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Abstract

Exosomes, a subset of extracellular vesicles, are widely present in various body fluids and are involved in mediating intercellular com-
munication. They have received extensive attention as diagnostic markers. The excellent physicochemical and biological properties of
exosomes make them great potential drug delivery vehicles for the treatment of cancer and other diseases. However, various challenges
need to be addressed for the clinical application of exosomes. This review introduces the biogenesis and uptake of exosomes and com-
pares different approaches for isolation and drug loading, focusing on the application and current challenges of exosomes as drug delivery
vehicles in cancer therapy.
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1. Introduction
Exosomes are tiny bilayer vesicles between 50 and

150 nm in diameter that are secreted by almost all cells
[1]. In 1981, Tram and colleagues proposed exosomes
as a name for exfoliated membrane vesicles discovered in
the supernatant of in vitro cultured sheep erythrocytes [2].
In 1987, Johnstone and colleagues officially named these
vesicles exosomes [3]. In earlier studies, exosomes were
considered cellular waste disposal devices that only pack-
age and secrete discarded cellular contents into the extra-
cellular matrix [4]. Growing evidence suggests that exo-
somes play a critical role in intercellular communication
by transporting DNA, RNA, protein, microRNA (miRNA),
and metabolites, which affect the life process of recipient
cells [5]. They also play essential roles in physiological
or pathological processes such as the regulation of immune
responses, the occurrence of metabolic and neurodegener-
ative diseases, reproduction, and the development of mam-
mals [6]. Exosomes are also involved in tumor develop-
ment and progression by modulating the extracellular ma-
trix in the tumor microenvironment, metastasis, and antitu-
mor or protumor immune responses [7].

Exosomes are present in all biological fluids including
cerebrospinal fluid, blood, saliva, urine, amniotic fluid, as-
cites, and bronchoalveolar lavage fluid [6,8,9]. Exosomes
transport various cargoes including proteins, lipids, various
RNA species, and DNA [4]. Since the types and amounts
of cargoes vary in different diseases [1,10,11], exosomes
are widely used for diagnosing and monitoring conditions
[1,10]. Based on their biological functions and proper-
ties, inherently biologically active exosomes are a versatile

drug delivery platform to treat cancer and other diseases
by delivering genetic material (miRNA, spherical nucleic
acids, and small interfering RNA [siRNA]), proteins, small
molecule drugs (e.g., curcumin (cur), dopamine, paclitaxel
(PTX), and doxorubicin), and other compounds that are sta-
ble in exosomes [11,12]. As natural nanoparticle biological
carriers, exosomes are stable, membrane-permeable, cell-
specific, and even able to penetrate the blood-brain barrier
(BBB) [13,14]. Compared with other biological carriers,
exosome-based therapeutic delivery has better efficacy and
lower off-target effects [13,15].

However, some of the shortcomings of drug deliv-
ery vehicles are their low yield, heterogeneity, short half-
life, and low loading efficiency of exosomes, which limit
their clinical application [16,17]. As a result, new exosome
preparation and drug-loadingmethods have been developed
to promote the application of exosomes in cancer therapy.

There have been many excellent reviews and studies
on exosomes as drug delivery vehicles [14,15,18,19]. This
review focuses on advances in the field of cancer treatment;
comprehensively and systematically summarizing exosome
isolation and drug-loading methods; discusses their appli-
cation and challenges in cancer treatment; and introduces
the “source of exosomes”, which has not received much at-
tention.

2. Exosome Biogenesis
Exosomes are generated by the inward budding of the

outer cell membrane [20]. Invagination of the cytoplasmic
membrane forms early sorting endosomes (ESEs) that ma-
ture into late sorting endosomes. By the inward budding of
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Fig. 1. Biogenesis of exosomes. Exosomes originate from endosomal structures and begin with invagination of the plasma membrane
to form early sorting endosomes (ESEs). ESEs mature into late sorting endosomes, which exchange cargo with the Golgi and then bud
inwards to develop multivesicular bodies (MVBs) that encapsulate intraluminal vesicle (ILVs), at this stage packaging exosomal contents.
MVB can fuse with lysosomes or autophagosomes to be degraded or connect with the plasma membrane to release the contained ILV as
exosomes. Exosomes contain various biologically active molecules including proteins and nucleic acids. The tetraspanins CD9, CD63,
and CD81 on the exosome membrane are commonly used exosome marker proteins.

the late endosome membrane, intraluminal vesicle (ILV)-
encapsulated biomolecules are generated in multivesicular
bodies (MVBs) [21]. MVBs can then fuse with lysosomes
or autophagosomes for degradation, or the plasma mem-
brane to release the enclosed ILVs as exosomes [6]. Exo-
some biogenesis, however, can also occur via plasma mem-
brane budding [22] (Fig. 1).

Exosome release and cargo sorting (such as lipids and
ubiquitinated proteins) are regulated by several sorting pro-
cesses. The most well-studied sorting system for exosome
release and cargo sorting is the endosomal sorting com-
plex (ESCRT). ESCRTs consist of approximately 20 pro-
teins, which are assembled into four complexes (ESCRT-
0, ESCRT-I, ESCRT-II, and ESCRT-III) with related pro-
teins such as vacuolar protein sorting-associated protein 4,
vacuolar protein sorting-associated protein, and apoptosis-
related gene 2-interacting protein X (ALIX) [23]. The

ESCRT-0 complex mediates the recognition and seques-
tration of ubiquitinated proteins in the endosomal mem-
brane [23]. Then the ESCRT-0 ubiquitin domain is re-
cruited to the membrane by ESCRT-I and ESCRT-II, where
the cargo is enclosed [24]. Finally, the projections are
cleaved by ESCRT-III subunits to form ILVs [25]. An-
other ESCRT-independent protein sorting pathway also ex-
ists in MVBs [26]. For example, the tetraspanin clus-
ter of differentiation 63 (CD63) participates in ESCRT-
independent sorting of premelanosome protein into the LVs
of MVBs [27]. Similarly, sphingolipid ceramides translo-
cate exosome-associated domains to the endosomal lumen
independently of the ESCRT [28].

In addition, the components involved in the ori-
gin and biogenesis of exosomes include the soluble N-
ethylmaleimide-sensitive factor attachment protein recep-
tor (SNARE) complex, ALIX, syndecan-1, sytenin-1, Ras-
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Fig. 2. Uptake of exosomes. Exosomes can enter cells through caveolin-dependent endocytosis, clathrin-dependent endocytosis,
macropinocytosis, lipid rafts, phagocytosis, and direct fusion. Also, exosomes can enter cells through more than one route.

associated binding (Rab) protein GTPase, phospholipids,
and sphingomyelinase [6]. Among them, small GTPase
members of the Rab family play a well-established role
in transferring vesicles between intracellular compartments
and are also involved in transporting MVBs to the plasma
membrane for exosome secretion. The SNARE complex
is also required for MVB fusion with the plasma mem-
brane [29]. The endosomal syndecan-syntenin complex in-
teracts with ALIX to promote endosomal budding, which
induces exosome biogenesis [30]. Phospholipids and sph-
ingomyelinases play a role in exosome biogenesis and re-
lease by affecting ceramide synthesis [28].

3. Exosome Uptake
Exosome uptake can be mediated by endocyto-

sis, including clathrin-dependent endocytosis, caveolae-
dependent endocytosis, macropinocytosis, and phagocyto-
sis [31] (Fig. 2). Notably, exosomes appear to enter cells
via more than one route [32].

The interaction between receptors in the membrane of
target cells and proteins of exosome surfaces are required
for internalization, which is confirmed by the observation
that the uptake efficiency was significantly reduced by pro-
teinase K treatment [33]. Many exosomal proteins inter-
act with receptors on target cells to mediate the cellular up-
take of exosomes. For example, CD29/CD81 complex for-
mation induced by radiation can increase the cellular up-
take of exosomes [34]. Similarly, the uptake of exosomes
by dendritic cells (DCs) is reduced after treatment of re-
cipient cells with a CD9 antibody against tetraspanin [35].
In addition, integrins (integrins αv and β3, i.e., CD51 and

CD61), proteoglycans (heparan sulfate proteoglycans), and
lectins (C-type lectins DEC-205, galectin-5) affect the up-
take or binding of exosomes by specific protein-protein in-
teractions. Notably, while a growing number of specific
protein interactions have been identified that mediate the
attachment and uptake of exosomes, the underlying mech-
anisms of exosome-cell interactions require further investi-
gation [32,36].

Clathrin-dependent endocytosis enables cellular in-
ternalization of molecules by assembling clathrin-coated
vesicles through some membrane receptors and their lig-
ands. The clathrin-coated blisters can distort the plasma
membrane and collapse into mature and shed vesicle buds.
The clathrin is then uncoated, and the vesicles fuse with
the endosome, releasing the contents [32]. Chlorpro-
mazine can inhibit this process [37]. Dynamin 2 is a GT-
Pase required for the clathrin-dependent endocytosis pro-
cess, which promotes membrane fusion, membrane curva-
ture, membrane fission, and the release of clathrin-coated
vesicles [32]. Exosome uptake has been observed in
dynamin-positive cells, whereas exosome internalization
is almost completely blocked in dynamin-negative cells
[32,38]. Clathrin-dependent endocytosis is also involved
with macropinocytosis in the uptake of PC12 cell-derived
exosomes [39].

A parallel to clathrin-dependent endocytosis is cellular
internalization through caveolae invagination, which is reg-
ulated by the samemolecular machinery during fission [40].
Caveolae is a subdomain of plasma membrane glycolipid
rafts rich in cholesterol, sphingolipids, and caveolin [32].
Caveolin-1 is necessary or sufficient for caveolae biogene-
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sis; similarly, dynamin 2 is required for caveolin-dependent
endocytosis [41]. Both dynamin inhibitor treatment and
caveolin-1 knockdown significantly inhibit the internaliza-
tion of exosomes via caveolae-dependent endocytosis [42].

Macropinocytosis typically occurs in the highly folded
regions of the plasma membrane, leading to the uptake of
extracellular solutes and fluids into 0.2- to 10-µm diame-
ter vesicles or macropinosomes [41,43]. Some exosomes
can be taken up into cells through macropinocytosis. For
example, oligodendrocyte-derived exosomes can be trans-
ferred into microglia via micropinocytosis [44]. Similarly,
macropinocytosis has been observed during exosome up-
take in PC12 rat pheochromocytoma cells [39].

Furthermore, in addition to “professional” phagocytes
such as DCs and macrophages, “non-professional” phago-
cytes such as HEK293T and Jurkat T cells can also in-
ternalize exosomes through phagocytosis [45]. This pro-
cess relies on the actin cytoskeleton, dynamin 2, and phos-
phoinositide 3-kinase (PI3K) [38]. However, it is unclear
whether phagocytosis is a means of exosome internaliza-
tion for intercellular communication or only a method of
exosome elimination; thus further investigation is required
[45].

In addition, there is also a possible entry mechanism
through direct fusion of the exosomal membrane with the
plasma membrane, which is affected by the acidity of the
microenvironment [46]. Membrane fusion is usually ac-
complished in two steps. First, the exosomal and plasma
membranes are brought close to each other, and this process
needs to overcome the counteracting electrostatic force.
Second, because of the unstable interface between the hy-
drophilic and hydrophobic parts of the membrane, a transi-
tion state is formed, eventually resulting in hydrophilic fu-
sion pores that facilitate fusion of the hydrophobic elements
[47].

4. The Sources of Exosomes
Asmentioned earlier, exosomes are present in all body

fluids in the human body [6]. However, the yield of exo-
somes isolated from body fluids or culture media is insuffi-
cient to supply clinical demands. Product quality control
is also a problem that limits its clinical application [48].
Exosomes from non-human sources such as bacteria, milk,
and plants are considered a promising alternative for cancer
therapy. These exosomes also have the potential to be used
as personalized oral delivery vehicles due to their low tox-
icity and easy availability [18,49]. For example, exosome-
like nanoparticles loaded with lemon-derived natural prod-
ucts can inhibit cancer cell proliferation by inducing tumor
necrosis factor-related apoptosis-inducing ligand-mediated
cell death [50]. Similarly, exosomes isolated from grapes,
grapefruit, ginger, and carrots have also shown potential as
drug delivery vehicles [51].

Milk-derived exosomes are also considered good de-
livery vehicles for hydrophilic and lipophilic drugs, includ-

ing chemotherapeutic drugs, without showing systemic tox-
icity and immunogenicity in mice [48,52]. Moreover, ex-
periments have demonstrated that unloaded milk exosomes
significantly inhibit lung and breast cancer cells [52]. How-
ever, it is worth noting that the RNA contained in milk exo-
somes can directly or indirectly affect the growth of cancer
cells, and this effect may be either inhibition or promotion
[53]. Therefore, when milk exosomes are used as drug de-
livery vehicles, the influence of their natural sources on the
human body should be fully considered [54].

Bacterial-derived extracellular vesicles (EVs) are of-
ten candidates for mucosal vaccines to induce immune
protection against specific pathogens [55]. In addition,
bacterial-derived EVs in urine can be used as novel
biomarkers for the noninvasive diagnosis of gastric can-
cer [56]. Similarly, EVs from gut microbiota are associ-
ated with inflammatory bowel disease and colorectal can-
cer (CRC) [57]. Furthermore, EVs of the gastrointestinal
microbiota play a role in brain dysfunction and neurodevel-
opment by modulating immune responses [58]. However,
there have few studies on bacterial-derived EVs in the field
of tumor therapy.

5. Isolation of Exosomes
To effectively and safely delivery drugs, exosomes

must be isolated using efficient and reproducible isolation
procedures. Exosome isolation techniques have been cre-
ated based on density, size, and immunogenicity properties.
Exosome purity, quantity, and physicochemical properties
vary depending on isolation conditions [59] (Table 1, Ref.
[60–81]).

5.1 Ultracentrifugation
Ultracentrifugation is the most popular and widely ac-

cepted gold standard for isolating exosomes [60]. It in-
cludes two types: differential ultracentrifugation and den-
sity gradient ultracentrifugation. Differential ultracentrifu-
gation separates exosomes from other components by us-
ing different centrifugal forces and time cycles during the
centrifugation process, mainly because different molecules
have different particle sizes [63]. In density gradient ultra-
centrifugation, a continuous or discontinuous density gra-
dient in a centrifuge tube is established with a specific
medium, followed by the addition of a sample to the top
of the medium to distribute different molecules in differ-
ent fractions through gravity and centrifugal force fields,
thereby separating exosomes and other components [63].
Ultracentrifugation requires fewer reagents and less oper-
ator expertise. Still, it may induce aggregates comprising
various EVs and may be contaminated by lipoproteins with
similar density [61,62].

5.2 Ultrafiltration
Ultrafiltration uses membranes with precise pore sizes

to separate particles in a predetermined size range. Ultrafil-
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Table 1. Comparisons of exosome isolation techniques.
Isolation technique Principle Advantages Disadvantages References
Ultracentrifugation Size, density The gold standard, simple opera-

tion, and low requirement for pro-
fessional knowledge

Low purity, time-consuming, expen-
sive equipment, and easy formation of
aggregates

[60–63]

Ultrafiltration Size, molecular
weight

Short time-consuming and no spe-
cial equipment required

Decreased yield due to membrane ad-
sorption, contamination caused by de-
formation and rupture of large vesi-
cles, and clogging of pores

[61,63,64]

Size Exclusion Chro-
matography (SEC)

Size Small changes in exosome proper-
ties and efficient elimination of pro-
tein contamination

Time-consuming, lipoprotein con-
tamination, protein aggregation, and
equipment required

[65–67]

Flow Field-Flow Frac-
tionation (F4)

Size Low sample size requirements, fast
and highly reproducible

High requirements for operator exper-
tise

[63,68,69]

Hydrostatic Filtration
Dialysis (HFD)

Size Achieve efficient pretreatment and
concentration of samples with good
reproducibility

Blockage of nanomembranes [63,70–72]

Polymer-Based Precipi-
tation

Solubility, surface
charge

No need for special equipment; fast
and also suitable for large-scale iso-
lation

Free protein contamination and low
yield

[61,73–76]

Immunoaffinity Capture-
Based Technology

Immunoaffinity High purity and rapid isolation of
specific populations

Low yield and limitation of exosome
labeling

[77–79]

Microfluidics-Based Ex-
osome Isolation

Immunoaffinity,
size, density, etc.

Rapid, low-cost, less reagent and
sample volume, potentially isolating
source-specific exosomes

Small sample volume and lack of
method validation and standardized
testing

[63,80,81]

tration alone or combined with ultracentrifugation and gel
filtration chromatography is effective for exosome isolation
[82]. Compared to traditional ultracentrifugation, ultrafil-
tration improves the purity and integrity of the separated
vesicles while taking less time. The adsorption of exosomes
on the filter membrane can result in decreased yield. Orifice
holes may lead to deformation and rupture of large vesicles
or platelets, which may skew the results [64,65,77].

5.3 Size Exclusion Chromatography
SEC can be employed to isolate exosomes depend-

ing on the porous stationary phases that classify macro-
molecules and particles according to their size. Com-
ponents with smaller hydrodynamic radii can enter these
pores, resulting in extended retention durations, whereas
exosomes and other substances with large hydrodynamic
radii are excluded from the pores, thereby having a shorter
retention time [63]. To ensure that the resolution in SEC
meets the experimental requirements, the analysis is usually
carried out at relatively low flow rates by using a rather long
column (or multiple columns in series), making the separa-
tion process time-consuming. To address this shortcoming,
several companies have developed commercial kits that en-
able higher separation efficiency and faster analysis [74].

5.4 Flow Field-Flow Fractionation
F4 is a hydrodynamic-based technique to separate ex-

osomes by diameter differences. Fractionation occurs in a

rectangular flow field with migratory flow moving along
the axis of the flow field, whereas sample retention depends
on the rate of the secondary flow (cross flow in F4). The
lateral flow acts as an external field to induce movement of
the sample towards the flow field walls. Due to diffusion,
the sample is distributed at different locations on the flow
field walls, which can be separated according to the size
of the sample particles. The distribution layer formed by
the smaller particles has a higher average height above the
stacking wall than the larger particles and is eluted earlier,
enabling the isolation of exosomes [68]. Combined with
an assay system, this method allows the rapid isolation and
characterization of exosomes [63].

5.5 Hydrostatic Filtration Dialysis
HFD is mainly used to isolate urinary extracellular

vesicles by diffusion of solutes across a cellulose ester dial-
ysis membrane with a defined molecular weight cut-off.
The solvent will also pass through the dialysis membrane
under hydrostatic pressure, thereby achieving filtration-
concentration dialysis [71]. The advantage of HFD is that
it can efficiently pretreat and concentrate samples and does
not involve the operation of highly specialized equipment,
making it a convenient method. HFD is significantly better
for a wide range of sample volumes than differential cen-
trifugation [70].
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5.6 Polymer-Based Precipitation

Polymer-based precipitation utilizes the interaction of
polymers such as polyethylene glycol with water molecules
or the use of salt solutions such as sodium acetate to neu-
tralize the negative charge of phosphatidylserine on the sur-
face of exosomes, thereby reducing the solubility and dis-
persibility of exosomes and forming aggregates. Finally,
the exosome particles can be harvested by centrifugation
[61,65,73]. The most commonly used commercial poly-
mer precipitation product for exosome isolation is the Exo-
Quick proprietary polymer from SystemBiosciences (Santa
Clara, CA, USA) [83]. Compared with other methods,
the exosome RNA isolated by the ExoQuick precipitation
method has the largest amount and the highest purity [84].
However, exosomes isolated by this method are suscepti-
ble to contamination by free proteins such as viral parti-
cles, immunoglobulins, and lipoproteins [74]. Higher pu-
rity EVs generally have a higher ratio of particles (mainly
vesicle components) to proteins (vesicular content proteins
and other contaminating proteins), so this ratio can be di-
rectly used to reflect the purity of EV samples [85].

5.7 Immunoaffinity Capture-Based Technology

There are a large number of proteins and receptors on
the exosome membrane. Immunoaffinity capture uses the
specific binding of receptors and their ligands or the im-
munoaffinity between these proteins and their specific anti-
bodies to separate exosomes [63]. Surface receptors such as
CD9, CD63, and CD81 are considered biomarkers of exo-
somes and are often used to extract exosomes by the im-
munoaffinity capture method [86]. The main techniques
developed based on this principle are the enzyme-linked
immunosorbent assay in microtiter plate format and affin-
ity capture based on immunomagnetic beads [60]. Given
the specificity of the interaction between the antigens on
the exosome membrane and the corresponding antibodies,
theoretically, specific antibodies for tumor-associated anti-
gens can separate tumor-derived exosomes from exosomes
of nontumor origin. The problem is that these antigens
may be overexpressed in tumor cells, but their concomi-
tant expression on normal cells can lead to immune cap-
ture of exosomes in the patient’s plasma, making it im-
possible to guarantee that all isolated exosomes are de-
rived from tumor cells [87]. Nonetheless, as a rare ex-
ception, epitopes of melanoma-associated antigens are ex-
pressed only on melanoma cells and not on normal cells.
Researchers have used immunoaffinity capture technology
to separate melanoma-derived exosomes from other nor-
mal cell-derived exosomes in patient plasma [87]. In ad-
dition, isolation using immunoaffinity capture technology
was shown to be better than centrifugation and density-
based methods for the isolation of human colon cancer cell
line-derived exosomes [78]. However, selectivity can also
result in concomitantly lower yields compared to proce-
dures that rely on isolation by physical properties, as some

markers may not be presented or recognized on all vesicles
within a given class [77].

5.8 Microfluidic-Based Exosome Isolation
Microfluidic-based exosome isolation is a high-

throughput method that uses a microfluidic device to iso-
late exosomes based on several characteristics including
size, density, and immunoaffinity. In addition, there are
many novel isolation methods in the microfluidic platform
such as nanowire trapping, acoustics, lateral displacement,
and viscoelastic flow [59,88]. Compared with other exist-
ing exosome isolation methods, microfluidic methods are
faster, less expensive, require fewer samples and reagents,
can potentially isolate exosomes of specific cell origin, and
retain most microfluidically isolated exosomes in their na-
tive form [80]. Davies et al. [89] isolated exosomes from
whole blood via a microfluidic platform using pressure- or
electrophoresis-driven, in situ photopatterned porous poly-
mer monoliths as filter membranes. Microfluidic devices
offer several advantages for utilizing exosomes as diagnos-
tic tools, such as low cost, reliability, real-time diagnosis,
and the ability to process microvolume liquid samples such
as saliva, breast milk, blood, and urine. However, its sam-
ple capacity is too small, which is a significant disadvantage
[81].

6. Drug Loading on Exosomes
The drug-loadingmethods in exosomes can be divided

into presecretory and postsecretory drug loading according
to whether the drugs are directly loaded on exosomes [90]
(Table 2, Ref. [11,61,65,90–103]). As the name suggests,
presecretory drug loading refers to drug loading during ex-
osome biogenesis in cells before vesicle isolation. Drugs
are loaded into exosomes using the cell’s endogenous ma-
chinery by being added to the culture medium [65]. This
creates the biggest problem, which is the inability to con-
trol the amount of drug encapsulated in the exosomes [61].
This mechanism includes co-incubation of the drug with the
cells and transfection. Correspondingly, post secretion drug
loading, which loads drugs into the isolated exosomes di-
rectly, obviously has higher efficiency, and the encapsula-
tion efficiency and loading capacity of exosomes are eas-
ier to control [91]. Electroporation, sonication, freeze-thaw
cycles, extrusion, co-incubation of drugs with exosomes,
surfactant treatment, and dialysis all belong to this mecha-
nism [61].

6.1 Presecretory Drug Loading
6.1.1 Co-Incubation (Drug and Cells)

In the co-incubation method, the drug is co-incubated
with the cells, so the drug enters the cell and is then se-
creted in the exosome cargo. It is characterized by a simple
operation but low drug-loading efficiency and the inabil-
ity to control the production and release process of drug-
loaded exosomes [11]. Some drugs may be toxic, affect-
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Table 2. Comparisons of exosome drug-loading technology.
Loading mechanism Loading technique Advantages Disadvantages References

Presecretory drug
loading

Co-incubation (Drug
and Cells)

Easy operation Low loading efficiency, difficulty to
control, and the effect of drug toxicity

[11,61]

Transfection Overexpression of specific molecules Low loading efficiency, the toxicity
of transfection reagents, and micelles
used for transfections that are not eas-
ily separated from exosomes

[61,92]

Postsecretory drug
loading

Electroporation The gold standard Low loading efficiency, aggregation
of exosomes, and reduced activity
caused by the destruction of the pro-
tein drug structure

[90,91,93]

Sonication High loading efficiency, not easy to
form aggregates, and retention of
membrane surface adhesion proteins

Altered immune privilege status and
disruption of exosome integrity

[94–97]

Freeze-thaw Cycle Easy operation Low loading efficiency, exosome ag-
gregation, and inactivation of protein
drugs

[61,95]

Extrusion High loading efficiency, the most ef-
ficient water-soluble cargo loading
technology, and unaffected exosome
internalization properties

Altered immune privilege status and
disruption of exosome integrity

[61,98]

Co-incubation (Drug
and Exosomes)

Easy operation Low loading efficiency and suscepti-
bility to drug hydrophobicity

[65,99]

Surfactant Treatment High loading efficiency and little im-
pact on the physicochemical proper-
ties of exosomes

Hemolytic activity of saponins, re-
quiring additional purification steps

[100,101]

Dialysis High loading efficiency Degradation of protein or peptide
drugs and changes in the size distri-
bution of exosomes

[101–103]

ing the state of cells and secretion of exosomes [61]. Wang
et al. [104] co-incubated cur with macrophages to obtain
Exo-cur, which increased cur’s solubility and stability and
resulted in sustained drug release. More importantly, Exo-
cur can fuse with the microvascular endothelial cell mem-
brane in the brain through the specific binding of lympho-
cyte function-associated antigen 1 (LFA-1) and intracel-
lular adhesion molecule-1 (ICAM-1) and promote cur to
cross the BBB into the brain, making it potentially able for
Alzheimer’s disease-targeted therapy.

6.1.2 Transfection

Transfection is the most common way to package pep-
tides, proteins, nucleic acids, and other active molecules
into exosomes. The target gene is introduced into cells
through a transfection process to express the cargo of inter-
est, which is then encapsulated into exosomes by the cell’s
machinery. Of course, chemical treatment can also intro-
duce nucleic acids into exosomes, a postsecretory drug-
loading method [102]. Although transfection can ensure
that the drug is loaded into exosomes before being se-
creted outside the cell, the loading efficiency is very low

due to the uncontrollable drug-loading process. Direct
chemical transfection always causes damage or contamina-
tion of exosomes [61]. HEK293 cells are transfected with
plasmids and miRNAs, and purified in the culture super-
natant to obtain miRNA-loaded exosomes modified with
epidermal growth factor or GE11 peptides, which can tar-
get miRNA delivery to epidermal growth factor receptor-
expressing cancer tissues [105]. However, chemical trans-
fection is unsuitable for exosomes as gene delivery vehi-
cles, because chemically transfected micelles can attach to
exosomes nonspecifically, making the two inseparable [92].

6.2 Postsecretory Drug Loading
6.2.1 Electroporation

Electroporation uses short-term high-voltage pulses to
form pores in the exosome membrane so that drugs can en-
ter the interior of the exosome through these pores. This
method is commonly used to enhance the uptake of siRNA,
iron oxide nanoparticles, and small molecule drugs [106].
However, electroporation of siRNA into exosomes causes
extensive precipitation of siRNA, which leads to the eas-
ily overestimated encapsulation efficiency of electropora-
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tion [107]. Membrane stabilizers such as trehalose prevent
the aggregation of exosomes after electroporation to a cer-
tain extent [93]. It is important to note that electroporation
is limited to certain RNAs, whereas miRNA, short hairpin
RNA (shRNA), andmRNAcannot be loaded into exosomes
using this method [108]. Studies have shown that, within a
certain range, changes in capacitance and siRNA will not
affect the efficiency of electroporation. By contrast, the
concentration of exosomes will affect electroporation effi-
ciency [92]. Another disadvantage of the electroporation
technique is low loading efficiency due to the disruption of
exosomal membrane integrity and low biological activity
due to disruption of the protein structure [90]. Electropora-
tion is widely used as a gold standard method [91]. For ex-
ample, electroporation can encapsulate PTX into exosomes
to overcome tumor multidrug resistance [94].

6.2.2 Sonication

During sonication, the exosomes purified from host
cells and the drug of interest are mixed, and then homog-
enized using an ultrasonic probe. Using mechanical shear
force disrupts the integrity of exosome membranes, allow-
ing drugs to enter exosomes during membrane deforma-
tion [99]. After sonication, the high stiffness of the ex-
osomal membrane is reduced, which enables the drug to
be incorporated into the lipid bilayer, which improves the
loading capacity [94]. In addition, the drug may be at-
tached to the surface of exosomes, which may be the rea-
son for the explosive release of the drug in the early stage
and sustained release in the later stage [94]. Notably, drug-
loaded exosomes prepared by sonication showed nonspher-
ical morphologies with various shapes, and disruption of
exosome integrity during sonication may lead to changes
in its immune-privileged state [95]. This method has sig-
nificant advantages. Sonication can increase the entry of
various small nucleic acids into EVs, and the sonicated EVs
still maintain their integrity and the ability to transport small
RNA cargoes. Sonication also forms fewer aggregates than
electroporation [96]. Furthermore, EV membranes retain
specific adhesion proteins that are particularly important for
their interaction with target cells after sonication [97]. It
should be noted that both the hydrophobicity of the drug
and the temperature during sonication affect the loading of
the drug [97]. Both PTX and doxorubicin can be loaded
into EVs by this method as a de novo drug delivery strategy
for treating triple-negative breast cancer [97].

6.2.3 Freeze-Thaw Cycle

In the freeze-thaw cycle, the mixed solution contain-
ing exosomes and drugs is incubated at 37 °C, snap-frozen
at –80 °C, and thawed at room temperature; this is repeated
for at least three cycles [109]. This method is easy to
perform but with low drug-loading efficiency. The drug-
loaded exosome particles prepared are large and consist of
dozens of smaller exosomes, which may be caused by ag-

gregation [95]. Through freeze-thaw cycles, exosomes can
be fused with liposome membranes to obtain engineered
hybrid exosomes. The fusion of proteoliposomes and ex-
osome membranes allows functional lipids and membrane
proteins to be embedded in exosomes, thereby improving
the interaction between exosomes and cells [110]. How-
ever, the disadvantage of repeated freezing and thawing is
that the protein may be inactivated [61]. This method was
used to load therapeutic protein peroxidase into exosomes
for the treatment of Parkinson’s disease (PD) [95].

6.2.4 Extrusion
Extrusion is a physical process. When the mixture of

drugs and exosomes is extruded through a polycarbonate
porous membrane of a certain pore size, the exosome mem-
brane is damaged and ruptured, and the drugs in the mix-
ture are uniformly loaded into the exosomes [109]. This
method is highly efficient for loading and is considered the
most efficient technique for loading water-soluble cargoes.
Still, reorganization of the exosome membrane may alter
its immune-privileged state, making it visible to immune
cells [61,98]. The catalase-loaded exosomes prepared by
extrusion are in a dominant position in evaluating loading
efficiency and catalytic activity of the enzyme, and showed
stronger neuroprotective effects [95]. In addition, exo-
somes retain their spherical structure after extrusion, and
extrusion does not affect the internalization properties of
exosomes [111].

6.2.5 Co-Incubation (Drugs and Exosomes)
During the co-incubation of drugs and exosomes, they

are simply incubated at a specific temperature, and the
drug concentration gradient inside and outside the exosome
pushes the drug into the exosome by diffusion [99]. This
methodmainly depends on the hydrophobic contact and dif-
fusion between the exosome membrane and the drug, so the
hydrophobicity of the drug is one of the decisive factors for
loading efficiency [61,99]. The method is simple to per-
form, but the disadvantage is that the loading capacity is
low, and hydrophilic drugs cannot pass through the lipid
layer of exosomes in the form of passive diffusion [65].
Blood exosomes were incubated with a dopamine-saturated
solution for 24 hours at room temperature, and the isolated
drug-loaded exosomes can significantly improve the dis-
ease phenotype in PD mouse models. The systemic tox-
icity of exosome drugs is substantially lower than that of
free dopamine [112]. In addition, studies have shown that
the anticancer drugs PTX and doxorubicin are introduced
into exosomes by co-incubation, allowing them to cross the
BBB to treat brain cancer [113].

6.2.6 Surfactant Treatment
Surfactants such as saponins can dissolve exosomal

membrane molecules, thereby forming pores and leading
to increased membrane permeability [102]. This approach

8

https://www.imrpress.com


Fig. 3. Process flow of drug-loaded exosomes. Drugs are loaded into exosomes isolated from body fluids, and the exosome membrane
can be modified. Exosomes need to be formulated before being applied to human therapy.

significantly enhances the drug-loading capacity in exo-
somes. In a study of porphyrin-loaded exosomes obtained
by saponin treatment, it was found that saponin treatment
did not change the particle size and zeta potential of drug-
loaded exosomes, and the drug uptake capacity of exosomes
was significantly improved after this treatment [101]. Sim-
ilarly, after saponin treatment, the amount of catalase en-
capsulated in exosomes was increased considerably, and the
enzymatic activity of catalase and prolonged and sustained
release could be maintained [95]. Notably, saponins have
hemolytic training, so their concentration should be strictly
limited and they must be removed by an additional purifi-
cation step [100].

6.2.7 Dialysis

In hypoosmotic dialysis, exosomes and drugs are
transferred to a dialysis membrane or dialysis tube and
placed in a near-neutral buffer, after which obtain drug-
loaded exosomes are obtained by stirring dialysis [101].
Furthermore, the exosomes in the dialysis system can be
pre-dehydrated in ethanol and then rehydrated in an acidic
buffer to reduce the pH inside the exosomes and promote
the formation of a pH gradient inside and outside the exo-
some membrane, thereby significantly improving the load-
ing efficiency of exosomes [102]. However, dialysis may
lead to the degradation of protein or peptide cargo [103].

In addition, the method may cause changes in the parti-
cle size of exosomes [101]. Therefore, before choosing
this method, the class and properties of the drug should
be considered, and suitable experimental conditions should
be screened. This method is used to load moderately hy-
drophobic porphyrins; however, it has no substantial effect
on porphyrin phototoxicity and shows poor cellular uptake
[101].

7. Applications in Cancer Treatment
Based on their excellent properties, exosomes are

widely used to deliver drugs such as small molecule
chemotherapeutics, therapeutic nucleic acids, and proteins
(Fig. 3). They have made meaningful progress in cancer
therapy. The involvement of exosomes as drug delivery
systems in cancer therapy for various drugs is summarized
in Fig. 4.

7.1 Small Molecule Chemotherapy Drugs

Cur, a phytochemical with anticancer effects, can in-
hibit the transcription of the miR-21, thereby inducing
PI3K/protein kinase B/phosphatase and tensin homolog
(PTEN), nuclear factor kappa B (NF-κB), and programmed
cell death protein 4 signaling pathways to affect apoptosis,
migration, cell proliferation, drug resistance, and stemness,
and ultimately exert inhibitory effects on cancer cells [114].
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Fig. 4. Application of exosome-based cancer therapy. Different therapeutic agents are delivered by exosomes to treat cancer. We
summarize the application of small molecule chemotherapeutics, miRNA, antisense oligonucleotides, shRNA, circRNA, siRNA, protein,
lncRNA, mRNA, and aptamer in cancer therapy when exosomes are used as delivery vehicles.

However, the poor water solubility, poor stability, and low
bioavailability of cur limit its use as a drug [115]. After
loading cur into exosomes derived from milk and intesti-
nal epithelial cells, they were both taken up by undiffer-
entiated and differentiated intestinal Caco-2 cells, and the
antiproliferative activity of cur was increased by 34% after
incorporation into milk exosomes and by 26% in intestinal
epithelial cell-derived exosomes [116]. In addition, the sol-
ubility of cur encapsulated in exosomes was significantly
better than that in the free state. Exosomes can improve
cur stability under extreme conditions such as high temper-
ature, low or high pH, and enzyme treatment [115]. These
properties make exosome-encapsulated cur a potentially ef-
fective oral anticancer drug [115].

Taxanes are a class of cytotoxic diterpenoids com-
monly used to treat solid malignancies [117]. The rep-
resentative drug is PTX, which is used for the treatment
of prostate, bladder, breast, ovarian, lung, and esophageal
cancers [117]. Similar to cur, PTX is also poorly water-
soluble, limiting its clinical application. The current solu-
tion is to bind PTX to albumin in a reversible non-covalent
manner, increasing its solubility. This formulation is supe-
rior to isotoxic doses of standard PTX with a significantly
lower incidence of toxicity [118]. Paradoxically, however,

randomized controlled trials have shown that hematologic
and non-hematologic toxicities, including peripheral neu-
ropathy, are more prevalent with albumin-bound PTX than
with conventional solvent-based PTX [119]. Another way
to increase the water solubility of PTX is to dissolve it
in a 50:50 mixture of Cremophor EL (CrEL) and ethanol.
However, CrEL is not an inert carrier; it can exert a se-
ries of biological effects such as severe allergic reactions,
hyperlipidemia, dyslipoproteinemia, red blood cell aggre-
gation, and peripheral neuropathy [120]. Exosomes have
also been used to load PTX [19]. Through exosomes se-
creted by M1 macrophages, PTX is delivered to tumor tis-
sues. Studies have found that exosomes act as carriers to
deliver higher amounts of PTX to tumor sites while acti-
vating the NF-κB pathway, which significantly enhances
the antitumor effect [121]. Penetrating the BBB is a sig-
nificant challenge in delivering anticancer drugs to brain
tumors. By contrast, loading PTX into exosomes secreted
by bEnd.3 murine immortalized brain endothelial cell line
can significantly increase the cytotoxicity against U-87MG
glioblastoma cells, suggesting that exosomes with specific
properties have the potential to deliver drugs through the
BBB [113]. Similarly, Zhu et al. [122] demonstrated
that c(RGDyk) peptide-modified human embryonic stem
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cell-derived exosomes loaded with PTX have excellent
glioblastoma-targeting ability.

Cisplatin is the first and most widely used metal-based
chemotherapy drug. It is often used to treat solid tumors
such as head and neck, stomach, lung, cervical, ovarian,
bladder, and testicular cancers [123]. However, side effects
and drug resistance limit its use in cancer therapy [123].
Zhou et al. [124] found that cisplatin could be delivered
by milk-derived exosomes via clathrin-independent endo-
cytosis and could avoid endosome capture and thus avoid
drug resistance. Furthermore, exosomes secreted by M1
macrophages were shown to synergistically enhance the
therapeutic effect of cisplatin in a mouse Lewis lung cancer
model [125].

Doxorubicin (DOX) is a highly potent anticancer
chemotherapeutic drug approved for the treatment of vari-
ous human cancers [126]. However, its fatal cardiotoxicity
limits its clinical application [127]. Encapsulation of DOX
into liposomes can alter biodistribution, improve pharma-
cokinetics, and reduce toxicity [126]. On the downside,
prolonged circulation of liposomes in the blood circulation
may lead to adverse reactions in patients, including skin
toxicity [128]. It has been reported that exosomes can serve
as a suitable carrier of DOX. DOX was loaded into exo-
somes from the A33+ LIM1215 CRC cell line, which could
form complexes with A33 antibody-modifiedmagnetic iron
oxide nanoparticles (US) (A33Ab-US-Exo/Dox). The com-
plexes can specifically target A33+ colon cancer cells with-
out causing significant cardiotoxicity [129]. The study by
Wei et al. [130] also demonstrated that compared with free
DOX, DOX loaded in exosomes had a much higher IC50

in the myocardial H9C2 cell line, indicating that exosomes
as a carrier can significantly attenuate the cardiotoxicity of
DOX. Similar to PTX, DOX can also penetrate the BBB via
exosomes and thus be delivered to glioma cells (GMs). No-
tably, DOX-loaded autologous GM-derived exosomes in-
hibit the proliferation of parental GMs more than heterol-
ogous GMs, suggesting that autologous exosomes may be
more favorable for drug targeting [131]. On the other hand,
by labeling exosomes with targeting ligands, DOX can be
delivered to specific sites. Covalently modified exosomes
with themucin 1 aptamer can be used to deliver DOX for the
treatment of colon adenocarcinoma [132]. DOX is loaded
into exosomes modified with the αv integrin ligand iRGD
polypeptide. Both in vitro and in vivo experiments have
shown that the iRGD-exosome drug can specifically target
αv integrin+ breast cancer cells [133].

7.2 Therapeutic Nucleic Acid
7.2.1 miRNA

miRNAs are a class of small RNA molecules of 19–
22 nucleotides in length, which are present in all eukaryotic
cells and can complementarily bind to the 3’ untranslated
region of mRNA, thereby negatively regulating the tran-
scription of target genes [134]. miRNA-based cancer ther-

apy has many advantages, such as the properties of broad
regulation; that is, it can effectively silence target genes
and simultaneously regulate other genes of interest to pro-
duce synergistic therapeutic effects. In addition, miRNAs
have the properties of low toxicity and low immunogenicity
[135]. However, miRNAs as drugs face many challenges
such as poor blood stability and integrity, difficulty pen-
etrating tumor tissues, and off-target effects [135]. Exo-
somes can be used as delivery vehicles to improve these
problems.

In cancer patients, miR-375 expression is nega-
tively correlated with the epithelial-mesenchymal transi-
tion (EMT). Using exosomes isolated from CRC cells as
a carrier, Rezai et al. [136] delivered miR-375 mim-
ics to HT-29 and SW480 CRC cell lines, significantly re-
ducing their migration and invasion abilities. In addi-
tion, for oxaliplatin-resistant CRC cells, exosome-delivered
miR-128-3p can restore the sensitivity of drug-resistant
cells by suppressing the EMT-promoting oncogenes 6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 and
ubiquitin carboxyl-terminal hydrolase 2 [137]. Simi-
larly, exosome-mediated miR-30a reverses the sensitivity
of cisplatin-resistant oral squamous cell carcinoma cells to
cisplatin by reducing Beclin1-mediated autophagy and in-
hibiting B-cell lymphoma 2-regulated apoptosis [138].

7.2.2 siRNA

siRNAs are approximately 21 nucleotides long and are
derived from double-stranded RNAs that induce gene si-
lencing by sequence-specific cleavage of entirely comple-
mentary mRNAs [139,140]. As natural drug delivery vehi-
cles, exosomes can deliver siRNA to target tissues or cells
in vivo, regulate gene expression, and inhibit tumor devel-
opment [141]. It has the advantage of escaping from phago-
cytosis and low cytotoxicity and immunogenicity [141].
For example, when transient receptor potential polycys-
tic 2 (TRPP2) siRNA was loaded into exosomes isolated
from 293 cells, the formed complexes remained stable in
the presence of nucleases and serum, and upon entry into
FaDu cells (a hypopharyngeal carcinoma cell line), signif-
icantly inhibited TRPP2 expression, the EMT process, and
migration and invasion [142]. On the other hand, tumor
drug resistance can be overcome by siRNA delivered by
exosomes. A study by Lin et al. [143] showed that carni-
tine palmitoyltransferase 1A (CPT1A) may be an essential
target for reversing oxaliplatin resistance in colon cancer.
The authors inhibited CPT1A by delivering CPT1A siRNA
through iRGD exosomes, thereby inhibiting fatty acid oxi-
dation and reversing colon cancer resistance to oxaliplatin
[143]. Similarly, GRP78 siRNA delivered by bone mar-
row mesenchymal stem cell-derived exosomes into hepa-
tocellular carcinoma cells can enhance the chemosensitiv-
ity of drug-resistant hepatocellular carcinoma to sorafenib
to overcome the pharmacological resistance of sorafenib
[144]. Additionally, to reduce endosomal trapping, Zheng
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et al. [145] delivered siRNA via folic acid-modified exo-
somes with desirable results. Also, due to the upregulated
expression of folate receptors on the membrane of many
epithelial cancer cells, such folate-modified exosomes vig-
orously promote targeted delivery to tumors.

7.3 Other Therapeutic Compounds
Exosomes can also deliver other types of therapeu-

tic drugs. For example, HEK-293T cells were used to
stably express a fusion protein of uracil phosphoribosyl-
transferase and cytosine deaminase by transfection, and
exosomes loaded with the fusion protein were isolated,
which could convert 5-fluorocytosine prodrugs into ac-
tive form to exert anticancer effects [146]. In addition
to proteins and mRNAs, antisense oligonucleotides, long
non-coding RNAs (lncRNAs), shRNAs, circular RNAs
(circRNAs), and aptamers have also been introduced to
exosome-mediated cancer therapy [147]. Zheng et al. [148]
found that exosome-delivered lncRNA PTEN pseudogene
1 could regulate PTEN levels by competing with miR-17,
thereby inhibiting bladder cancer progression. Similarly,
circRNA BTG anti-proliferation factor 2-loaded exosomes
from RBP-J-overexpressing macrophages were shown to
inhibit the proliferation and invasion of glioma cells via the
miR-25-3p/PTEN pathway [149].

7.4 Targeted Delivery of Exosomes
Specific cell-derived exosomes exhibit a natural

tropism for the cancer microenvironment, which is criti-
cal for improving the targeting properties of nanomedicines
[150]. Macrophage-derived exosomes, for example, can
target cancer cells through their surface-expressed LFA-1
protein and ICAM-1 that is overexpressed in most cancer
cells [97]. Similarly, exosomes from T cell lineages are
taken up bymyeloid cells, whereasmature DC-derived exo-
somes are efficiently internalized by activated T cells [151].

The artificial modification of exosome surface ligands
can also promote the development of receptor-mediated tis-
sue targeting [6,18]. Chimeric antigen receptor engineered
T cells (CAR-T)-derived exosomes not only retain the tar-
geting specificity of CAR-T cells but also can significantly
reduce the side effects caused by CAR-based adoptive im-
munotherapy due to their cell-free nature and biological
characteristics, thus replacing CAR-T cells as direct attack-
ers for cancer therapy [152]. In addition, exosomes mod-
ified with polyethylene glycol and a somatostatin recep-
tor 2 (SSTR2) monoclonal antibody enable targeted deliv-
ery of the histone deacetylase inhibitor romidepsin (FK228)
to neuroendocrine carcinomas overexpressing SSTR2 cells,
showing potency and low toxicity [153].

8. Challenges and Improvement Strategies
Exosomes have significant advantages as drug deliv-

ery vehicles, and based on their biological origin, they are
less immunogenic. As aforementioned, the targeting prop-

erties of exosomes, either naturally or artificially modified,
have significant implications for the targeted therapy of
tumors. In addition, exosomes have excellent properties
in prolonging blood circulation time and inhibiting tumors
[16]. Nonetheless, in terms of clinical application, several
challenges still hinder the application of exosome therapy.

8.1 Low Yield

The production of exosomes is limited, and is far from
meeting the requirements for large-scale production. Meth-
ods such as ultracentrifugation or filtration are laboratory-
scale-based methods for isolating exosomes and cannot
meet the needs of clinical applications [16]. Measures
to increase exosome production include bioreactors, three-
dimensional cultures, and microfluidic devices [147]. Wat-
son et al. [154] developed a hollow fiber bioreactor-based
method for the large-scale production of high-purity bioac-
tive EVs, which can increase the yield by 40 fold compared
to traditional methods. However, the EV population ob-
tained by this method is more diverse, which raises the re-
quirements for subsequent purification [154]. The other
method is a bioreactor culture system based on S/XF mi-
crocarriers, which increases the yield by 5-fold compared
to conventional static systems, likely due to the aggregate
formation and lower oxygen levels [155]. In addition, the
study also confirmed that hypoxia could promote the secre-
tion of exosomes by cancer cells, which may be mediated
by hypoxia inducible factor alpha [156]. Likewise, stres-
sors such as cytostatics increase exosome secretion from
tumor cells [157]. It is worth noting that when increasing
exosome secretion from cells by these physical or chemi-
cal factors, it should be carefully evaluated whether it will
adversely affect exosome safety and therapeutic efficacy
[16]. As another method to improve exosome yield, three-
dimensional culture based on biocompatible collagen hy-
drogels can significantly improve the yield and collection
efficiency of exosomes, and even modulate the biological
function of exosomes [158]. The microfluidic co-flow sys-
tem of the viscoelastic sample fluid and Newtonian sheath
fluid reported by Liu et al. [159] can achieve 96% and 91%
separation efficiency and recovery rate of exosomes below
200 nm, respectively. However, the current microfluidic
platform is mainly suitable for small-volume sample sep-
aration. Expanding the device with a multichannel format
may be one of the solutions for its future as a separation
method for large-scale production [159].

8.2 Exosome Heterogeneity

Many studies have shown that exosomes from the
same parental cell may have different molecular compo-
sitions [16]. In addition, the functions of a large part of
the components are still unclear, such as some non-coding
RNAs, lipids, and proteins. Incorporating these unknown
biologically active molecules may bring certain risks [12].
Exosome cargoes such as miRNAs and lncRNAs, which

12

https://www.imrpress.com


have been widely studied, may be involved in the process
of inducing or promoting tumor formation, which is un-
doubtedly dangerous for patients [6]. This is of particu-
lar concern in exosomes secreted by tumor cells, although
they have the advantage of potentially targeting specific tu-
mors. In the clinical setting, MSCs-derived exosomes are
not only safe and reliable but also have the benefit of high
yield [160,161]. As drug delivery vehicles, the character-
ization of exosomes is crucial. Methods to characterize
EVs with single particles such as transmission electron mi-
croscopy, flow cytometry, and nanoparticle tracking analy-
sis have been reported, which have a driving role in under-
standing exosomes [162]. In addition, standardized quality
management practices are critical to address the problems
caused by exosome heterogeneity.

8.3 Short Half-Life in Vivo

Studies have shown that intravenously infused exo-
somal drugs are rapidly cleared by the reticuloendothelial
system in the spleen and liver, resulting in reduced drug
accumulation at the target site. This rapid clearance may
pose toxicity concerns for chemotherapeutic drugs [17].
The half-life of exosomes in vivo can be prolonged by
blocking receptors that mediate exosome uptake. Wat-
son et al. [154] showed that blockade of the scavenger
class A family of receptors significantly reduces EV uptake
by macrophages/monocytes. Modification of the exosome
membrane is another way to prolong its half-life in vivo.
CD47 is one of the exosomal proteins, and in the case of
its high expression, exosomes can escape the phagocyto-
sis of circulating monocytes and macrophages. Their half-
life is significantly prolonged [163]. This may be achieved
through the interaction of CD47 with signal regulatory pro-
tein alpha on phagocytes [164]. In addition, surface modi-
fication of exosomes with polyethylene glycol significantly
inhibits the nonspecific uptake of DCs [161].

8.4 Inefficient Loading

The low efficiency of current drug-loading methods
largely limits their use, and the destruction of exosome in-
tegrity and drug stability is a common disadvantage of tradi-
tional methods. Somemethods have been proposed to solve
these problems to some extent. For example, exosome
membrane protein CD9 is fused with RNA-binding protein
human antigen R (HuR), and the resulting fusion protein re-
cruits target RNA to exosomes through RNA-HuR recog-
nition, markedly improving exosome nucleic acid-loading
efficiency [165]. In addition, the chemical reagent-based
method developed by Zhang et al. [166], which directly
transfects miRNAs into exosomes, has proven convenient
and efficient and can manipulate specific miRNAs in exo-
somes. On the other hand, many factors affect the loading
efficiency of drugs such as the source of exosomes, the ratio
of exosomes and drugs, and the properties of drugs [167].
These factors should be fully considered before the formu-

lation design of exosomes, and the optimal parameters can
be screened experimentally.

9. Conclusions
Exosomes have received much attention in the deliv-

ery of drugs or genes due to the benefits of both cell-based
drug delivery and nanotechnology for effective delivery.
This review focuses on using exosomes as drug delivery
vehicles for treating tumors. Antitumor drugs in the form
of proteins, nucleic acids, and small-molecule chemothera-
peutics can all be effectively loaded into exosomes. Drugs
that have been exosome-encapsulated may be used to create
oral anticancer medications by increasing their water solu-
bility and bioavailability. The BBB-penetrating properties
of exosome-delivered medicines give them the significant
potential for treating brain cancers. Exosome-based deliv-
ery of drugs can improve their stability and reduce immuno-
genicity, extending the use of nucleic acid products, partic-
ularly miRNA and siRNA, in cancer therapy.

The most critical steps in the generation of exosome-
loaded antitumor drugs are the extraction of tumor cell-
derived exosomes and the loading of drugs. We have sys-
tematically described the various methods for exosome iso-
lation and drug loading. It is worth noting that each method
has different application scopes, limiting their application
in clinical. To meet the therapeutic demand for large-scale
and highly purified exosomes in clinical, further studies are
needed to optimize the isolation strategies.

The complexity of the contents of exosomes produced
by cells and the fact that many of their roles are still poorly
understood is another problem that prevents exosomes from
being used in clinical settings. Notably, some miRNAs or
lncRNAs enclosed in the exosome may be involved in the
process of inducing and promoting tumor formation, which
brings hidden risks for exosome-delivered drugs in treat-
ment. One possible solution is using exosomes from non-
tumor or even non-human sources, such as exosomes from
bacteria, milk, and plants. These exosomes are character-
ized by low toxicity and easy availability. The exosomes
derived from various sources can also potentially treat dis-
eases other than cancer, such as inflammation, neurodegen-
erative diseases, etc. However, these need further study to
verify the effects and potential risks of exosomes extracted
from non-human sources in the human body.

Improving targeting and delivery efficiency should
also be approved for the widespread clinical application of
exosomal delivery strategy. Any cell can endocytose exo-
somes, which increases the off-target toxicity of exosome-
based drugs. Isolation exosomes from the specific cells
with naturally targeting or artificially modified exosomes
with receptor-mediated tissue targeting are one of the cur-
rent research hotspots in this field of exosome drug de-
livery. However, artificial modification under physical or
chemical stimuli may change the physical properties of ex-
osomes, such as changes in size and surface charge, which
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might impact the therapeutic effect. Further studies on the
mechanism of exosome generation and uptake, especially
screening and identifying the characteristic markers that
mediate the binding of exosomes to recipient cells, facili-
tate the development of artificially modified exosomes.

In conclusion, despite the obstacles that still need
to be overcome, including the challenging of large-scale
exosome isolation and drug loading technologies, poten-
tial risks brought by tumor-derived exosomes, the limited
specific targeting of exosomes, the excellent properties of
exosomes shown in basic research and preclinical trials
strongly suggest their great potential as drug delivery ve-
hicles in cancer therapy.
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