolamine.73 Sphingomyelin and ceramides are enriched in
MV membranes, while cholesterol ester content varies
signicantly.40

The protein cargo of MVs is equally complex, encompassing
proteins involved in various cellular functions, including
signaling, adhesion, and structural maintenance.71 Notably,
MVs are enriched in specic marker proteins such as integrins,
selectins, CD40 ligand, ARF6, and VCAMP3, facilitating their
identication and characterization (Table 1).41,47,48
Apoptotic bodies

Apoptotic bodies, the largest of the EVs subtypes, are generated
during programmed cell death or apoptosis.74 These
membrane-bound structures, ranging from 50–5000 nm in
diameter, encapsulate cellular debris, including organelles and
nuclear fragments70 (Fig. 1). Apoptosis, a tightly regulated
process, is initiated by various stimuli such as heat, radiation,
or oxidative stress and involves distinct pathways, including
caspase-dependent and independent mechanisms.74,75

Beyond their role in cellular clearance, apoptotic bodies
actively participate in several biological processes. They serve as
immunomodulatory agents, inuencing immune responses,
and are recognized by phagocytes through “eat-me” signals,
such as phosphatidylserine exposed on their outer membrane.47

The lipid composition of apoptotic bodies is distinct from
that of living cells, with increased phosphatidylserine and
oxidized lipids, facilitating their recognition and clearance.47

Protein content is also characteristic, including heat shock
proteins and other molecules involved in apoptotic processes.51

In contrast to exosomes and MVs, oxidative modications to
the apoptotic bodies' cell surface create binding sites for
proteins like thrombospondin and complement component
C3b, further facilitating phagocytosis as summarized in Table
1.47 These markers, along with annexin V and T cell immuno-
globulin mucin-4 (TIM4), are commonly used to identify
apoptotic bodies.47,75
Oncosomes

Oncosomes, a distinct subtype of EVs, were rst described by
Rak's group in 2008 as large vesicles shed from glioma cells.12

These abnormally large EVs, ranging from 1–10 mm in diameter,
are characterized by their aberrant cargo, including oncogenic
proteins.2

They are non-apoptotic blebs originating from the plasma
membrane of invasive cancer cells. The loss of the cytoskeletal
regulator diaphanous-related formin-3 (DIAPH3) promotes the
creation and release of the oncosomes. Subsequently, this
causes a shi in the cells' phenotype from mesenchymal to
a more invasive, fast, and metastatic phenotype called “the
amoeboid phenotype”. The formation of these oncosomes also
requires various proteins such as GTPase RhoA or its effector
ROCK.12,54 Additionally, it has been reported that oncosomes
can be released and formed by activating EGFR and AKT path-
ways (Fig. 1).2
© 2025 The Author(s). Published by the Royal Society of Chemistry
In fact, only malignant cells produce a detectable quantity of
lipo-oligosaccharide (LOs), which appears to correlate with
tumor aggressiveness. Conversely, the production of LOs by
benign cells is insignicant. Many tumor forms, such as those
of the prostate, breast, bladder, lung cancer, and others, have
the trait of tier shedding.76 They play a big role in the develop-
ment, growth, andmetastasis of tumors as a result of oncogenic
protein complexes and molecules being overexpressed and
exported between tumor cells and stroma through the
oncosomes.55

Similar to other EVs, oncosomes possess a lipid bilayer
encapsulating a diverse cargo of proteins, lipids, and nucleic
acids as summarized in Table 1.54,76 However, they exhibit
distinct compositional features, including elevated levels of
phosphatidylserine and cholesterol compared to the parental
cell membrane.12,54 Moreover, oncosomes are enriched in
specic proteins, such as ARF6, CK18, GAPDH, MMPs, annex-
ins, and oncogenic protein complexes.41,54,56 Notably, these large
EVs like oncosomes carry substantial amounts of extracellular
DNA, distinguishing them from smaller EVs subtypes such as
exosomes.57

Miscellaneous types

There are other types and classications of EVs. For example,
autophagic EVs, produced from the autophagy process are
involved in the degradation of cellular components, contrib-
uting to cellular homeostasis.77 Another type is stressomes
(called damaged EVs) which emerge in response to cellular
damage or stress, serving as messengers during challenging
conditions.78 Additionally, matrix vesicles, migrasomes, and
others are recognized as distinct types of EVs.77

EVs as drug delivery vehicles

EVs have emerged as promising platforms for drug delivery due
to their intrinsic properties.79 Possessing low toxicity, excellent
biocompatibility, and inherent targeting capabilities, EVs offer
signicant advantages over traditional synthetic carriers.80

Their ability to encapsulate a diverse array of therapeutic car-
gos, including nucleic acids, proteins, and small molecules,
further enhances their potential as drug delivery vehicles.81 To
harness the full therapeutic potential of EVs, meticulous prep-
aration is essential.80,82 The development of EVs as drug delivery
vehicles requires a systematic approach encompassing three
key stages: EVs isolation, cargo loading and EVs engineering
that will be discussed in the coming sections.

Isolation of EVs

EVs are heterogeneous populations as described earlier that are
characterized by their size, density, and surface composition. To
isolate these nanosized particles, scientists employ a variety of
techniques, each with its own advantages and limitations.83

Conventional methods include: ultracentrifugation, membrane
ltration, chromatography and microuidics as an emerging
promising approach, as microuidics enables high-throughput
EVs isolation with potential for automation.84 The choice of
Nanoscale Adv., 2025, 7, 934–962 | 937
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Fig. 1 Biogenesis and secretion of different types of extracellular vesicles.
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isolation technique depends on factors such as the desired EVs
purity, sample volume, available resources, and downstream
applications. It is oen necessary to combine multiple methods
to achieve optimal EVs isolation and characterization.83

Density-based EV isolation: ultracentrifugation techniques.
Ultracentrifugation remains the gold standard for EVs isolating
based on their density and size.82 This method involves
sequential centrifugation steps at increasing speeds to frac-
tionate biological samples as previously reviewed.85 Differential
ultracentrifugation is a commonly used approach where crude
cell lysates or biological uids are subjected to low-speed
centrifugation (20 000×g) to remove cellular debris, followed
by higher-speed centrifugation to pellet EVs (100 000×g) as
shown in Fig. 2. However, this method is oen associated with
low EVs yield and purity, especially when working with viscous
samples.82,86

On the other hand, it has been recommended that to
enhance EVs purity and recovery, density gradient ultracentri-
fugation should be employed.85 This technique involves layering
a sample onto a preformed density gradient, allowing EVs to
migrate and band at their corresponding buoyant density. This
method provides better resolution and allows for the isolation
of EVs subpopulations based on density differences as shown in
Fig. 2. Despite its advantages, density gradient
938 | Nanoscale Adv., 2025, 7, 934–962
ultracentrifugation is time-consuming and requires specialized
equipment.82

Size-based methods
Size-exclusion chromatography (SEC). SEC separates EVs based

on their size by utilizing a porous matrix column. Larger EVs
elute rst, while smaller particles are retained within the
column.87 This technique preserves EV biophysical properties,
offering advantages over ultracentrifugation as shown in Table
2. According to a study performed by Carso et al., EVs may be
reasonably puried to 70–80% purity levels using a commer-
cially available blind-elute-SEC, which is dependable and scal-
able.98 Accordingly, challenges such as low recovery rates and
potential contamination with larger particles may arise (Fig. 3).

Polymer precipitation. Polymer precipitation involves the
addition of a polymer, such as polyethylene glycol (PEG), to
induce EVs aggregation and subsequent precipitation (Fig. 3).
PEG was employed to separate EVs from cell culture media
quickly and inexpensively. A PEG/dextran aqueous two-phase
system was also used, with a recovery efficiency of about 70%;
four times higher than ultracentrifugation.90,91 This method is
rapid and cost-effective but oen results in low purity due to co-
precipitation of contaminants as summarized in Table 2.

Filtration. Filtration is a highly facile and efficient method for
separating EVs based on their size.82 Filtration leverages pore-
sized membranes to retain EVs, offering a relatively fast and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Isolation of extracellular vesicles using density-based methods (A) differential ultracentrifugation in a two-step manner to eliminate cell
debris and proteins, (B) density gradient centrifugation using pre-loaded centrifugal tubes.

Review Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 6

:4
4:

34
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
scalable approach.99 Sequential ltration using membranes
with decreasing pore sizes can enhance EVs purity.92 To sepa-
rate tiny EVs from bigger EVs, a 100 nm track etch lter is
employed in the third phase (Fig. 3),92 and a ltration-based
chip was also employed to increase the recovery rate.93 The
ltration-based techniques for EVs isolation are faster, more
effective, automated, and exhibit superior recovery rates
compared to ultracentrifugation. However, membrane clogging
and potential EVs damage are still limitations of this technique
as shown in Table 2.82 Collectively, each isolation method
exhibits distinct advantages and disadvantages as summarized
in Table 2. The optimal choice of isolation method depends on
the specic research question, desired EVs purity, and available
resources. In many cases, a combination of techniques is
employed to achieve optimal EVs isolation and
characterization.

Affinity-based and immunoaffinity approach. Affinity-based
and immunoaffinity capture methods leverage the specic
recognition between target molecules and ligands to isolate EVs
as previously reviewed in ref. 100. Antibodies, aptamers, and
lipid-based probes are commonly employed to bind to specic
surface antigens on EVs, enabling their capture and enrichment
as briey presented below.

Enzyme-linked immunosorbent assay (ELISA). ELISA is
a commonly employed affinity-based method for EVs capture
© 2025 The Author(s). Published by the Royal Society of Chemistry
and quantication.79 This technique involves immobilizing
antibodies specic to EVs surface antigens on a microplate.
When an EVs sample is added, antigen–antibody interactions
facilitate EVs capture onto the plate surface.94 Subsequent steps
involve washing to remove unbound components and the use of
a labeled secondary antibody to detect and quantify the
captured EVs (Fig. 4). While ELISA offers a relatively simple
approach for EVs detection, it suffers from limitations. The
technique is oen restricted to small sample volumes and may
compromise EV integrity due to the immobilization process,
potentially affecting their biological activity.101

Magneto-immunoprecipitation.Magneto-immunocapture is an
alternative affinity-based method for EVs isolation.97 This
approach involves the use of magnetic beads coated with anti-
bodies specic to EVs surface antigens. Upon incubation with
the sample, EVs bind to the antibody-coated beads, forming
magnetic complexes.102 These complexes can then be readily
isolated using a magnetic eld, allowing for efficient recovery of
the target EVs (Fig. 4).

Compared to ELISA, magneto-immunocapture offers
advantages in terms of sample volume and potential for higher
capture efficiency due to the increased surface area of the
magnetic beads as summarized in Table 2. However, similar to
ELISA, this method relies on the specicity of the antibodies
and may be susceptible to non-specic binding.103
Nanoscale Adv., 2025, 7, 934–962 | 939
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Table 2 Isolation methods of extracellular vesicles (EVs)

Principle of
separation Isolation method Assay principle Advantages Disadvantages References

Density Ultracentrifugation Several
centrifugation steps

Easy, very common Costly, time-
consuming, and less
efficient with viscous
body uids

85

Density gradient
centrifugation

Pre-loaded
centrifugal tubes,
with different
densities

Useful in isolating low-
density EVs

Costly, time-consuming 88 and 89

Size Size-exclusion
chromatography

Chromatography
columns packed
with porous beads

Precise separation,
maintain the structure
of EVs

Time-consuming 87

Polymer-based
precipitation

Polymers decrease
the solubility of EVs

Simple, easy,
inexpensive, has mild
effects on EVs

Co-precipitation of the
polymer during
separation

90 and 91

Filtration Ultraltration
porous membranes

Eliminates small
molecules, can sort out
large and small EVs, is
fast, more effective and
has a higher recovery
rate than centrifugation

EVs can clog the
membrane, and
releasing them
jeopardizes their
integrity

92 and 93

Immune-affinity ELISA Antibodies on
microplates and
EVs' antigens

Very specic, selective,
can be used to identify
the EVs

Not applicable for
larger volumes, activity
and function of EVs
may be lost

94

Magneto-
immunoprecipitation

Antibodies on
magnetic beads and
EVs' antigens

Very specic, selective,
has an increased
surface area

Aptamer-based
method

Oligonucleotide
aptamers and EVs'
proteins

Easier to use, aptamers
cost less and have
higher stability than
antibodies

Less specic than
antibodies

95

Lipid-based probe
method

Lipid probes and
EVs' lipids

Can quickly isolate and
retrieve highly pure EVs

Low specicity 82

Others Electrophoretic
isolation

Using electric eld Specic, quick Inaccurate due to the
presence of
contaminants

96

Microuidics Based on physical
and biological
features

Fast, efficient, small
initial volumes

Low isolation capacity,
needs high technical
expertise

97
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Aptamer-based method. Aptamers, synthetic oligonucleotides
selected for their high affinity and specicity to target mole-
cules, offer a promising alternative to antibody-based EVs
isolation.104 Unlike antibodies, aptamers possess several
advantages, including ease of handling, low production costs,
and superior stability as summarized in Table 2. By targeting
specic protein markers on the EVs surface, aptamers enable
selective capture and enrichment of EVs subpopulations
(Fig. 4). However, the development of aptamers with high
affinity and specicity for EVs antigens remains a challenge,
limiting their widespread application.95 Yet, despite this limi-
tation, aptamer-based EVs isolation holds signicant potential
for advancing EVs research and clinical applications.

Lipid-based probe method. Exploiting the lipidic nature of EVs
membranes, lipid-based probes offer a unique approach to EVs
isolation.105 These probes, designed to integrate into the EVs
lipid bilayer, enable rapid and efficient EVs capture. Unlike
antibody-based methods, which rely on specic surface
940 | Nanoscale Adv., 2025, 7, 934–962
antigens, lipid probes offer a more universal approach, capable
of capturing a broader range of EVs subpopulations (Fig. 4).
This innovative technique provides several advantages,
including high capture efficiency, speed, and the potential to
preserve EVs integrity. However, the development of lipid
probes with optimal selectivity and specicity remains an
ongoing challenge as shown in Table 2. Collectively, it is
important to note that no single isolation method is universally
superior. The choice of technique oen depends on the specic
research question, desired EVs purity, and available resources.

Other methodologies
Electrophoretic isolation. Electrophoretic methods exploit the

inherent charge of EVs to achieve their separation.106 One
approach involves the use of membrane lters, where an elec-
tric eld is applied to expel proteins while retaining EVs.82,107

However, this method suffers from limitations in terms of
specicity and recovery as shown in Table 2.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Isolation of extracellular vesicles using size-based methods (A) size exclusion chromatography using columns packed with a porous
matrix to retain smaller particles, (B) polymer precipitation where EVs are consequently precipitated at low-speed centrifugation, (C) filtration
method employing several filtration membranes.
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To address these challenges, tunable alternating current
electrohydrodynamic (ac-EHD) technology has emerged. This
method, also known as nanoshearing, utilizes a microuidic
system to generate high shear forces that disrupt EVs aggregates
and enable their capture.82,96 While promising, the presence of
contaminants such as cell debris remains a hurdle for achieving
high-purity EVs isolates (Table 2).

Microuidics. Microuidic platforms offer precise control
over uid ow and particle manipulation, making them
attractive for EVs isolation.108 These systems can incorporate
various physical forces, including acoustic, electrophoretic, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
hydrodynamic forces, to separate EVs based on size, charge, and
other properties as shown in Table 2. Microuidic devices oen
demonstrate high efficiency and rapid processing times, but
challenges related to sample loading, clogging, and integration
with downstream analysis persist.109
Cargo loading strategies

EVs serve as versatile carriers for a diverse array of therapeutic
agents, including chemotherapeutics, nucleic acids (mRNA,
miRNA, siRNA, snoRNA), and proteins.110 Cargo loading strat-
egies can be categorized into pre-isolation and post-isolation
Nanoscale Adv., 2025, 7, 934–962 | 941
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Fig. 4 Affinity-based and immunoaffinity approach methods (A) enzyme-linked immunosorbent assay (ELISA) where antibodies are used to first
capture antigen-expressing EVs then tag the immobilized EVs, (B) magneto-immunoprecipitation using biotinylated antibodies on streptavidin
magnetic beads, (C) aptamer-based method to bind specific protein-expressing EVs, (D) lipid-based probe method exploiting EVs' lipid
membrane.

942 | Nanoscale Adv., 2025, 7, 934–962 © 2025 The Author(s). Published by the Royal Society of Chemistry
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approaches as shown in Table 3. Optimizing cargo loading
strategies is crucial for developing effective EV-based thera-
peutics.118 Cargo loading phase might be divided into two main
approaches: pre-isolation loading and post-isolation loading.
Pre-isolation loading is also sub-divided into several loading
strategies such as endogenous loading during EVs biogenesis,
cellular components, including drugs and biomolecules, can be
naturally incorporated into the forming EVs.114 On the other
hand, transfection-based loading where donor cells are trans-
fected with the desired cargo, allowing for its incorporation into
newly formed EVs can also be another pre-loading strategy as
previously reviewed in ref. 111 and summarized in Table 3.

While the post-isolation loading approach are sub-
categorized into passive loading which includes hydrophobic
drugs that can spontaneously integrate into the lipid bilayer of
isolated EVs. However, this method is limited by cargo hydro-
phobicity and loading efficiency.112 While the other category is
known as active loading that enhance cargo loading, various
techniques are employed, including electroporation, incuba-
tion, sonication, freeze–thaw cycles, and saponin-assisted
incubation as shown in Table 3. These methods temporarily
increase EVs membrane permeability, facilitating cargo entry.119

Yet, the choice of loading method depends on the physico-
chemical properties of the cargo, desired loading efficiency, and
potential impact on EVs integrity.

Modications and engineering of EVs

Modication and engineering strategies for enhancing the
distribution efficiency, targeting capability, and therapeutic
efficacy of EVs involve various approaches. These include tar-
geting ligands, stimuli-responsive elements, immune evasion
properties as presented in Table 4, as well as hybridized
membrane modications and other modications. These
strategies have been shown to have promising applications not
only in general EVs research but also in the specic context of
cancer treatment.80,120

EVs can be modied through two primary methods: direct
and indirect. The EVs themselves are modied in the direct
method, while in the indirect method, modications are made
to the EV-producing cells.121 It is important to note that no
single optimum approach or standardized strategy exists for
altering and modifying EVs. Each technique has its own bene-
ts and applications as summarized in Table 4.121

Characterization of the isolated EVs
and their cargos

Following isolation, comprehensive characterization of EVs is
essential to validate their identity, purity, and biological rele-
vance.124 A combination of techniques is oen employed to assess
various EVs properties, as discussed in the following section.

Charaterization of EVs

Nanoparticle tracking analysis (NTA). NTA is a widely
adopted technique for characterizing EVs based on their
brownian motion.125,126 This method provides information on
© 2025 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2025, 7, 934–962 | 943
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Table 4 Engineering strategies of extracellular vesicles (EVs)

Engineering strategy Type Principle Pros and cons References

Direct method (EVs
modication)

Lipid insertion Lipids and lipid-tagged
molecules are
hydrophobically inserted by
mixing and incubation

Quick, highly efficient, does
not affect EV morphology or
biological properties

116

Chemical ligation (click
chemistry)

Requires the presence of
reactive groups in EV lipids/
proteins that can interact
with reactive fragment-
tagged peptides

Reliable; change the
characteristics of EVs,
disrupt protein–protein
interactions, costly

120

Affinity binding Molecules that have an
affinity to EVs lipids/
proteins are mixed and
incubated with EVs

Does not affect the structure
of the EV membrane; not as
reliable as chemical or
covalent bonding-based
techniques

121

Enzyme ligation Enzymatic ligation between
the targeted protein/peptide
and the EV membrane
protein

Produces permanent
covalent modication
without the need for
chemical or genetic
modication

122

Hybridization Combination of EVs with
other lipid nanovesicles like
liposomes

Improved colloidal stability,
increased half-life, low
immunogenicity; loss of
biological functions of
integral EVs

123

Biomimetic EV production Synthetic EV components
that possess homing
capabilities and cargo
delivery effectiveness

Better pharmacokinetic and
biocompatibility properties;
require extra purication
steps

Indirect method (producing
cell modication)

Genetic manipulation of the
producing cells

Transgene production of
proteins or chimeric
proteins

Dual-targeting ability, low
immunogenicity, low
systemic toxicity; some
peptides require protection
against degradation

69

Metabolic labeling Cultivating donor cells in
a medium containing
saccharides or amino acids
bearing reactive groups
attaches them to EV
membrane proteins

Reliable, effective; expensive 73
41
76
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particle size distribution, concentration, and enables direct
visualization of individual EVs in solution. NTA's ability to
analyze particles within a size range of 10–1000 nm makes it
particularly suitable for EVs characterization.125

Despite its advantages, NTA has certain limitations. The
accuracy of size determination can be inuenced by factors such
as particle shape, refractive index, and the presence of contam-
inants.127 Additionally, differentiating EVs from other nano-
particles in complex biological samples can be challenging,
necessitating careful sample preparation and data analysis.127

Accordingly, in an attempt to enhance the specicity of NTA,
uorescence-based approaches have been developed.128,129

Labeling EVs with specic markers makes it possible to differ-
entiate target EVs from non-EVs particles as shown in Table 5
and as recently reviewed in ref. 130. However, this method is
limited by uorophore bleaching and the availability of suitable
antibodies or probes.129,131 Overall, NTA is a valuable tool for EVs
characterization but should be complemented with other tech-
niques to comprehensively understand EVs properties.
944 | Nanoscale Adv., 2025, 7, 934–962
Dynamic light scattering (DLS). DLS is another commonly
used technique for EVs characterization.129,132 By measuring the
uctuations in light scattered by particles in suspension, DLS
can determine particle size distribution based on Brownian
motion.129 While DLS analysis is rapid and sensitive and can
measure EVs (1 nm–6 mm) without needing pre-treatment, the
results are only consistently accurate for monodisperse samples
as shown in Table 5.133 Moreover, DLS is susceptible to inter-
ference from larger particles and contaminants, which can
affect the accuracy of size distribution measurements, espe-
cially in complex biological samples.133 Therefore, the use of
this approach for the investigation of varied heterogonous EVs
populations is limited as previously reviewed in 134.

Transmission electron microscopy (TEM). TEM is the gold
standard for visualizing individual EVs.135 Its high resolution,
capable of resolving particles smaller than 1 nm, allows for
detailed morphological characterization of EVs size, shape, and
internal structure.136 When combined with immunogold
labeling, TEM enables the localization of specic proteins or
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison between nanoparticle tracking analysis (NTA) and dynamic light scattering (DLS)

Point of
comparison Nanoparticle tracking analysis (NTA) Dynamic light scattering (DLS)

Principle Characterizing EVs based on their brownian motion
Type of detection Size, concentration and distribution of EVs Size of the EVs
Advantages Ability to analyze particles within a size range of 10–1000 nm Rapid

Can detect relatively low concentartions Sensitive
Can measure EVs (1 nm–6 mm) without needing pre-
treatment

Disadvantages Limited size detaction Accurate size detection is limited to monodispersed samples
Differentiating EVs from other nanoparticles in complex
biological samples can be challenging

Susceptible to interference from larger particles and
contaminants
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other biomolecules within EVs, providing insights into their
composition and function.137 However, TEM is associated with
several limitations. The sample preparation process, which
involves dehydration and embedding in resin, can introduce
artifacts and distort EVs' true size and shape.138 Additionally,
the high vacuum environment required for imaging can lead to
sample damage and the formation of cup-shaped structures,
complicating accurate size measurements.139 Despite these
challenges, TEM remains an indispensable tool for obtaining
high-resolution images of EVs, providing valuable information
for their characterization and classication.70

Atomic force microscopy (AFM). Atomic force microscopy
(AFM) offers high-resolution imaging of EVs at the nanoscale.129

By scanning the sample surface with a sharp tip mounted on
a cantilever, AFM generates detailed topographical images
without the need for sample staining or xation.140 This tech-
nique enables precise measurement of EVs size and shape
distribution, providing valuable insights into EVs heteroge-
neity.141 Moreover, by functionalizing the AFM tip with specic
antibodies or ligands, it is possible to differentiate EVs
subpopulations based on surface markers.140,142 AFM offers
versatility through various imaging modes, including contact,
tapping, non-contact, and peak force modes, allowing for
tailored analysis of EVs properties.141,142 However, factors such
as tip condition, applied force, and environmental conditions
can inuence image quality and data accuracy.129,143 To address
these challenges, meticulous sample preparation and instru-
ment calibration are essential for obtaining reliable AFM data.
Yet, AFM remains a powerful tool for characterizing EVs
morphology and physical properties.

Resistive pulse sensing (RPS). Resistive pulse sensing (RPS)
uses the Coulter concept to assess the particles distribution and
diameters in suspensions that roughly range between 50 and 100
000 nm.127,144 The RPS used in the eld of EVs characterization is
oen performed with qNano (Izon Science Ltd, Christchurch, New
Zealand). Two uid cells divided by a non-conductive membrane
make up the qNano.125,145 A single membrane pore is subjected to
an electric current, and when particles ow through it, the signal
experiences a transitory attenuation roughly proportionate to the
volume of particles. The sample quantities used in the qNano can
be as little as 10 mL.125Nevertheless, there are numerous drawbacks
to this method, such as: the need for various pore sizes; pores are
© 2025 The Author(s). Published by the Royal Society of Chemistry
prone to blockage; minimal phenotypic information on the EV's
origins is obtained; and it is impossible to distinguish EVs from
pollutants of comparable sizes.125

Flow cytometry (FCM). FCM is another powerful technique
for analyzing particle populations in suspension, including
EVs.146 By measuring light scatter and uorescence signals from
individual particles, FCM provides information about particle
size, complexity, and surface markers.129 Conventional FCM
relies on forward scatter (FSC) to estimate particle size and side
scatter (SSC) to assess particle complexity. However, the lower
detection limit of conventional FCM is around 300 nm, limiting
its ability to accurately characterize smaller EVs.129,147 To over-
come such limitation, labeling strategies, such as coupling EVs
with larger uorescent beads, have been employed to enhance
detection sensitivity.148 Additionally, nanoscale ow cytometry
(nFCM) has emerged as a promising technique for analyzing
particles as small as 100 nm.132,149 By combining high-resolution
optics with sensitive detectors, nFCM enables more accurate
characterization of EVs size and surface markers, facilitating in-
depth studies of EVs heterogeneity.129,150 Despite these
advancements, challenges remain in accurately differentiating
EVs from other nanoparticles and achieving high-throughput
analysis of large sample volumes. Further developments in
ow cytometry instrumentation and sample preparation are
necessary to fully realize the potential of this technique for EVs
research.

Enzyme-linked immunosorbent assay (ELISA). ELISA is also
a widely employed technique for quantifying and characterizing
EVs.129,151 By capturing EVs through specic antibody–antigen
interactions on a microplate surface, ELISA detects and
measures EV-associated proteins. This method offers several
advantages, including high sensitivity, specicity, and the
potential for high-throughput analysis. However, ELISA is
susceptible to variations in assay conditions, leading to poten-
tial inconsistencies in results.151

Zeta potential (ZP). ZP is mainly concerned by the electro-
static repulsion among particles in colloidal solution.152 ZP can
be affected by the surface charge, which can be assessed from
the electrophoretic mobility in the colliodal system.153 The net
surface charge of EVs,as shown by the ZP, is crucial in deter-
mining the stability of EVs.153,154 Higher absolute ZP values
suggest that the colloid, containg EVs, is more stable.155 ZP can
Nanoscale Adv., 2025, 7, 934–962 | 945
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be conjugated with other characterization techniques including
DLS (like zetasizer), NTA (like zetaview or Z-NTA), RPS, or by on-
chip microcapillary electrophoresis combined with micrsocopy
technique for visualization and identication of EVs.152,156,157
Characterization of EV content

EVs protein content characterization. Proteins found in EVs
might give information about biological activities and how they
affect cell communication. As a result, several studies charac-
terized EVs from the perspective of their protein content.124

Two simple approaches tare employed to quantify the total
protein level, which are the Coomassie Brilliant Blue G-250 test
and the bicinchoninic acid assay.48 Both rely on measuring the
absorbance of a colored complex formed between a protein and
a reagent, using a calibration curve with known protein
concentrations to quantify the protein.158 While these tests are
oen employed, their applicability is restricted to assessing
extremely pure EVs samples since protein impurities impair
measurement accuracy.159

Western blot is another technique used for detecting,
quantifying, and characterizing EVs protein, giving insight into
EVs biology and discovering pathophysiological indicators of
illnesses.160,161 Nevertheless, EVs are diverse s, thus it is chal-
lenging to provide a universal EV protein identier or marker.162

As a result, the International Society for EVs suggests charac-
terizing various transmembrane and cytosolic proteins found in
EVs,163 following a set of guidelines (Minimal Information for
Studies of EVs; MISEV2018) that should be followed for isola-
tion, characterization, and functional studies of Evs. In this
regards, there should be at least one cytosolic protein (such as
TSG101 (tumour susceptibility gene 10), ALIX (ALG-2-
interacting protein X), and syntenin) and one transmembrane
protein (such as CD9, CD63, and CD81).48 This approach has
been used to detect and characterize proteins of EVs produced
by tumors. For instance, Yoshioka et al. observed that regardless
of the EV origin, all examined EVs recovered from four human
prostate cell lines were positive for CD9 and CD81, with equal
quantity. Conversely, the detection of other EV marker proteins,
such as TSG101 and CD63, was uneven due to the heterogeneity
of the cancer.164

Moreoever, surface plasmon resonance (SPR) is another
promising technique for detecting proteins in various EVs.165

SPR allows for the extremely sensitive label-free detection of EVs
by their immunological capture to a SPR-active surface, such as
silver or gold nanoparticles.166 Several of these methods have
recently been used to quantify and characterize EVs produced
from diseases, including cancer, using particular protein
markers. For instance, it has been demonstrated that gold
nanoparticles stabilized with DNA aptamers against particular
surface proteins cause a noticeable color shi because EVs
attach to these aptamers specically.167 This method enables
a multiplexed analysis of EVs' protein composition using visual
and spectrophotometric methods.167

The eld of EVs has signicantly beneted from mass
spectrometry proteomics technologies, which have made it
possible to create extensive protein proles of EVs.124,168
946 | Nanoscale Adv., 2025, 7, 934–962
Proteomics has been utilized in a number of studies to measure
the presence of specic peptides and nd changes in the EVs of
biological samples from cancer patients compared to healthy
people.169 Notably, one study has shown that EVs generated
from the serum of breast cancer patients have different protein
proles according to the cell line they derived from and so can
be used to distinguish between themolecular subtypes of breast
cancer, such as triple-negative or HER2 subtypes.170

Fluorescence-based techniques offer a versatile approach for
detecting and quantifying EVs.171. Fluorescently labeled anti-
bodies targeting EV surface markers, such as CD9, CD63, and
CD81, can be used to visualize and track EVs.148 For instance,
quenching and relabeling techniques have been employed to
identify unique EVs marker clusters.172 Integerated
microuidic-based approaches have also emerged as powerful
tools for EVs isolation and quantication. ExoDEP chips, for
example, utilize antibody-functionalized beads to capture EVs,
followed by electrochemical detection.173 Thermophoresis-
assisted uorescence detection is another promising method
that enables the isolation and quantication of EVs based on
size and specic markers.174,175 The authors developed a novel
approach called HOLMES-ExoPD-L1, which combines tumor-
associated PD-L1 aptamers with thermophoresis to detect
circulating PD-L1-positive EVs with high sensitivity and speci-
city, achieving an impressive limit of detection of 17.6 pg
ml−1.174

EVs RNA content characterization. The presence of RNA
(mRNAs, miRNAs, long noncoding RNAs and/or others) inside
EVs is an essential tool in conrming the successful synthesis/
isolation of Evs.176,177 Their identication and characterization
are crucial because they can provide information about the
biological activities of EVs, their cell origin, and how they alter
cell communication in both normal and pathological
conditions.124

One of the widely used characterization assays for Evs' RNA
prole is quantitative reverse transcriptase-PCR (qRT-
PCR).178,179 Several studies employed qRT-PCR to quantify and
characterize the RNA content of EVs in malignancies, including
pancreatic cancer,180 breast cancer,181 endometrial cancer,182

and many other cancers.183 However, it has a major limitation:
the low RNA yield, particularly from clinical samples, which
may restrict the identication and analysis.184

Digital droplet PCR (ddPCR) is a relatively recent technique
that enables the absolute measurement of gene expression. This
technology enables the susceptible measurement of RNA
expression levels and DNA variations without standard
curves.125 Recently, ddPCR was used to analyze plasma-derived
exosomal RNA from prostate cancer patients,185 and EVs
produced from blood and CSF of glioma patients.186

Furthermore, next-generation sequencing (NGS) has been
used to characterize the RNA content of EVs from various
sources, allowing for a more complete examination of the EV-
RNA repertoire.187,188 Many research have employed NGS to
characterize EVs' RNA content in malignancies including
bladder cancer,189 ovarian cancer,190 colorectal cancer,191

pancreatic cancer,192 and many malignancies. However, it
© 2025 The Author(s). Published by the Royal Society of Chemistry
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suffers from some limitations, including, library preparation
concerns and adapter dimers that could hinder the analysis.187

EVs lipid content characterization. Lipids are an essential-
component of EVs as they contain markers from their original
cell and act as a protective barrier for their load.193 They are also
involved in the transportation of biomolecules and membrane
fusion events.193 Mass spectrometry-based lipidomics
approaches are among the most widely utilized methods for
characterizing and quantifying the lipid composition of EVs.
Moreover, these methodologies provide information regarding
the lipid prole of EVs from different malignancies.194,195

For instance, using an MS-based lipomic approach, it was
discovered that EVs derived from high metastatic breast cancer
had a different lipid prole than EVs from low metastatic breast
cancer.196 It was also discovered that the EVs from high meta-
static breast cancer had more unsaturated diacylglycerols (DGs)
than those from lowmetastatic breast cancer, whichmeans they
have a greater capacity to promote angiogenesis.196 Another
study discovered that whereas sterol lipids, sphingolipids, and
glycerophospholipids were more highly abundant in EVs from
tumorigenic and metastatic prostate cancer cells, fatty acids,
glycerolipids, and prenol lipids were more highly abundant in
EVs from non-tumourigenic prostate cancer cells.197

EVs metabolic content characterization. Metabolites, such
as steroid hormones, amino acids, or metabolic intermediates
of lipid and nutrients, are a class of tiny molecules that result
from different biological events.198 Two primary analytical
methods are used to characterize metabolites in EVs: nuclear
magnetic resonance (NMR) spectroscopy and high-resolution
mass spectrometry.199,200 Although on the scarcity of informa-
tion regarding EVs' metabolome, several studies highlighted
the relevance of EVs as carriers of key metabolome ngerprints
that may be utilized to dene particular changes in cellular
homeostasis that occur in both physiological and pathological
conditions.201,202 For instance, Čuperlović-Culf et al. (2020)
studied the metabolome of sEVs generated from several glio-
blastoma cells using NMR spectroscopy.203 When comparing
EVs from different glioblastoma subtypes, there was a notice-
able variation in their metabolic characteristics.203 Another
study that used MSbased methods found that the urine EVs
from prostate cancer and benign prostatic hyperplasia had
different metabolic proles, with around 76 compounds
different.199 It was also detected that the steroid hormone, 3
beta-hydroxyandros-5-en-17-one-3-sulphate is higher in pros-
tate cancer than in benign prostate hyperplasia so urine EVs can
be used as a non-invasive biomarker for prostate cancer.199

Furthermore, another study examined the metabolomic prole
of EVs produced from pancreatic cancer cells (PANC-1) culti-
vated at various oxygen concentrations, as hypoxia contributes
to the malignant activity of these cells.200 This study also found
that the metabolite composition of EVs differed depending on
the cell of origin. A total of 140 hydrophilic metabolites were
discovered in small EVs, and it was revealed that the metab-
olomic prole of small EVs altered during hypoxic stress, with
an increase in the metabolites implicated in angiogenesis,
growth, and metastasis of cancer200
© 2025 The Author(s). Published by the Royal Society of Chemistry
EVs: a novel frontier in cancer
therapeutics

Cancer remains a formidable global health challenge, with
conventional treatments oen yielding suboptimal
outcomes.20,64,65 The emergence of EVs as versatile nano-
particulate carriers has sparked signicant interest in their
potential as therapeutic agents.70 Unlike traditional drug
delivery systems, EVs possess intrinsic advantages such as
biocompatibility, low immunogenicity, and the ability to cross
biological barriers.79

EVs can be harnessed for delivering a wide range of thera-
peutic payloads, including chemotherapeutics,68 nucleic
acids,81,204 and immunomodulatory molecules.61 Their capacity
to target specic tissues and cells, coupled with their ability to
evade immune clearance, positions EVs as promising candi-
dates for overcoming challenges associated with conventional
drug delivery systems.120,121

To fully realize the potential of EVs in cancer therapeutics,
meticulous engineering and optimization are imperative.
Researchers can develop highly effective EV-based therapeutics
by carefully selecting cargo molecules, modifying EVs surface
properties, and understanding the complex interactions within
the tumor microenvironment. This review highlights the
signicant potential of EVs as a platform for delivering cancer
treatments and emphasizes the need for continued research to
overcome existing challenges and translate these promising
ndings into clinical applications.
EVs as drug delivery vehicles for chemotherapeutic agents

Conventional chemotherapy regimens oen exhibit limited effi-
cacy due to systemic toxicity and drug resistance.63,66 EVs have
emerged as promising platforms for delivering chemothera-
peutic agents to cancer cells, addressing these limitations.205 By
encapsulating chemotherapeutic drugs within their lipid bilayer,
EVs can enhance drug delivery vehicles to tumor sites, prolong
drug circulation time, and reduce off-target effects.120

Several studies have demonstrated the potential of EV-
based chemotherapy.206 For instance, LipHA-modied EVs
loaded with doxorubicin (DOX) have shown enhanced efficacy
in overcoming drug resistance in breast cancer cells by
inhibiting P-glycoprotein.120,207 Similarly, CC8-modied EV-
like vesicles carrying Imperialine have demonstrated anti-
tumor activity in non-small cell lung cancer (NSCLC).208

Furthermore, a research study demonstrated that exosomes
that are produced from human brosarcoma cells are able to
carry DOX, and have the potential to target brosarcoma effi-
ciently, increasing therapeutic retention and inhibiting cancer
growth (Fig. 5).120,209 It has also been reported that mimic or
chimeric exosomes derived from red blood cells (RBCs)
carrying DOX can enhance drug accumulation, decrease drug
clearance, and prevent or reduce the growth of breast cancer
cells.120,210

Moreover, EVs derived from tumor cells or healthy cells, such
as red blood cells, have been employed to deliver chemothera-
peutic agents like methotrexate, cisplatin, and paclitaxel,
Nanoscale Adv., 2025, 7, 934–962 | 947
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Fig. 5 Multifunctional role of extracellular vesicles in cancer therapeutics.
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resulting in improved therapeutic outcomes211–213(Fig. 5 and
Table 6). Collectively, these ndings highlight the versatility of
EVs as drug-delivery vehicles and their potential to improve
cancer treatment by overcoming challenges associated with
conventional chemotherapy.

EVs as drug delivery vehicles for gene therapy

EVs have emerged as promising platforms for delivering nucleic
acid-based therapeutics, such as siRNA, shRNA, and miRNA, to
target specic genes involved in cancer progression.214,215 By
encapsulating these therapeutic molecules within EVs, it is
possible to overcome challenges associated with traditional
gene delivery methods, such as limited cellular uptake and
rapid degradation.216,217
948 | Nanoscale Adv., 2025, 7, 934–962
Several studies have demonstrated the efficacy of EV-based
gene therapy for cancer treatment. For example, EVs loaded
with anti-miR-214 have shown anti-tumor effects in gastric
cancer models.218 A notable example is the use of RBC-derived
EVs loaded with antisense oligonucleotides targeting miR-
125b, which demonstrated anti-tumor effects in breast cancer
and acute myeloid leukemia without inducing systemic
toxicity219 (Fig. 5). In parallel, EVs decorated with the Apo-A1/
CD63 complex, a known target of scavenger receptor class B
type 1, were electroporated directly with miR-26a, which is
downregulated in liver cancer. When applied to HepG2 liver
cancer cells, the miR-26a enriched EVs had a strong anti-
proliferative impact and excellent targeting specicity
(Fig. 5).220,221
© 2025 The Author(s). Published by the Royal Society of Chemistry
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It is also worth noting that EVs express CD47, a ‘don't eat me’
signal that protects them from immune clearance.222 This
immune evasion property, combined with their ability to deliver
therapeutic cargos, makes EVs attractive for cancer therapy.
Studies have shown that CD47-enriched EVs can efficiently
deliver siRNA or shRNA targeting oncogenic KrasG12D, leading
to tumor growth inhibition and improved survival in preclinical
models.223 This highlights the potential of EVs to overcome
immune barriers and deliver therapeutic payloads directly to
cancer cells. Collectively, These ndings highlight the potential
of EVs to deliver nucleic acid-based therapeutics with high
specicity and efficacy, offering a promising approach for
treating various types of cancer as shown in Table 6.

EVs as promising platforms for phototherapy

EVs have shown promise as carriers for phototherapeutic
agents.224 By encapsulating photosensitizers or photothermal
agents within their lipid bilayer, EVs can deliver these
compounds to tumor sites, enhancing their therapeutic effi-
cacy.225 For instance, EVs loaded with vanadium carbide
quantum dots have demonstrated effective low-temperature
photothermal therapy,226 while EVs carrying multi-
functionalized nanoparticles have shown improved tumor
accumulation and ROS generation upon laser irradiation225,226

(Fig. 5). These approaches leverage the unique properties of
EVs, such as biocompatibility and prolonged circulation time,
to enhance the therapeutic potential of phototherapy as pre-
sented in Table 6.

In another study, high-purity urine EVs were collected from
stomach cancer patients and electroporated with multi-
functionalized PMA/Au-BSA@Ce6 NPs. Due to the decreased
macrophage endocytosis and longer blood retention time, the
modied nanovehicles are effectively absorbed into cancer
cells. The designed nanovehicles are shattered and release
enormous NPs within in response to laser irradiation and acidic
conditions (Fig. 5). Consequently, a signicant amount of
singlet oxygen is released, thereby limiting tumor cell
proliferation.227

Novel EV-based immunotherapeutic strategies

Immunotherapy has shown to be a viable cancer treatment
option, frequently exhibiting promising results when utilized in
conjunction with conventional approaches such as radiation,
chemotherapy, or surgery.16,228,229 A growing number of studies
have shown that EVs impact immunological processes,
including immune response activation, antigen presentation
modication, and tumor microenvironment modulation.221,230

Studies have demonstrated the potential of EVs derived from
immune cells, such as dendritic cells (DCs), to stimulate anti-
tumor immunity.221 For instance, GM-CSF-loaded EVs derived
from colorectal cancer (CRC) cells have shown efficacy in
treating advanced CRC patients.171

In addition to utilizing immune cell-derived EVs, engi-
neering EVs to express specic targeting and effector functions
has been explored. CAR-T cell-derived EVs, expressing chimeric
antigen receptors (CARs), have demonstrated the ability to
© 2025 The Author(s). Published by the Royal Society of Chemistry
directly target and kill tumor cells while evading immune
checkpoint inhibition (Fig. 5).120,231 Similarly, synthetic
antibody-targeted EVs (SMART-EVs) have been developed to
redirect T cells towards cancer cells expressing specic anti-
gens, such as EGFR and HER2.120,232 Nonetheless, by genetically
expressing two different types of antibodies on the EV
membrane, monoclonal antibodies specic for T cell CD3 and
cancer cell-associated EGFR, synthetic antibody-targeted EVs
(SMART-EVs) were created and exhibited strong anti-cancer
immunity against EGFR-positive breast cancer cells.120,233

These studies highlight the versatility of EVs for immuno-
therapy and their potential to overcome challenges associated
with traditional immune-based therapies. Table 6 provides
a comprehensive overview of different EV-based immuno-
therapy strategies and their corresponding outcomes.

EVs in combination therapies: synergistic approaches

Combining EVs with other therapeutic modalities holds the
potential to enhance treatment efficacy and overcome limita-
tions associated with single-agent therapies.234 This approach,
oen referred to as combination therapy, aims to achieve
synergistic effects and reduce the risk of drug resistance. By
combining chemotherapy, immunotherapy, gene therapy, and
phototherapy, EVs has emerged as promising platforms for
delivering multiple therapeutic payloads and thus producing
synergistic effects, enhance treatment efficacy, and improve
patient outcomes.

EVs in chemotherapy-related combined therapies

EVs loaded with chemotherapeutic agents can be combined
with other therapeutic cargos, such as siRNA or miRNA, to
create multifunctional platforms.121 For example, folate-
engineered microvesicles loaded with Bcl-2 siRNA and pacli-
taxel demonstrated enhanced anti-tumor efficacy compared to
single-agent therapies by targeting both apoptotic pathways and
chemotherapy resistance.235 Similarly, HER2-binding affibody-
modied exosomes carrying 5-FU and miR-21 inhibitors have
shown promising results in inhibiting colon cancer
growth.120,236

Additionally, chemotherapy can be combined with photo-
therapy, such as RAG modied exosomes produced from
human macrophages. These exosomes were loaded with DOX
and gold nanorods as a source of hyperthermia. NIR irradiation
was utilized to inuence the permeability of the EVs membrane,
promoting medication release, and limiting tumor recurrence
in a controlled manner. This combination therapy inhibited
cervical cancer growth120,237 as shown in Table 6.

EVs in immunotherapy-related combination therapy

EVs can be effectively combined with other therapeutic modali-
ties to enhance anti-tumor responses and overcome treatment
resistance.121 For example, EVs loaded with galectin-9 siRNA and
conjugated with oxaliplatin have demonstrated synergistic effects
in treating pancreatic ductal adenocarcinoma (PDAC) by
combining immunotherapy and chemotherapy.121,238 This
approach promotes tumor-suppressive macrophage polarization,
Nanoscale Adv., 2025, 7, 934–962 | 951
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recruits cytotoxic T lymphocytes, and induces immunogenic cell
death (ICD), leading to improved tumor control.

Similarly, combining phototherapy (PDT or PTT) with EV-
based therapies can enhance anti-tumor effects by inducing
ICD and creating an immunogenic tumor microenvironment.8

Additionally, hybrid nanovesicles can be produced by mixing
and fusing liposomes loaded with the photothermal agent ICG
and immune adjuvant R837, along with exosomes with overex-
pressed CD47. This hybrid nanovesicle effectively reduced
tumors in tumor-bearing mice by competitively connecting with
SIRP alpha, prior to tumor cells, resulting in increased tumor
cell phagocytosis by macrophages and to avoid immune clear-
ance of the hybrid. They are also considered as an example of
combining cancer immunotherapy with PTT.62,121,239

Furthermore, EVs can be used to deliver gene therapy cargos
in combination with other therapeutic modalities as summa-
rized in Table 6. Moreover, in an immunogenic mutli-modality
approach, self-assembly of biomimetic core–shell NPs featuring
a dendrimer core loaded with therapeutic miRNA, such as let-
7a, a hydrophilic shell of NK-cell-derived EVs, showed highly
effective targeting and therapeutic miRNA delivery to both
neuroblastoma cells and breast cancer cells. This approach
resulted in dual tumor growth inhibition effects.120,240 These
ndings highlight the potential of EVs to serve as versatile
platforms for developing combination therapies with enhanced
efficacy and reduced side effects.
EVs in gene therapy-related and phototherapy-related
combination therapies

As shown in Table 6, it has been repeatedly reported that
immunomodulatory EVs or photo-sensitive EVs are usually
combined with immunotherapeutic and chemotherapeutic
agents.9,10 It has been reported that the utilization of small
apoptotic bodies (sABs) derived from brain metastatic cancer
cells, loaded with anti-TNF-alpha antisense oligonucleotide and
paired with cationic konjac glucomannan (cKGM), exhibits
remarkable brain delivery efficiency. This is attributed to the
presence of CD44v6 expressed on the apoptotic bodies, facili-
tating their crossing of the blood–brain barrier.241 Another study,
which employed phototherapy combined with gene therapy
approach, showed that exosomes with chimeric peptide
produced from blood loaded with photosensitizers and nuclear
translocation peptide destroyed the membrane and the nucleus
of breast cancer cells in a mouse model.242 Collectively, these
strategies elaborated in Table 6 demonstrate the versatility of EVs
as platforms for developing complex therapeutic approaches.
However, further research is needed to optimize EVs production,
cargo loading, and delivery for clinical translation.
Challenges and obstacles with EVs-
based cancer treatment

Despite the promising potential of EVs as therapeutic carriers,
several challenges hinder their clinical translation.243 Ensuring
consistent EVs quality and composition for reliable therapeutic
952 | Nanoscale Adv., 2025, 7, 934–962
outcomes has been considered one of the formidable barriers
for the clinical translation of EVs-based onco-therapeutics.
EVs heterogeneity

A signicant hurdle in the development of EV-based therapeu-
tics is the inherent heterogeneity of EVs populations.244,245 EVs
derived from the same cell type can exhibit variations in size,
composition, and biological functions due to factors such as
cellular origin, activation state, and extracellular
environment.243,244

For instance, miRNAs, a common cargo of EVs as high-
lighted, exhibit differential distribution among EVs subpopu-
lations.246 This heterogeneity is attributed to both passive and
active loading mechanisms, with some miRNAs being enriched
in specic EVs subtypes.247,248 According to earlier research,
miRNAs in EVs are a loaded by twomechanisms into the EVs: (a)
highly expressed cellular miRNAs that enter the EVs passively by
an osmotic-like effect; or (b) selectively released miRNAs that
actively pack into EVs according to the particular RNA molecule
sequence.243,249,250 For instance, Pigati et al. discovered that,
dependent on the amount of cytoplasmic miRNA, around 66%
of the released miRNAs are passively secreted by EVs, whereas
30% of exosomal miRNAs do not match the cellular prole,
indicating that they are released selectively.251

Similarly, protein composition can vary signicantly
among EVs subpopulations,252–254 as demonstrated by the
identication of distinct protein proles in low-density and
high-density EVs derived from the same cell line (B16F10
melanoma cells). Accordingly, the authors have classied LD
(low density)-Exo and HD (high density)-Exo.254 They found
that both EVs contain the same proteins such as TSG101 and
Alix. In addition to distinct protein species, LD-Exo has two
unique proteins: cyclin Y and actinin alpha 4. In contrast, HD-
Exo tightly encloses ephrin type-A receptor 2. Additionally,
they found that there was some variation in the relative
abundance of the some of common proteins. It has been partly
explained that such protein-heterogeneity of EVs is related to
the fact that EVs relies on ESCRT-dependent or -independent
sorting machinery in sorting and packing some molecules
including proteins.4,243 Communally, the heterogeneity of EVs
poses challenges for isolating specic EVs subpopulations
with desired properties and for understanding their precise
biological functions. To address this issue, advanced charac-
terization techniques and novel isolation methods are
required.
Cargo loading efficiency

Optimizing the loading of multiple therapeutic agents into EVs
without compromising their biophysical properties is a signi-
cant challenge.255 Therapeutic payloads of interest can be
loaded into EVs in a variety of methods as explained earlier.
However, EVs loading efficiency is comparatively lower than
liposome loading efficiency for instance.255,256 There may not be
enough room for exogenous medications to be loaded into EVs
because EVs themselves retain some of the contents of their
© 2025 The Author(s). Published by the Royal Society of Chemistry
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parent cells during creation.255,257 As such, loading of exogenous
medicines into EVs is a signicant obstacle.255,258

Since multiple techniques were employed to load onco-
therapeutic agents into the same EVs as previously described,
the techniques could be precisely compared.255 A comprehen-
sive literature review was performed to identify and compare
different loading strategies. By categorizing these methods into
high, medium, and low loading efficiency, researchers can
select the most appropriate approach based on the specic
cargo and desired outcome. However, literature has been highly
controversial at that point. Haney et al. discovered, for instance,
that the loading amount of catalase into EVs was raised in the
following order: incubation, freeze/thaw cycle, sonication,
extrusion.259 According to Kim et al. there was an increase in the
amount of PTX (paclitaxel) loaded into exosomes in the
following order: incubation, electroporation, sonication.255,260

Another study, when compared to incubation, electroporation,
and extrusion, it was revealed that the amount of loading
pharmaceuticals of saponin or hypotonic dialysis was up to 11
times higher.115,255 However, the loading efficiency of EVs
depends not only on loading techniques but also on the
chemical composition of the EVs, the drug content, and lip-
ophilicity.255 Therefore, further work is required to create novel
loading strategies in future studies and to optimize existing
loading technologies.255
Stability and storage

Preserving the integrity and bioactivity of EVs during storage is
crucial for their therapeutic application.261 While low tempera-
tures, typically−80 °C, are commonly employed, factors such as
storage buffer, cryoprotectants, and lyophilization can inu-
ence EVs stability.243,262

Although EVs were typically resuspended in phosphate
buffer saline.46 Yet, it has been reported that Trehalose has great
advantage as a cryoprotectant, enhancing EVs stability during
freezing and thawing cycles.263,264 Lyophilization, another
potential storage method, can reduce the need for ultra-low
temperature storage, although its impact on EVs integrity
requires further investigation.265 Charoenviriyakul et al. re-
ported that aer lyophilization, the sample was held at room
temperature and trehalose was added as a cryoprotectant to
shield the exosomes from osmotic destruction. The outcomes
demonstrate that lyophilization has minimal impact on the
physical and biological properties of exosomes.265 Optimizing
EVs storage conditions is essential for maintaining their ther-
apeutic potential and ensuring consistency in downstream
applications.
Lack of standardized isolation and purication method for
EVs

A signicant hurdle in advancing EV-based therapeutics is the
lack of a standardized isolation method.255 The heterogeneity of
EVs populations, coupled with the diverse range of isolation
techniques available, has hindered the development of repro-
ducible and reliable EVs preparations.
© 2025 The Author(s). Published by the Royal Society of Chemistry
To address the challenges associated with EVs isolation,
various methods have been developed, each with its own
strengths and limitations. These methods can be categorized
based on their recovery and specicity: (1) high recovery, low
specicity: ultracentrifugation, ltration, and precipitation
techniques are commonly used due to their simplicity and
relatively high yield, but they oen result in low purity EVs
preparations.266,267 (2) Intermediate specicity and recovery:
size-exclusion chromatography (SEC) offers improved purity
compared to ultracentrifugation, but with lower recovery
rates. (3) High specicity, low recovery: immunoaffinity
capture and microuidic-based techniques provide high
purity but oen suffer from low yield and limited
throughput.266,267 The ideal EVs isolation method would
combine high recovery, specicity, efficiency, and reproduc-
ibility. However, no single method currently meets all these
criteria.

To overcome these challenges, the development of stan-
dardized protocols, advanced characterization techniques, and
innovative isolation methods is essential.
Conclusion

In conclusion, EVs have emerged as versatile platforms with
substantial potential to revolutionize cancer therapy. This
review provides a thorough overview of EVs, emphasizing
their promise as innovative drug delivery vehicles for cancer
therapeutics. The authors highlight different types of EVs,
isolation techniques, and different characterization
methods. Moreover, the authors spot the light onto the
journey and the transformation process of EVs from intra-
cellular trafficking molecules to fully fortied drug delivery
vehicles and especially focused on cancer therapeutics. The
promising ability of EVs to carry diverse cargos has also been
highlighted, including chemotherapeutic agents, nucleic
acids, immunomodulatory molecules, and photosensitizers
thus offering unique advantages over conventional thera-
peutic modalities.

EVs exhibit heterogeneity in terms of size, composition, and
biological function, necessitating the development of stan-
dardized isolation and characterization methods. While chal-
lenges remain in optimizing EVs production, cargo loading, and
delivery, the potential benets of EV-based therapies warrant
continued research and development.

By addressing the limitations associated with EVs heteroge-
neity and developing innovative strategies for EVs engineering
and combination therapies, the eld can progress towards the
clinical translation of this promising technology. Ultimately,
the successful development of EV-based therapeutics holds the
potential to improve patient outcomes and transform cancer
treatment.
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86 C. Théry, et al., Isolation and characterization of exosomes
from cell culture supernatants and biological uids, Curr.
Protoc. Cell Biol., 2006, 30(1), 1–29.

87 P. M. Vanderboom, et al., A size-exclusion-based approach
for purifying extracellular vesicles from human plasma,
Cell Rep. Methods, 2021, 1(3), 100055.

88 L. Mincheva-Nilsson, et al., Isolation and characterization
of exosomes from cultures of tissue explants and cell
lines, Curr. Protoc. Im., 2016, 115(1), 1–21.

89 F. Momen-Heravi, et al., Current methods for the isolation
of extracellular vesicles, Biol. Chem., 2013, 394(10), 1253–
1262.

90 M. A. Rider, S. N. Hurwitz and D. G. Meckes Jr, ExtraPEG:
a polyethylene glycol-based method for enrichment of
extracellular vesicles, Sci. Rep., 2016, 6(1), 23978.

91 H. Shin, et al., High-yield isolation of extracellular vesicles
using aqueous two-phase system, Sci. Rep., 2015, 5(1),
13103.

92 M. L. Heinemann, et al., Benchtop isolation and
characterization of functional exosomes by sequential
ltration, J. Chromatogr. A, 2014, 1371, 125–135.

93 F. Liu, et al., The exosome total isolation chip, ACS Nano,
2017, 11(11), 10712–10723.

94 M. Logozzi, et al., Immunocapture-based ELISA to
characterize and quantify exosomes in both cell culture
supernatants and body uids, Methods Enzymol., 2020,
645, 155–180.

95 D. Sun, et al., Recent progress in aptamer-based
microuidics for the detection of circulating tumor cells
and extracellular vesicles, J. Pharm. Anal., 2023, 13(4),
340–354.

96 R. Vaidyanathan, et al., Detecting exosomes specically:
a multiplexed device based on alternating current
electrohydrodynamic induced nanoshearing, Anal. Chem.,
2014, 86(22), 11125–11132.

97 J. Zhang, et al., Exosome and exosomal microRNA:
trafficking, sorting, and function, Genomics, Proteomics
Bioinf., 2015, 13(1), 17–24.

98 G. Corso, et al., Reproducible and scalable purication of
extracellular vesicles using combined bind-elute and size
exclusion chromatography, Sci. Rep., 2017, 7(1), 11561.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00393d


Review Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 6

:4
4:

34
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
99 V. S. Chernyshev, et al., Asymmetric depth-ltration: A
versatile and scalable method for high-yield isolation of
extracellular vesicles with low contamination, J. Extracell.
Vesicles, 2022, 11(8), e12256.

100 S. Cheng, et al., Advances in microuidic extracellular
vesicle analysis for cancer diagnostics, Lab Chip, 2021,
21(17), 3219–3243.

101 J. Suthar, et al., Recent developments in biosensing
methods for extracellular vesicle protein characterization,
Wiley Interdiscip. Rev.:Nanomed. Nanobiotechnol., 2023,
15(1), e1839.

102 L. M. Doyle and M. Z. Wang, Overview of Extracellular
Vesicles, Their Origin, Composition, Purpose, and
Methods for Exosome Isolation and Analysis, Cells, 2019,
8(7), 727.

103 V. C. Kok and C. C. Yu, Cancer-Derived Exosomes: Their
Role in Cancer Biology and Biomarker Development, Int.
J. Nanomed., 2020, 15, 8019–8036.

104 M. Domsicova, et al., New Insights into Aptamers: An
Alternative to Antibodies in the Detection of Molecular
Biomarkers, Int. J. Mol. Sci., 2024, 25(13), 6833.

105 A. D. Flynn and H. Yin, Lipid-Targeting Peptide Probes for
Extracellular Vesicles, J. Cell. Physiol., 2016, 231(11), 2327–
2332.

106 D. Buschmann, V. Mussack and J. B. Byrd, Separation,
characterization, and standardization of extracellular
vesicles for drug delivery applications, Adv. Drug Deliv.
Rev., 2021, 174, 348–368.

107 S. Cho, et al., Isolation of extracellular vesicle from blood
plasma using electrophoretic migration through porous
membrane, Sens. Actuators, B, 2016, 233, 289–297.

108 F. G. Ortega-Sanchez, et al., Microuidic systems in
extracellular vesicles single analysis. A systematic review,
Trac. Trends Anal. Chem., 2023, 159, 116920.

109 T. A. Duncombe, A. M. Tentori and A. E. Herr,
Microuidics: reframing biological enquiry, Nat. Rev. Mol.
Cell Biol., 2015, 16(9), 554–567.

110 Y. Zeinelabdeen, et al., MIAT LncRNA: A multifunctional
key player in non-oncological pathological conditions,
Non-coding RNA Res., 2024, 9(2), 447–462.

111 B. S. Joshi, D. Ortiz and I. S. Zuhorn, Converting
extracellular vesicles into nanomedicine: loading and
unloading of cargo, Mat. Today Nano, 2021, 16, 100148.

112 A. Al-Jipouri, et al., Liposomes or extracellular vesicles:
a comprehensive comparison of both lipid bilayer vesicles
for pulmonary drug delivery, Polymers, 2023, 15(2), 318.

113 A. Jeyaram, et al., Enhanced Loading of Functional miRNA
Cargo via pH Gradient Modication of Extracellular
Vesicles, Mol. Ther., 2020, 28(3), 975–985.

114 Y. Han, et al., Overview and Update on Methods for Cargo
Loading into Extracellular Vesicles, Processes, 2021, 9(2),
356.

115 G. Fuhrmann, et al., Active loading into extracellular
vesicles signicantly improves the cellular uptake and
photodynamic effect of porphyrins, J. Contr. Release, 2015,
205, 35–44.
© 2025 The Author(s). Published by the Royal Society of Chemistry
116 Q. Liu, et al., Targeted therapy using engineered
extracellular vesicles: principles and strategies for
membrane modication, J. Nanobiotechnol., 2023, 21(1),
334.

117 I. Podolak, A. Galanty and D. Sobolewska, Saponins as
cytotoxic agents: a review, Phytochemistry Rev., 2010, 9,
425–474.

118 F. Villa, R. Quarto and R. Tasso, Extracellular Vesicles as
Natural, Safe and Efficient Drug Delivery Systems,
Pharmaceutics, 2019, 11(11), 557.

119 C. Chen, et al., Active cargo loading into extracellular
vesicles: Highlights the heterogeneous encapsulation
behaviour, J. Extracell. Vesicles, 2021, 10(13), e12163.

120 X. Zhang, et al., Engineered extracellular vesicles for cancer
therapy, Adv. Mater., 2021, 33(14), 2005709.

121 J. Chen, et al., Engineered extracellular vesicles: potentials
in cancer combination therapy, J. Nanobiotechnol., 2022,
20(1), 132.

122 L. Ramasubramanian, P. Kumar and A. Wang, Engineering
extracellular vesicles as nanotherapeutics for regenerative
medicine, Biomolecules, 2019, 10(1), 48.

123 G. Rosso and V. Cauda, Biomimicking Extracellular
Vesicles with Fully Articial Ones: A Rational Design of
EV-BIOMIMETICS toward Effective Theranostic Tools in
Nanomedicine, ACS Biomater. Sci. Eng., 2022, 5924–5932.

124 K. P. De Sousa, et al., Isolation and characterization of
extracellular vesicles and future directions in diagnosis
and therapy, Wiley Interdiscip. Rev.:Nanomed.
Nanobiotechnol., 2023, 15(1), e1835.

125 M. I. Ramirez, et al., Technical challenges of working with
extracellular vesicles, Nanoscale, 2018, 10(3), 881–906.

126 C. Gardiner, et al., Techniques used for the isolation and
characterization of extracellular vesicles: results of
a worldwide survey, J. Extracell. Vesicles, 2016, 5(1), 32945.

127 E. Van der Pol, et al., Particle size distribution of exosomes
and microvesicles determined by transmission electron
microscopy, ow cytometry, nanoparticle tracking
analysis, and resistive pulse sensing, J. Thromb.
Haemostasis, 2014, 12(7), 1182–1192.

128 D. Fortunato, et al., Opportunities and pitfalls of
uorescent labeling methodologies for extracellular
vesicle proling on high-resolution single-particle
platforms, Int. J. Mol. Sci., 2021, 22(19), 10510.
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