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Abstract

Extracellular vesicles (EVs) are nano-sized, natural, cell-derived vesicles that contain the same nucleic acids, proteins,
and lipids as their source cells. Thus, they can serve as natural carriers for therapeutic agents and drugs, and have
many advantages over conventional nanocarriers, including their low immunogenicity, good biocompatibility, natural
blood-brain barrier penetration, and capacity for gene delivery. This review first introduces the classification of EVs
and then discusses several currently popular methods for isolating and purifying EVs, EVs-mediated drug delivery,
and the functionalization of EVs as carriers. Thereby, it provides new avenues for the development of EVs-based
therapeutic strategies in different fields of medicine. Finally, it highlights some challenges and future perspectives
with regard to the clinical application of EVs.

Highlights

+ Various current techniques for isolating extracellular vesicles are reviewed, and their advantages and disadvan-
tages are compared.

+ An overview of the strategies used for the modification of extracellular vesicles and their application as delivery
systems or therapeutic agents in different diseases is provided.

+ Several challenges in the clinical application of extracellular vesicles-based nanoplatforms are discussed,
along with solutions for their implementation as a promising therapeutic tool.
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Clinical challenges
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Graphical Abstract

Introduction

Extracellular vesicles (EVs) are nanosized lipid bilayer
vesicles that are actively secreted by cells and can be
derived from a wide range of sources. They have been
detected in biological samples and cell cultures obtained
from human patients; in cells of non-human origin (e.g.,
cells of animal origin); and in plants, bacteria, fungi,
parasites, and other species and have been applied in
research [1]. EVs carry many active biomolecules, includ-
ing nucleic acids, proteins, lipids, and carbohydrates,
as internal cargo and surface-associated molecules [2].
They transport these components from the donor cell to
the recipient cell via various mechanisms, such as direct
membrane fusion, receptor-ligand interaction, endocy-
tosis, and phagocytosis [3]. The secretion of EVs was ini-
tially thought to be responsible for removing unwanted
substances from cells. However, studies later showed that
EVs are involved in a variety of intercellular signaling
pathways, mediating various physiological and pathologi-
cal cellular processes by transporting different biomol-
ecules and achieving intercellular component exchange
[4]. Considering that EVs can deliver bioactive molecules
and cross biological barriers, they are increasingly being
explored as potential therapeutic agents [5].

EVs act as carriers and can deliver cargo to specific
intracellular locations in a target-specific manner via
the plasma membrane [6]. Unlike conventional nano-
carriers, EVs are cell-derived and therefore have low
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immunogenicity and toxicity [7]. After being wrapped
with unique biomolecules, EVs are endocytosed by
receptors on target cells. They deliver their cargo and
convey genetic information, protecting the cargo from
degradation and crossing biological barriers (e.g., blood—
brain barrier [BBB]) during the delivery process [8, 9].
They also improve the half-life of the cargo, have bet-
ter biocompatibility, and serve as a safe vehicle for drug
delivery [7]. EVs have been applied in the treatment of
cancer [10], neurodegenerative diseases [11], and regen-
erative medicine [12], among other conditions. Primar-
ily, there are two different use cases for EVs. In the first
case, the natural biological function of EVs is leveraged
to target the tissue of interest and reduce pathological
signals, or to mimic the natural reparative process. In the
other case, EVs are used as carriers to deliver therapeu-
tic agents to target sites [13]. Since EVs were reported to
have applications as carriers of anti-inflammatory drugs
[14], more attention has been paid to EVs-mediated drug
delivery systems. In addition, there is a rich availability
of EVs sources. In vitro, the most commonly used cell
sources of EVs for drug delivery are immune cells, mes-
enchymal stem cells (MSCs), cancer cells, and frequently
used commercial cell lines (e.g., HEK293T) [15]. In vivo,
EVs are present in various biological fluids, such as blood,
urine, saliva, and ascites [16]. This suggests that EVs
could serve as a desirable platform for biomedical appli-
cations. It has been reported that EVs can be applied as
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platforms for liquid biopsies [17]. Since EVs are present
in some bodily fluids, they can capture cargo from dys-
functional cells and serve as a new source of biomarkers
for liquid biopsies as well as therapeutic targets [18]. This
demonstrates the importance of EVs in disease diagnosis
and treatment.

This paper reviews the recent advances in our under-
standing of the processes involved in EVs secretion,
related isolation and purification techniques, the use of
EVs as therapeutic agents or nanocarriers along with
modifications, and their therapeutic applications, pri-
marily focusing on EVs of animal origin. Thus, it pro-
vides improved insights into the current status and future
directions of research in this field.

Classification of extracellular vesicles

EVs is a term used to describe a population of heteroge-
neous vesicles ranging from 40 to 1000 nm in size, encap-
sulated by lipid bilayers, and released by various cell
types [19]. In fact, there are several subtypes of EVs, and
this classification is based on their size, biogenesis, and
the expression or absence of specific proteins [20]. EVs
can be broadly classified into three groups: exosomes,
microvesicles, and apoptotic vesicles. The process of
their formation is illustrated in Fig. 1. With progress in
research on EVs, other types of EVs, such as ectosomes,
microparticles, and oncosomes have also been identified
[21]. Since the contents of different EVs are highly heter-
ogeneous depending on the recipient or source cells and
the biogenesis of their subtypes is difficult to elucidate
[22], we focused on the three broader categories men-
tioned above (exosomes, microvesicles, and apoptotic
vesicles). The differences between the three main types of
EVs are summarized in Table 1.

Notably, diverse culture conditions, methods of isola-
tion, and purification protocols may result in the for-
mation of different subpopulations. Further, the overlap
between vesicle size and the lack of specific biogenetic
markers for the identification of EVs subtypes have led
to conflicting definitions in the literature [23]. Therefore,
the International Society for Extracellular Vesicles (ISEV)
recommends the use of “extracellular vesicles” as the uni-
versal fate method for defining the cellular release of vesi-
cles [22].

Exosomes

Exosomes are relatively small extracellular vesicles, rang-
ing in size from approximately 50—-150 nm in diameter
[24]. Their biogenesis occurs via the endocytic endoso-
mal pathway, in which the cytoplasmic membrane buds
inward, leading to the capture of membrane molecules
and the formation of early endosomes within cells [19,
25]. During subsequent maturation, early endosomes
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fuse to form late endosomes, resulting in the invagina-
tion of the endosomal membrane into the lumen to form
intracellular vesicles (ILVs), which in turn form multi-
vesicular bodies (MVBs) [26, 27]. MVBs may fuse with
lysosomes, which results in their degradation, or fuse
with the plasma membrane and subsequently release
exosomes into the extracellular compartment as cyto-
solic vesicles [22, 28, 29]. Studies have demonstrated that
MVBs formation is mediated by two different pathways.
The first pathway is associated with the ESCRT endoso-
mal sorting complex (ESCRT-0, -1, -II, and -III and Vps4
complexes) [30]. ESCRT-0 degrades ubiquitinated cargo,
while ESCRT-I and ESCRT-II are responsible for the for-
mation of endosomal membrane buds. ESCRT-III sur-
rounds the neck of the formed vesicle, and Vps4 plays a
role in the rupture of the membrane and finally the for-
mation of the MVBs luminal vesicle [31, 32]. The second
pathway does not rely on the ESCRT mechanism but is
instead dependent on a lipid component of the endo-
somal membrane, which contains many sphingolipids.
However, these sphingolipids represent substrates for
neutral sphingomyelinase 2 (nSMase2). On the endo-
somal membrane, nSMase2 transforms sphingolipids
into ceramides, subsequently inducing microdomains
to merge into larger structures, leading to domain bud-
ding and ILVs formation [33-35]. This process involves
the transport and signaling of many proteins, espe-
cially RAS-related proteins. In this process, Rab27A and
Rab27B are key regulatory proteins, and Rab27A has also
been found to be associated with the fusion of the MVBs
with the plasma membrane [36].

Microvesicles

Microvesicles (MVs) are 100-1000 nm in size, and unlike
exosomes are formed by the detachment of the cell mem-
brane after direct outward budding [37, 38]. The pro-
cess of MVs shedding is associated with the molecular
reassignment of the plasma membrane, which is in turn
influenced by protein and lipid composition and Ca*"
levels [39]. The asymmetric distribution of phospholip-
ids in the membrane maintains lipid “laterality”. Mean-
while, the inward flow of intracellular Ca®" alters the
asymmetric distribution of membrane phospholipids,
wherein asymmetry is maintained by Ca’*"-dependent
enzymes. There is a switch to the outer layer and cleavage
of cytoskeletal actin filaments, leading to the reorgani-
zation of the cytoskeleton and facilitating germination
[40, 41]. Moreover, cytoskeletal elements as well as their
regulators are essential for microvesicle biogenesis. Small
GTPases from the RHO family and RHO-related pro-
tein kinases (ROCK) are important regulators of actin
dynamics, and induce MVs biogenesis in different tumor
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Fig. 1 Formation and release of exosomes, microvesicles,
and apoptotic vesicles

cell populations [4, 42]. The small GTPases are classified
as ADP-ribose factor (ARF), Rab22a, and Rho [43]. The
ARF6 GTP/GDP cycle enables neck formation in tumor
cells and allows MVs excision through extracellular sig-
nal-regulated kinase (ERK) recruitment and myosin light
chain enzyme (MLCK) activation [42].

Apoptotic bodies

Apoptotic vesicles are protrusions formed during pro-
grammed cell death via the bubbling of the apoptotic cell
membrane, followed by disintegration. They have a par-
ticle size of 1000-5000 nm [44—46]. The membranes of
apoptotic cells express markers that promote phagocyto-
sis by macrophages or surrounding cells before rupture,
thereby clearing apoptotic vesicles and regulating the
immune system [47]. Phosphatidylserine (PS), for exam-
ple, translocates from the inner lobe to the outer leaflet
in the early stages of apoptosis and is believed to act as an
“eat me” signal. In addition, PS may also serve as a tumor
marker [48, 49]. However, most studies have focused on
exosomes and microvesicles, and apoptotic vesicles have
rarely been examined in the context of nanomedicine,
likely owing to their size heterogeneity.

Meanwhile, in tumor cells, EVs can serve as signaling
tools, regulating many cellular processes, including the
promotion of cell growth, invasion [50], the stimulation
of angiogenesis [51], and drug resistance [52]. In nor-
mal cells, they are involved in coagulation [53], regen-
eration [54], and immune regulation [55], among other
processes. Since EVs have a complex composition with
multiple physiological functions, their own intrinsic
functions should be considered during their application
as therapeutic vehicles [56]. EVs released into the tumor
microenvironment (TME) or bodily fluids are taken up
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by receptor cells. The known pathways of EVs entry into
cells are direct fusion with receptor cell membranes,
receptor-mediated endocytosis, lipid raft interaction,
reticulin interaction, and macrophage phagocytosis [57].
However, it has been reported that exosomes are mainly
internalized by non-dependent lipid raft-mediated endo-
cytosis and not via direct membrane fusion. Similar to
other nanocarriers, internalized EVs can undergo endo-
somal escape and subsequently release the cargo into the
cytosol. However, the acidic environment during endo-
somal escape and in the lysosomal pathway may lead to
cargo degradation [58]. Overall, the mechanism of EVs
uptake is complex and needs to be evaluated in greater
depth.

Extracellular vesicles isolation techniques

The small size, low density, and wide distribution of EVs
in the complex bodily fluid environment make it quite
challenging for researchers to obtain high-purity EVs
following isolation and analysis. This also limits their
clinical application [18]. Several new techniques and
commercial products have now been developed to isolate
EVs. These are based on separation principles that lev-
erage the physical properties of EVs, such as their den-
sity, mass, and shape. In addition, separation can also be
performed based on the physicochemical and biochemi-
cal properties of EVs, such as charge, hydrodynamics,
solubility, and surface properties (proteins) [59]. Several
conventional separation methods have been developed,
each of which has its own advantages and disadvantages
(Table 2). Accordingly, separation can be performed in a
single or combined manner depending on the different
properties of the EVs [60].

Ultracentrifugation

Ultracentrifugation (UC) is the most common method
and the current gold standard of EVs separation [61].
In this method, EVs are separated because their settling
coefficients differ from those of other particles [17].
Briefly, UC is a differential centrifugation method in
which the centrifugal force is gradually increased, first
removing dead cells and cell debris at a low centrifugal
force of 2000-4000 Xg; removing apoptotic vesicles, MVs,
biopolymers, etc., at 10,000—20,000 Xg; and precipitating
exosomes at a high centrifugal force of 100,000—200,000
Xg [29, 60, 62]. Las Heras et al. reported the separation
of hair follicle and adipose tissue mesenchymal stem cells
-derived EVs using UC. In their study, cells containing
culture medium were first collected and then centrifuged
at 2000 xg and 4 °C for 10 min to remove cell debris,
and the supernatant was then centrifuged at 10,000 xg
for 30 min. Finally, this second supernatant was used to
obtain EVs after centrifugation at 100,000 Xg for 90 min
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(Fig. 2a) [63]. Li et al. used UC to extract exosomes from
prostate cancer cells and normal prostate epithelial cells,
and they developed a 3D-SiO, porous chip for mouse
tumor staging and the early clinical detection of pros-
tate cancer [64]. However, Cvjetkovic et al. reported that
centrifugation parameters, such as the use of oscillating
buckets or fixed-angle rotors and the duration of centrif-
ugation, can affect the yield and purity of isolated vesi-
cles. Their results suggest that appropriate prolongation
of the centrifugation time can result in higher protein
and RNA yield in exosomes, while rotational speed alone
cannot predict the exosome pill-forming capacity [65].

In addition, UC can cause mechanical damage to vesi-
cles due to the high centrifugal force, which causes a col-
lision between vesicles and the solid-bottom vessel. This
can reduce the purity of isolated exosomes and lead to
the presence of some contaminant protein aggregates
due to vesicle heterogeneity [66, 67].

Density gradient ultracentrifugation

Density gradient centrifugation (DGC) is a modified
ultracentrifugation method based on the size, shape,
mass, and density of EVs. In a density gradient solution,
when the centrifugal force of each particle is balanced
with the buoyant force, different components accumu-
late at different positions in the top-to-bottom gradi-
ent due to their different densities [17, 68]. Accordingly,
exosomes can be separated from other components
in the sample. Generally, sucrose or iododiol is used to
generate the density gradient [69]. Arab et al. used dif-
ferential centrifugation and additional Optiprep " den-
sity gradient ultracentrifugation to extract EVs released
from Daphnia primordial microglia (Fig. 2b). They deter-
mined the protein content of the isolated EVs using mass
spectrometry and found that the use of DGC eliminated
contaminants and limited the effects of co-separating
protein aggregates and other membrane particles present
during the separation [70]. Iwai et al. used DGC to iso-
late EVs from human saliva and compared them to those
isolated from a cell culture supernatant. They found that
the volume and density of saliva EVs were 47.8 +12.3 nm

(See figure on next page.)
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and 1.11 g/mL, respectively, while those of cell EVs were
74+23.5 nm and 1.06 g/mL, respectively. Thus, the vol-
ume of saliva EVs was lower and their density was higher
[71].

DGC requires separation across different gradients,
and time is required to reach equilibrium at each point
in the gradient. Hence, this process is relatively time-con-
suming and time-sensitive, but the operation is relatively
simple.

Size exclusion chromatography

Size exclusion chromatography (SEC) is a separation
technique based on differences in particle size. It is also
known as gel filtration. The stationary phase in the col-
umn consists of porous beads (e.g., Sephadex, Sepharose,
Sephacryl, and Biogel P). When the sample is added,
large particles cannot enter the pores and are eluted
out, being retained in the column for a shorter period
of time. Meanwhile, small particles enter the pores, and
their rate of elution reduces significantly. Thus, sepa-
ration is achieved [72]. Marta et al. described how SEC
can be used to isolate EVs from different biological flu-
ids. A syringe or an empty column with a filter can be
used to set up the SEC while placing a nylon mesh at the
tip of the syringe. This can be followed by the addition
of buffer to wet the filter and prevent air bubbles. Subse-
quently, the required volume of gel filtration matrix can
be added, filled with elution buffer, wetted, and finally
used (Fig. 2c) [73]. Foers et al. used SEC for EVs isola-
tion from human synovial fluid and demonstrated that
SEC can deplete the contaminants remaining after EVs
concentration by ultracentrifugation. Moreover, using
high-resolution mass spectrometry analysis, they found
that proteinase K successfully removes fibronectin and
other extracellular proteins [74]. The isolation of EVs
from blood is difficult owing to the presence of lipopro-
tein particles. Hence, Karimi et al. combined SEC with
a density cushion to separate lipoprotein particles from
EVs while reducing contamination with lipoprotein par-
ticles by 100-fold, improving the purity of EVs [75]. Guan
et al. compared SEC and UC in detail with regard to the
extraction of exosomes from urine and found that SEC

Fig. 2 EVsisolation techniques. a Schematic showing the isolation method used for HF-EVs and AT-EVs. Reprinted with permission from Ref [63].

b EVs were collected in different fractions after Optiprep™ density gradient separation (ODG fractions). Reprinted with permission from Ref [70].

¢ Set-up of a size-exclusion chromatography (SEC) column using a syringe. Reprinted with permission from Ref [73]. d Schematic showing TFF
steps and the retentate, permeate, and feed for the three filters used in sequence: (i) 650 nm, (ii) 200 nm, (iii) 20 nm (namely 500 kDa). Reprinted
with permission from Ref [79]. e Configuration of the miniaturized frit-inlet asymmetrical flow field-flow fractionation (FI-AFIFFF) channel

with an enlarged side view of the channel illustrating the parabolic flow velocity profiles and equilibrium positions of sample components
experiencing two opposite forces (cross-flow field and diffusion). Reprinted with permission from Ref [87]. f Schematic of the polymer precipitation
strategy. Reprinted with permission from Ref [60]. g Schematic illustration of the designed modular microfluidic chip. Reprinted with permission
from Ref [98]. h Schematic illustration of a streamlined workflow for the capture and characterization of EVs. Reprinted with permission from Ref

[100]
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was superior to UC in recovering exosomal particles and
proteins, with more purified exosomes being extracted.
In contrast, during UC, rupture and incomplete precipi-
tation occurred, resulting in lower recovery of exoso-
mal proteins and significant loss of exosomal particles.
The exosomes purified using SEC were compared with
those obtained from EA hy926 and HCV29 cell lines and
showed a high internalization capacity at 4—6 h after co-
incubation [76].

Therefore, compared to those extracted with UC, the
EVs extracted using SEC have higher purity. However,
SEC is more operationally challenging and requires addi-
tional equipment.

Ultrafiltration
The principle of ultrafiltration (UF) is based on molecular
size [77]. This process is similar to conventional filtration
methods in that larger particles are retained by the filter
while smaller particles pass through one or more mem-
branes with different pore sizes or MWCOs (molecular
weight cut-offs) [68, 78]. Tangential flow filtering (TFF)
is also based on this principle and is an advanced form of
UE. Paterna et al. used TFF to isolate EVs from microal-
gae, using cutoff values of 650, 200, and 20 nm (Fig. 2d),
To improve sample purity and yield, they evaluated dif-
ferent technical parameters and conditions to improve
EVs separation. The optimized TFF-based bioprocess
was found to be suitable for large-scale production [79].
Busatto et al. compared UC and TFF with regard to EVs
isolation from MDA-MB-231 breast cancer cell cultures.
They found that TFF was superior in terms of yield and
the removal of individual macromolecules and aggregates
[80]. He et al. developed a method to optimize UF by
introducing a 0.22um filter and a dialysis membrane with
an MWCO of 10,000 kDa to remove extracellular micro-
bubbles larger than 200 nm [81]. Parimon et al. reported
the isolation of EVs from bronchoalveolar lavage fluid
using centrifugal UF with 100 kDa MWCO nanomem-
brane filtration unit and found that this process provided
a smaller and more homogeneous distribution of EVs
than UC and DGC [82]. Cardoso et al. reported that UF
and SEC increased the ability to recover small EVs (sEVs)
per ml of media by approximately 400 times compared to
UC [83].

However, when UF is used, the membrane is prone to
clogging as well as shear forces, which can destroy EVs
during filtration. Nevertheless, the operation is simpler.

Field-flow fractionation

The separation device used for field-flow fractionation
is a thin, flat channel with a height of 50-500 pm. A
force field is applied in a direction perpendicular to the
sample flow and is subsequently focused on one side of
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the channel wall, where particles remain at different
distances from the wall owing to their different sizes.
Smaller particles farther from the sidewall get eluted
before larger particles. There are different types of exter-
nal fields, such as electric, gravitational, temperature,
and cross-flow fields, which can be used to separate sam-
ples according to their biophysical properties [84, 85].
Of these, the most widely studied is the cross-flow field
in asymmetric flow-field flow fractionation (AF4). Yang
et al. reported that AF4 can be used to separate EVs from
high-density lipoprotein (HDL) and lipoprotein particles
(LDL) in human plasma with high purity and reproduc-
ibility. Moreover, they found that human EVs showed a
higher concentration in human plasma than in equal
volumes of paired serum samples, and the individual
variability in the amount of EVs in human plasma was
independent of age and sex. Finally, they optimized the
AF4 technique and sample preparation process param-
eters [86]. Kang et al. used flow field-flow fractionation
to isolate concentrated exosomes from Hb1.F3 immor-
talized human neural stem cells (HMSCs) based on their
different hydrodynamic diameters (Fig. 2e) [87]. Yang
et al. used the flow field flow grading method to separate
urinary exosomes according to their size, and found that
exosomes in prostate cancer patients were nearly twice
the size of healthy individuals [88].

However, in this method, the sample volume during
separation is small, which does not allow for large-scale
separation and extraction. Moreover, prior fractionation
and concentration are required. Nevertheless, the tech-
nique has high reproducibility and resolution.

Precipitation method

The polymer precipitation method involves mixing the
relevant biofluid with a polymer solution, followed by
centrifugation at a low speed to promote exosome pre-
cipitation [60, 89] and obtain exosomes (Fig. 2f) [60].
Ludwig et al. added 50% polyethylene glycol (PEG) of dif-
ferent molecular weights to achieve final concentrations
of 6, 8, 10, 12, and 15% PEG and 75 mM NaCl. After opti-
mizing the method, they finally chose to add PEG 6000
and NaCl to achieve a concentration of 10% PEG and 75
mM NaCl. After incubation for 8 h, a significant amount
of bovine serum proteins could be removed. However,
studies show that EVs samples prepared with PEG may
still retain a certain percentage of non-EV-related mol-
ecules [90]. Juan A et al. reported that the precipitation
of exosomes from the cell culture medium using PEG
prior to the SEC step can improve the resolution of con-
ventional SEC methods because PEG precipitates soluble
proteins. Moreover, the combination of polymer-based
precipitation with SEC (Pre-SEC) methods can help in
separating individual cell types secreting EVs isoforms.
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Today, commercial kits based on polymer co-precipita-
tion are available for EVs isolation [91]. Jenni et al. used
the miRCURY'" Exosome Isolation Kit to obtain abun-
dant EVs-specific miRNAs from plasma. They found
that the precipitation-based method was not sufficient
to purify the EVs-containing miRNA cargo from plasma.
Although a portion of vesicle-free miRNAs could be
removed, vesicle-free miRNAs remained predominant
in plasma EVs precipitates isolated by this method [92].
Romero et al. compared the performance of UC, the
PEG method, and two commercial kits (Exoquicl<® and
PureExo®) in the isolation of gDNA-EVs from healthy
donor blood. They found that the PEG method could
increase gDNA yields and reduce cost and time [93].

In addition to polymer-based precipitation, charge-
based precipitation can be used for EVs separation.
Deregibus et al. used positively charged fish sperm pro-
teins to induce EVs precipitation in the serum, saliva,
and cell supernatants. In their study, EVs resuspension
was facilitated when fish sperm proteins were precipi-
tated using 35,000 Da PEG, and the recovery of precipi-
tated EVs was more efficient than that of EVs obtained
via ultracentrifugation using charge. The precipitation
method avoids the need for expensive equipment and
is suitable for the isolation of EVs from small biological
samples [94]. Tan et al. proposed the use of ammonium
sulfate for salting to isolate EVs from skim milk, achiev-
ing purity and yield comparable to those of UC, while
EVs isolated using the ExoQuick kit were of lower purity.
And they also verified the relevant function of the EVs as
therapeutic carriers [95].

In the precipitation method, contamination of the pol-
ymer may reduce purity. Although the kits are expensive,
they are easy to handle and readily available.

Microfluidics

The separation and quantification of EVs via microflu-
idic chips have received widespread attention due to
advantages such as a small sample volume, fast detec-
tion speed, and easy implementation of multi-channel
detection [96]. Chen et al. designed a membrane-based
microfluidic platform for EVs separation and counting
using two membrane filters for rapid EVs isolation and
quantification from blood. For the first time, a 0.2 pm
polycarbonate membrane was used for stirring-enhanced
filtration to separate small EVs, achieving a separation
rate of over 99%. CD63 immunostaining on alumina
membranes showed fluorescent-labeled CD63+EVs,
which could be counted under a microscope. The exoso-
mal protein expression of individual EVs could be esti-
mated by analyzing the fluorescent spot size distribution
[97]. Gwak et al. created a microfluidic platform based
on affinity capture. It consisted of two microfluidic chips:
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a horseshoe-shaped mouth mixer (HOMM) unit and a
fish-trap-shaped microfilter unit (fish-trap) for capture
and elution purification, respectively. These chips could
be used in combination or operated separately, and the
capture, enrichment, and release of EVs could be com-
pleted in 5 min (100 pL of sample) (Fig. 2g) [98]. Han
et al. developed a microfluidic two-phase aqueous system
(ATPS) for EVs separation. The ATPS device had three
inlets and three outlets, forming two interfacial layers of
two-phase aqueous flow, with PEG and dextran ATPS as
the microfluidic channels. The device could recover up to
83.4% of EVs from the EVs—protein mixtures and remove
up to 65.4% of impurities [99].

The separation of EVs via microfluidics is a relatively
new method developed in recent years. It is gradually
attracting attention from researchers due to the advan-
tages of automation, low sample requirements, and the
high-throughput nature of the procedure. However,
issues regarding large-scale applications need to be
addressed (reducing the complexity of fabrication and
operation).

Affinity-based methods

EVs isolation based on chemical affinity has been exten-
sively studied. Affinity-based methods can be divided
into two broad types: targeted EVs capture and non-
targeted EVs capture. For the targeted capture of EVs,
various biomolecules on the surface of EVs are targeted
using a combination of high-affinity antibodies, aptam-
ers, and peptides. Meanwhile, non-targeted capture uses
lipid probes, phosphatidylserine (PS), and TiO, to extract
EVs based on the high affinity of lipids on the EVs sur-
face [17]. The use of conventional spherical immuno-
magnetic beads can result in a lower concentration and
recovery efficiency due to the smooth surface and rigid
interfacial modifications of the beads. Sun et al. proposed
a new technique using lipid labeling and magnetic beads
by first inserting a lipid motif DSPE-PEG1000-TCO,
which labels EVs in plasma, and then using bioorthogo-
nal click chemistry to immobilize TCO-labeled EVs onto
tetrazine (TZ)-grafted microspheres (clicklets). The EVs
on the clicklets were then separated by centrifugation,
and finally, the mRNAs in the EVs were analyzed using
reverse-transcription digital PCR (RT-dPCR) (Fig. 2h).
Unlike immunoaffinity-based EVs labeling, which is lim-
ited by the number of specific antigens (CD63, CD81,
CD9) on the EVs surface, lipid-based EVs markers are
independent of EVs surface antigens. The simultaneous
combination of these markers with RT-dPCR allowed
for the quantification of oncogenic changes in Ewing
sarcoma and pancreatic cancer, demonstrating its poten-
tial clinical value in monitoring treatment responses
and disease progression [100]. Cheng et al. developed
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immunomagnetic hedgehog particles (IMHPs) to cap-
ture and release exosomes. These particles were used to
capture exosomes from MCF-7 cells, and the capture rate
was as high as 91.7%. In contrast to exosomes obtained
via UC, the exosomes obtained through this method
maintained their structural integrity and showed good
biological activity [101]. Yang et al. exploited the phos-
phatidylserine-rich surface of exosomes and immobilized
peptide ligands on SiO, microspheres to induce specific
interactions and isolate exosomes, and isolated exosomes
from serum using this method [102]. Brambilla et al. pro-
posed the use of a DNA-directed immobilization (DDI)
strategy for the isolation of EVs via the immobilization
of anti-CD63 antibodies bound to vesicles on magnetic
particles. That is, the surface and antibody were func-
tionalized using complementary oligonucleotides for the
release of EVs via the DNAse I-catalyzed enzymatic cleav-
age of the double-stranded DNA linker. Conventional
methods are based on antigen—antibody destruction
and alterations to their physical properties by heating or
ultrasound, and treatment with organic solvents, bases,
and other chemical methods can damage EVs. However,
the proposed reversible DNA link could allow the release
of EVs following enzymatic cleavage, overcoming this
problem while enabling enhanced affinity for anti-CD63
antibodies [103]. Thuy et al. prepared a chimeric nano-
composite consisting of lactoferrin-coupled dendrimer-
modified magnetic nanoparticles based on a combination
of electrostatic interaction with the EVs surface, physi-
cal adsorption, and biological recognition to isolate EVs
without the need for centrifugation and antibody affinity.
The EVs could be separated from cell cultures and clinical
specimens within 30 min, but could not be distinguished
from other types of EVs [104].

Other separation methods

Siwoo et al. separated EVs from plasma using electropho-
retic migration and porous membranes, which consisted
of three flow channels formed by a membrane juxtaposed
between two electrodes. The sample moved horizon-
tally through the tangential flow and migrated vertically
under an applied voltage. However, negatively charged
EVs sized >30 nm could not pass through the pores and
accumulated on the membrane, which was subsequently
washed with PBS to collect EVs [105]. Zhang et al. sepa-
rated EVs from plasma lipoproteins using agarose gel
electrophoresis, a method that is based on the differences
in EVs size and zeta potential. They demonstrated that
the morphology of EVs recovered via electrophoresis was
consistent with that of typical EVs [106]. Naohiro et al.
described an efficient method for exosome preparation
using anion exchange, where the cell supernatant was
first separated by a 0.22 pm retention filter membrane
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and EVs were subsequently eluted using an anion
exchange column layer [107]. This method proved to be
most suitable for the preparation of GMP-compliant EVs
for clinical use.

In summary, the current methods for EVs separation
are diverse. However, each method has its advantages and
disadvantages. Regardless of the methods, it is important
to consider whether the separated EVs are complete and
whether the separation and purification can be optimized
by combining different techniques. Accordingly, high-
purity EVs could be isolated efficiently while removing
unwanted substances, ensuring safety, and minimizing
costs to enable large-scale operations.

Extracellular vesicles loading

As drug delivery carriers, EVs can be loaded with thera-
peutic drugs, including nucleic acids and chemothera-
peutic drugs [108]. They are a promising delivery agent
for carrying exogenous drugs due to their low immuno-
genicity and good biocompatibility. The methods of drug
loading can be roughly classified as drug loading before
isolation (pre-loading) and drug loading after isolation
(post-loading). The characterization, loading rates, and
functions of EVs loaded using different methods, such
as incubation, ultrasound, and transfection, are summa-
rized in Table 3.

Pre-loading

In a nutshell, the “Pre-loading” method involves cargo
loading before EVs isolation and typically has useful ther-
apeutic effects [109]. When research on EVs first started,
the drug-loading efficiency and encapsulation methods
of EVs attracted extensive attention. During cell growth,
cells continue to communicate with each other via EVs.
During this phase, drugs can be taken up and secreted
by the cell using these vesicles. As a result, the drug is
loaded into the vesicles. The most common pre-loading
methods are incubation, infection, and ultrasound com-
bined with microbubbles (USMB).

Among the various strategies for drug loading via incu-
bation, direct incubation is the simplest method. Xu et al.
fabricated a new drug delivery system called sEV-CUR.
In this system, curcumin (CUR) was incubated with adi-
pose-derived mesenchymal stem cells (ADMSCs), and
SEV-CUR particles were harvested using UC (Fig. 3a).
The average diameter and zeta potential of the EVs
remained largely consistent following incubation, and the
loading efficiency was 82.26% + 5.25%. Notably, sEV-CUR
showed excellent therapeutic function (anti-oxidative
stress and anti-apoptosis ability), favorable bioavailabil-
ity, controlled release, and improved stability [110]. EVs
are well-known to be both hydrophobic and hydrophilic
owing to their phospholipid bilayer composition. Hence,
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Kim et al. developed a drug delivery system called ICG/
PTX- EVs. To this end, human embryonic kidney 293T
(HEK293T) cells were cultured to obtain EVs, which were
then mixed with paclitaxel (PTX) and ICG (ICG/PTX
weight ratios of 2/1). ICG was incorporated into EVs
because of its hydrophilic property, while PTX was incor-
porated into the phospholipid bilayer of the EVs owing
to its hydrophobic nature. The average size of the EVs
and absolute value of the zeta potential showed a slight
increase after incubation with ICG and PTX. Further, the
encapsulation efficiencies of ICG and PTX were ~60.7%
and = 51.9%, respectively [111]. As delivery carriers, EVs
also exhibit favorable encapsulation efficiency, cellular
internalization, accumulation at tumor sites, photostabil-
ity, and storage stability.

Using the transfection method, Kim et al. trans-
fected various drugs into cells and focused on the load-
ing capacity of EVs from neutrophil-like differentiated
human promyelocytic leukemia (dHL-60) cells. The dHL-
60 cell-derived EVs had higher effector functions (larger
amounts and higher efficiencies), higher efficiency of EVs
production, and lower immunogenicity than HL-60-de-
rived EVs and neutrophil-derived extracellular vesicles
(NDEVs). This suggests that neutrophils and neutrophil-
like promyelocytic cells could serve as a platform for EVs
drug-loading [112]. Qiu et al. developed an MSC-derived
exosome (MSC-EXO) vector to deliver the cabazitaxel/
tumor necrosis factor-related apoptosis-inducing ligand
(CTX/TRAIL) combination via transfection and achieved
excellent antitumor activity. The particle size of MSCTs-
EXO/CTX was approximately 60—150 nm. The entrap-
ment efficiency and drug loading were 93.7+1.53% and
15.43 +0.44%, respectively. MSCTs-EXO-CTX showed
the synergistic effects of TRAIL and CTX [113]. Further,
engineered exosomes derived from adipose-derived stem
cells (ADSCs) have also been used to encapsulate NT-3
mRNA and promote peripheral nerve regeneration via
infection (Fig. 3b) [114].

USMB has been shown to trigger the release of EVs
from cancer cells. Yuana et al. generated drug-containing
EVs using this approach. The fluorescent dye cell tracker
green (CTG) or bovine serum albumin coupled with
fluorescein isothiocyanate (BSA FITC) was loaded into
human umbilical vein endothelial cells (HUVECs) using
different ultrasound acoustic pressures. At 0.6 MPa, the
BSA-FITC signal intensity in HUVECs was the highest
(versus no treatment and treatment at 0.7 and 0.8 MPa).
The BSA-FITC signal intensity induced by USMB was
higher than that in the untreated group. HUVECs loaded
with BSA-FITC also released EVs containing BSA-FITC.
In brief, the results showed that USMB can be used to
generate EVs containing drug cargo. However, USMB is
not suitable for substances that are easily quenched and
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trapped in the endosomal-lysosomal degradative path-
way following uptake [115].

Of the pre-loading methods, incubation is the simplest.
However, it is time-consuming, and the efficiency is low.
Infection is the optimal choice for adding exogenous car-
gos including RNA, drugs, and inorganic materials into
EVs, but it is associated with operational challenges and
a high cost. USMB is a good method for producing EVs
containing cargo, but one of its disadvantages is easy
entrapment inside organelles.

Post-loading

Drug loading after isolation is considered as post-loading
[116]. The loading methods used in pre-loading can also
be used for post-loading applications.

For the post-loading incubation strategy, Carla et al.
isolated EVs from M1-macrophages and incubated them
with hyaluronic acid (HA) and/or the B-blocker carve-
dilol (CV). The EVs were called MM-EVs (modulated-M1
EVs). The MM1-EVs were further loaded (MM1-DOX)
following incubation with DOX. MMI1-EVs with HA
and CA could promote macrophage polarization to the
M1 phenotype and improve cellular uptake to enhance
the antitumor effects of DOX [117]. Similarly, human
monocytes (THP-1) were subjected to phorbol 12-mrus-
tate 13-acetate (PMA) treatment and released exosomal
A15 (A15-Exo) during stimulation. A15-Exo was incu-
bated with DOX overnight to obtain A15-Exo/DOX.
After that, A15-Exo/DOX was used to co-incubated
with cholesterol-modified mil59 (CHO-miR159) to
obtain the final delivery system called Co-A15-Exo [118].
Li et al. used EVs to load DOX and lonidamine (LND).
Two types of EVs with different sizes (16k EVs and 120k
EVs) were prepared with the application of different cen-
trifugation forces following simple infusion. The aver-
age size and zeta potential of 16k-EVs and 120k-EVs
were 93.2+24.2 nm and —15.2 mV and 70+11.1 nm
and —15.9mV, respectively. Furthermore, the encapsu-
lation efficiencies of DOX and LND in 16k-EVs were
0.81+0.22% and 4.16+1.9%, respectively, while those
of 120k-EVs were 0.43+0.03% and 2.77 +0.35%, respec-
tively. Notably, DOX- and LND-loaded EVs exhibited
excellent anticancer activity, while the smaller EVs exhib-
ited greater inhibition of intracellular DNA synthesis,
inhibition of intracellular ATP, and promotion of intra-
cellular ROS generation [119].

Haney et al. used EVs from macrophages to target
triple-negative breast cancer (TNBC) based on the
sonication method. The EVs were applied as drug deliv-
ery carriers for PTX and DOX following incubation
(DOX) or sonication (PTX). The obtained EVs-DOX and
EVs-PTX were spherical in shape, with a uniform size
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distribution. Notably, EVs-DOX and EVs-PTX showed
excellent intracellular accumulation, drug accumulation
in cancer cells, low immunogenicity, and high stability
[120].

Electroporation is another efficient way to load drugs
into EVs. Following an electric pulse, pores are gener-
ated within the EVs membrane, allowing the entry of
micro-molecules into EVs [121]. Zhu et al. loaded DOX
into exosomes derived from lens epithelial cells (LECs)
using electroporation, which effectively prevented pos-
terior capsule clouding due to the homologous target-
ing of exosomes[122]. Moreover, magnetic nanoparticles
(MNPs) consisting of mesoporous silica and Fe;O, were
also developed. MNPs were loaded with an inhibitor of
ferroptosis compensators and modified using an anti-
CD63 antibody. Thus, they could specifically bind to
CD63-overexpressing exosomes derived from human
MSCs. Angiopep-2 was incorporated into the exosome
membrane, allowing the exosomes to cross the BBB and
enter glioblastoma cells. The exosomes were loaded with
a small interfering RNA against GPX4, a compensator of
ferroptosis, via electroporation (Fig. 3c) [123]. Tsai et al.
engineered MSC-derived sEVs to express FGL1/PD-L1
on their surface, mixed them with FK506, diluted them
with PBS, and placed them in electroporation cups. They
then electroporated the EVs using electroporation equip-
ment at 300 V and 150 pF. This step was followed by
incubation on ice for 30 min for membrane pore recov-
ery, and the mixture was finally centrifuged to obtain
samples [124].

To adopt the extrusion method, Tian et al. developed
a 4T1 cell-derived exosome-camouflaged porous silica
nanoparticles (E-MSNs), loading ICG and DOX into
E-MSNs to form ID@E-MSNs. Coating with exosomes
could effectively enhance the cellular uptake of ID@E-
MSNs, promoting long-term retention in vivo and
improving biocompatibility due to the high purity of
the exosomes [125]. In other studies, a combination of
ultrasound and extrusion has also been reported. Peng
et al. developed a self-oriented nanocarrier (PR-EXO/
PP@Cur) in order to enhance drug accumulation at the
action site. This nanocarrier was developed by mixing a
PR-EXO (RVG29 Peptide and Penetratin-Modified Exo-
some) solution with PP@Cur (PPS-PEG@Cur Micellar)
via ultrasonic oscillation followed by extrusion through
a mini-extruder (Fig. 3d) [126]. Exosomes derived from
4T1 cells were also used to mimic Fe;O, magnetic nano-
particles and simultaneously load DOX. The Fe;O,@Exo
NPs showed prominent biocompatibility, controlled drug
release, and a synergistic photothermal-chemotherapeu-
tic effect [127].

In some surface treatment methods, substances such
as saponin, Triton, and DMSO are used to modify the
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surface membranes of the EVs and increase their permea-
bility through pore formation [128]. Guo et al. developed
a cargo elimination strategy to eliminate the original
content from tumor-derived sEVs. Saponin treatment
could effectively remove the original cargo (like proteins
and RNAs) from GBM-sEVs. These treated sEVs did not
promote tumor growth. Furthermore, they compared
three methods (saponin, sonication, and freeze-thaw)
and found that saponin treatment and sonication pro-
vided the highest protein and RNA removal efficiency,
while the removal efficiency achieved through freeze-
thaw cycles was far lower. In addition, they successfully
achieved synchronous cargo elimination and drug load-
ing [129]. Cao et al. mixed ICG and PTX with EVs in
DMSO/PBS [4% (v/v)] and incubated the mixture for 2 h
at 4 °C in the dark to achieve successful loading [130].
Cao et al. also successfully loaded ICG and folic acid (FA)
into exosomes using the same method [131].

Some devices, such as microfluidics and acoustofluidics
devices, can also be used for post-loading. A microfluid-
ics device could effectively improve the loading efficiency
of DOX into U251-GM-derived-exosomes from 7.86
to 31.98% by adjusting the flow rate and microchannel
types. The DOX-loaded GMB-derived exosomes pre-
pared accordingly showed a homing effect (Fig. 3e). In
the process of DOX loading, saponin was used as a per-
meabilizing agent to change the properties of the cellular
membrane, exerting a combined effect in concert with
the shear stress-induced stimulation in the microchan-
nel [132]. Acoustofluidics devices with a combination
of porous silica nanoparticles, exosomes, drugs, droplet
rotation, surface acoustic waves, and interdigital trans-
ducers can simplify drug loading and exosome encapsu-
lation into a one-step process, improving the efficiency of
drug loading (Fig. 3f). The final product consists of the
drug, porous silica nanoparticles, and an inside-out exo-
some membrane, and the device-derived exosome encap-
sulation can significantly enhance endocytosis in vitro
during cell-intake experiments. Furthermore, the device
can encapsulate drug-containing nanoparticles of differ-
ent morphologies into exosomes [133].

In the post-loading strategy, the incubation and soni-
cation methods are similar to those used in pre-loading
strategies. Electroporation is a rapid-loading method
that acts by creating physical pores in the membrane.
However, it can damage the integrity and flexibility of
the membrane. Extrusion is a convenient choice, but it
provides insufficient encapsulation. Device-based meth-
ods required an advanced facility and are not universally
feasible.

In conclusion, the various cargo loading methods can
be divided into pre-loading and post-loading strate-
gies. EVs loading has multiple advantages, including



Du et al. Journal of Nanobiotechnology (2023) 21:231

synergetic effects, high loading and encapsulation effi-
ciency, favorable stability, and functional delivery. How-
ever, different methods affect EVs from the same source
in different manners. In general, the pre-loading method
(incubation) is easier but more time-consuming. Exter-
nal interventions such as ultrasound, electroporation,
and extrusion improve loading efficiency while causing
a deterioration in stability. The saponin-mediated cargo
elimination strategy is a good reminder that the origi-
nal contents of EVs should be eliminated before loading
new substances. Of note, the two advanced devices men-
tioned above provide a useful tool for the fusion of EVs
with other agents (e.g., DOX), due to their prominent
properties, including simple operation, adjustable condi-
tions, rapid encapsulation, and high loading efficiency.

Surface modification of extracellular vesicles

EVs are biocompatible and have an ideal natural struc-
ture and hydrophilic core. Hence, they are increasingly
being used as drug carriers or therapeutic agents and are
expected to serve as valuable nanocarriers for clinical
use. Although their surface expresses intact transmem-
brane proteins (CD81 and CD91) and integrins (CD51
and CD61) with homing and targeting functions, their
targeting ability remains weak. EVs show heavy accumu-
lation in the liver and spleen and are subsequently cleared
by macrophages. Therefore, their modification can
facilitate the delivery of cargo to target cells [134—137].
The current surface functionalization strategies can be
divided into two categories: endogenous and exogenous.
The methods used for modifying EVs, related strategies,
sources of EVs, and functions after modification are sum-
marized in Table 4.

Endogenous modification

Endogenous approaches include engineering at the cel-
lular level to produce the desired proteins and peptides
via the transfection of donor cells. In addition to genetic
manipulation, bioorthogonal chemistry also serves as an
important tool in this strategy [138].

Genetic engineering

Genetic engineering involves the transfer of a foreign
gene into a recipient cell after in vitro recombination,
such that the gene is ectopically expressed in the recipi-
ent cell [136]. Xu et al. obtained exosomes expressing
high levels of chemokine receptor 4 (CXCR4) via the len-
tiviral infection of MSCs. These exosomes showed more
efficient aggregation at tumor sites, attacking tumor cells
and showing great potential in specific targeted therapy
[139]. Zhai et al. established the first CD73-engineered
EVs. They transduced the target gene into human umbili-
cal cord mesenchymal stem cells (HuCMSCs) via a
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lentiviral vector and isolated EVs. These EVs showed
upregulated CD73 expression and reduced the inflam-
matory response to a large extent [140]. Zhu et al. con-
structed an adenoviral vector that promotes the stable
overexpression of cardiotrophin-1 (CTF1) and trans-
duced CTF1 into bone MSCs (BMCSc) using this vector
at an MOI of 500. They found that the transduction effi-
ciency peaked after 48 h [141]. IncRNA MEGS3 is aber-
rantly expressed in many tumors, and it is knocked out
in some types of cancer [142]. Huang et al. used pCDNA-
MEGS3 to transfect osteosarcoma (OS) cells and induce
IncRNA MEG3 overexpression in their isolated exosomes
(Fig. 4a). They also demonstrated that IncRNA MEG3
plays an important role in osteosarcoma (OS). No sig-
nificant toxicity was observed in vivo, indicating that
the therapeutic delivery system was effective and safe
[143]. Using patient samples and in vitro studies, Huang
et al. found that miR-31-5p was a key miRNA in diabetic
trauma physiology. Hence, HEK293 cells were transfected
with a miR-31-5p lentiviral vector, and engineered miR-
31 exosomes were isolated to serve as a precision thera-
peutic agent (Fig. 4b) [144]. Zhao et al. inserted Lamp2b
primers into the pcDNA3.1(-) vector between Nhel and
BamH1 and subsequently transfected this modified vec-
tor into HEK293T cells using an electroshock method.
They obtained RGD-Lamp2b-engineered exosomes,
which showed greater aggregation in tumor tissues and
better tumor targeting than unmodified exosomes [145].

Modifications via genetic engineering, which is directly
designed for parental cells, allow the upregulation of
nucleic acid expression for therapeutic purposes. How-
ever, it is costly, and insufficient transfection efficiency
remains a concern.

Bioorthogonal chemistry

Bioorthogonal chemistry refers to the chemical reactions
that can be carried out within biological systems without
interfering with natural biological processes [146]. Cop-
per-free click chemistry methods are widely used for the
modification of EVs. Wang et al. were the first to propose
a method to modify and functionalize exosomes using
exosomal secretory cells co-cultured with azide to allow
azide to bind with the chemically active sites of exosomes
via a bioorthogonal reaction (Fig. 4c) [147]. Song et al.
used bioorthogonal click chemistry to fluorescently label
exosomes in order to achieve real-time tracking in vivo
and in vitro, after first linking azide groups to the cell
surface via glycometabolic engineering and then link-
ing the fluorescent DBCO to the azide groups through
bioorthogonal click chemistry. Compared with the use
of DiD fluorescence-labeled exosomes, the use of in situ
bioorthogonal click chemistry is more efficient and less
toxic, and it has less impact on the intrinsic properties
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of the exosomes [148]. Tian et al. introduced DBCO
into amine-containing molecules on exosomes, which
was followed by copper-free click chemical attachment
to c(RDGyK) polypeptides with azide moieties, improv-
ing exosome targeting via surface modification [149]. Xu
et al. quantified intracellular tracking and uptake by suc-
cessfully labeling exosomes with DBCO-NHS, AF488-
azide, and fluorescent tags via a copper-free chemical
click (Fig. 4d) [150].

Although the efficiency of copper-free click chemis-
try in modifying the surface of EVs is lower than that of
copper click chemistry, this technique can prevent the
oxidation of membrane proteins by copper ions and also
improve the safety of exosomes [151].

Exogenous modification

Exogenous modifications refer to the direct modifica-
tions of the EVs membrane and can be performed using
physical or chemical methods.

Physical modification

Physical methods involve the use of physical forces and
processes such as ultrasound, incubation, extrusion, and
freeze-thaw methods to temporarily disrupt the lipid
structure of the vesicles. With these methods, the vesi-
cles self-assemble into their original structure when the
forces disappear [152]. Further, the vesicles can also be
modified via electrostatic interactions or weak forces
between EVs and functional molecules (e.g., fusion of
lipid membranes) [134]. Zhou et al. isolated tumor-
derived EVs (TDEVs) from hepatocellular carcinoma
(HCC) cells and subsequently hybridized them with lipid
nanovesicles to obtain innovative nanovesicles (LEVs),
which were generated by the fusion of TDEV mem-
branes with phospholipids. LEVs showed better targeting
abilities due to the “homing” effect and a 1.7-fold higher
siRNA transfection rate than liposomes [153]. Raga
et al. exploited the presence of Gp64 in the viral parti-
cles of Sf9 insect cells and their membrane fusion under
acidic conditions. Sf9 insect cell EVs, which also express
the functional membrane protein PD-1 on their surface
and can be actively targeted by Cx43, were isolated. The

(See figure on next page.)
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fusion of Gp64-expressing PD-1 EVs with small molecule
liposomes contributed to the generation of heterozygous
EVs with further biomedical applications [154]. Li et al.
designed a novel pH-sensitive bionanoplasmic nano-
system comprising SKOV3-CDDP-derived exosomes
hybridized with cRGD peptide-modified liposomes via
the membrane fusion technique. Exosomes were vor-
texed with liposomes after vortex sonication in a vacuum
vortex and finally extruded using a 200 nm polycarbonate
membrane filter. A dual-targeting effect including homol-
ogous targeting and cRGD could be achieved [155]. Sun
et al. proposed the preparation of EL-CLD hybrids by
the extrusion of fibroblast-derived exosomes (E) with
liposomes (L) loaded with clodronate (CLD) (Fig. 4e),
and the EL-CLD obtained had a good drug release poten-
tial [156]. Cheng et al. used the freeze-thaw method to
mix temperature-sensitive liposomes with genetically
engineered exosomes. The mixture was frozen at —80 °C
for 15 min and rewarmed at 37 °C for 15 min. After three
cycles, lipid membrane-fused nanovesicles (hGLV) were
obtained [157]. Max et al. developed a method for fus-
ing EVs with functionalized liposomes in the presence
of PEG and retaining the natural properties of EVs. The
drug delivery efficiency of the heterogeneous EVs was
3—4-fold greater than that observed with free drug and
liposome delivery [158]. Sagar et al. crossed mouse mac-
rophage-derived J774A.1 sEVs with liposomes to obtain
engineered hybrid exosomes (HEs) that retain the advan-
tages of endogenous sEVs, which target tumor sites, and
liposomes, which exhibit significant flexibility for sur-
face modification as potential drug delivery carriers. The
disadvantages of both types of particles could be over-
come, and their advantages could be combined, to gener-
ate an effective hybrid drug delivery tool [159]. Tamura
et al. used cationic pullulan polysaccharides to modify
exosomes via electrostatic interactions [160]. Hu et al.
hybridized platelet membranes with stem cell-derived
exosomes to enhance binding and accumulation in dam-
aged tissues [161]. Li et al. prepared platelet-like mem-
branes via the fusion of platelet membranes with bone
marrow MSC-derived EVs using extrusion for improving
the ability to target the lesion site (Fig. 4f) [162].

Fig. 4 a Schematic diagram showing the collection and isolation of exosomes rich in INCRNA MEG3 (Exo-MEG3). Reprinted with permission

from Ref [143]. b Schematic diagram illustrating the development of engineered miR-31 exosomes. Reprinted with permission from Ref [144].

¢ Bioorthogonal click conjugation for exosome functionalization. Reprinted with permission from Ref [147]. d Schematic diagram depicting

the fluorescence labeling of the exosome surface using copper-free click chemistry and AlexaFlour®488 (AF488)-azide. Reprinted with permission
from Ref [150]. e Schematic illustration of the procedure used to produce the EL-CLD hybrid, including the hybridization of exosomes with L-CLD
using membrane extrusion. Reprinted with permission from Ref [156]. f Schematic diagram of P-EV preparation. Reprinted with permission from Ref
[162]. g Schematic illustration of the PDA coating of exosomes and subsequent surface functionalization with PEG and fluorophores. Reprinted
with permission from Ref [169]. h Schematic diagram of mEV isolation and surface functionalization via TCEP reduction. Reprinted with permission

from Ref [171]
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Modification of the EVs surface by physical means
avoids the introduction of foreign impurities and
improves the purity of EVs while causing less damage to
them. However, some complex auxiliary equipment is
often required during the preparation process. Moreo-
ver, the extrusion method may lead to variations in the
dimensions of EVs.

Chemical modification

Some functional groups are present in EVs and EVs-
secreted cellular transmembrane proteins. Hence, chemi-
cal modification can be performed via covalent coupling
using chemical reagents that add functional groups to
the EVs surface[134]. Due to the hydrophobic nature of
EVs membranes, functionalized phospholipids can also
be inserted [163]. Biocoupling methods and other simi-
lar strategies also exist. Liang et al. constructed an exo-
some nanocarrier using biocoupling chemistry. First,
DSPE-PEG2000-Mal was incubated with cells for 48 h.
Subsequently, exosomes with DSPE-PEG2000-Mal were
extracted, and siRNA was loaded into the exosomes
using ultrasound treatment. Finally, Angiopep-2 (An2)
was added via DSPE-PEG2000-Mal bridge binding, and
An2-functionalized exosomes were safe and effective
for the treatment of glioblastoma [164]. Ruan et al. used
click chemistry to modify the surface of M2 microglia-
secreted EVs with vascular targeting peptide (DA7R)
and stem cell recruitment factor (SDF-1). First, the azide
group was introduced onto the DA7R peptide and SDF-1
via an amide reaction. This was followed by the reac-
tion of dibenzocyclooctyne (DBCO)-DBCO-terminated
PEGylated N-hydroxysuccinimidyl ester (DBCO-PEG4-
NHS) with the amino group of the EVs membrane pro-
tein to achieve EVs modification. Finally, DA7R- and
SDEF-1-modified functionalized EVs were prepared using
a copper-free azide-alkyne cycloaddition reaction. The
enhanced recruitment of neural stem cells provided new
insights into the use of click chemistry EVs for disease
treatment [165]. Fan et al. modified exosomes with RGE
via the cycloaddition of sulfonyl azide [166]. Wu et al.
obtained CREKA-functionalized sEVs (CREKA-sEVs) by
inserting DMPE-PEG-CREKA into the sEVs membrane
from adipose MSCs using the hydrophobic insertion
method, maintaining sEVs activity while inducing thera-
peutic effects [167]. Rehman et al. coupled hydroxyl-
capped HSPP with DSPE-PEG-MAL, and the DSPE end
of the synthesized HSSP-PEG-DSPE was inserted into
the phospholipid membrane of exosomes [168]. Wang
et al. successfully encapsulated PDA into exosomes via
the self-polymerization of dopamine (PDA), which also
has catechol and amine groups and undergoes the thiol-
Michael addition reaction with PEG-SH, to obtain fluo-
rescently labeled exosomes (Fig. 4g) [169]. The anchoring
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of diacyl lipid tail-modified bone-targeting polypeptides
to exosomal membranes by hydrophobic interaction
was reported by Cui et al. [170]. Chen et al. used a mild
reducing agent, TCEP, to reduce the disulfide linkage on
the EVs surface and then used a thiol-maleimide coupling
reaction to attach the desired fluorescent label or ligand
to the EVs surface (Fig. 4h) [171].

Functionalization using chemical methods is relatively
convenient and fast. However, whether the introduction
of new chemicals will destroy the integrity of EVs and
whether the chemicals themselves have good biocompat-
ibility warrants further investigation.

In conclusion, the functionalization of EVs aims to
effectively enhance their desired effects and compensate
for the deficiencies of natural EVs, improving targeting
ability and drug delivery and enabling wider applications
in diagnosis and therapy. However, whether the structure
of EVs remains intact following functionalization remains
a concern.

Extracellular vesicles-based Nanoplatforms

for therapeutics and drug delivery

The application of EVs as drugs or delivery vehicles for
the treatment of cancer, neurodegenerative diseases, and
regeneration is prompted by their unique biocompat-
ibility, low immunogenicity, and stability [46]. EVs have
fewer limitations with respect to the safety and feasibil-
ity of cell transplantation than cell-based therapies in the
context of regenerative medicine [172]. The application
of EVs as therapeutic agents or carriers in different areas
of medicine is summarized in Table 5.

Cancer therapy

Cancer is associated with high morbidity and mortality,
and traditional treatments such as surgery and radio-
therapy have certain limitations (e.g., easy recurrence and
severe side effects). However, some of these problems can
be addressed using nano-drug delivery systems. EVs are
widely used in cancer treatment because of their ability
to penetrate tissues, tumor tropism, and low immuno-
genicity [173]. Further, as with cell membrane coating
technologies, the CD47 expressed on the membrane can
aid in immune evasion, preventing the engulfment of
nanoparticles [174].

Immunotherapy

Immunotherapy has emerged as a powerful clinical
strategy for the treatment of cancer. However, the key
challenge in the widespread implementation of immu-
notherapies against cancer remains the controlled regu-
lation of the immune system, as these therapies have
serious side effects, including autoimmunity and non-
specific inflammation. Thus advanced biomaterials and
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Table 5 Strategies and doses of EVs for different diseases
Treatment strategies Diseases Drugs Dose of EVs in vivo Administration Refs.
Immunotherapy Breast cancer N/A 200 pg per mouse Intravenous injection [176]
Immunotherapy Gastric cancer N/A 5 mg/kg (100 pL) Intravenous or intratumoral ~ [177]
injection
Immunotherapy Liver cancer SiRNA N/A Intratumoral injection [178]
Immunotherapy Pancreatic cancer Galectin-9; siRNA ~ 108 exosomes Intravenous injection [179]
Chemotherapy Glioma TMZ; DHT N/A Intravenous injection [181]
Chemotherapy Triple-negative breast DOX N/A Intravenous injection [258]
cancer
Chemotherapy Glioma DOX 0.15 mg/mL (400 pL) Intravenous injection [182]
Phototherapy Liver cancer; Breast cancer ~ N/A 50 mg/mL (100 L) Intravenous injection [184]
Phototherapy Gastric cancer Proton pump inhibitor (PPI) ~ N/A Intravenous injection [186]
Gene Therapy Triple-negative breast Anti-miRNA-21; 3~4x 10" NPs (150 pL Intravenous injection [188]
cancer anti-miRNA-10b )
Combination therapy ~ Glioblastoma AQ4N 200 pg (100 pL) Intravenous injection [191]
Other Lung cancer Dinaciclib 200 ug Intravenous injection [173]
Other Nasopharyngeal carcinoma  N/A NPC tumor-bearing mice: Intravenous or intraperito- ~ [194]
30 pg/mouse neal injection
C666-1/NPC43 tumor-bear-
ing mice: 20 yg/mouse
Other Glioblastoma Verrucarin A (Ver-A) N/A Intravenous injection [195]
Gene therapy Parkinson’s Disease (PD) Glial-cell-line-derived neuro- 3% 10° particles/10 pL/ Intranasal injection [200]
trophic factor (GDNF) mouse
Gene therapy PD Anti-TNF-a antisense oligo- 2.7 10° particles Intravenous injection [202]
nucleotide (ASO)
Gene therapy PD shRNA Minicircles 150 pg (100 pL) Intravenous injection [204]
Other PD N/A N/A Intravenous injection [201]
Gene therapy Bone regeneration Bone morphogenetic pro- 50 pg (1.8 pg/pL) In situ injection [212]
tein-2 (BMP2) gene into the bone defect
Other Periodontal disease Minocycline 230 pg sev Injection into the site [209]
of defect
Other Hair loss N/A 200 pg Milk-exo in 100 pL Intradermal injection [210]
saline
Other Wound healing N/A 100 pg (100 pb) Subcutaneous injection [211]
Other Bone regeneration N/A 50 ug/per cranial defect Implantation into the defect [213]
Other Shoulder stiffness (SS) N/A 50 puL EV (20 pg/mL Intra-articular injection [216]
or 50 pg/ml, equal
to final particle
from 1.2x10% to 3x 10%)
Other Inflammation Piceatannol N/A Intravenous injection [217]
Other Rheumatoid arthritis (RA) Dexamethasone sodium N/A Intravenous injection [218]

phosphate

drug delivery systems [175], such as the use of mac-
rophage exosomes could effectively harness immuno-
therapy and increase its efficacy while reducing toxic
side effects. Macrophages are usually found in two phe-
notypes: classically activated M1 cells and alternatively
activated M2 cells. The M1 phenotype of macrophages
exerts antitumor effects, while the M2 phenotype exerts
pro-tumor effects. Nie et al. coupled anti-CD47 with
anti-Sirpa antibodies (aCD47 and aSirpa) on M1 mac-
rophage-derived exosomes via pH-sensitive linkers.

aCD47 recognizes tumor cells by identifying the CD47
on their surface and thereby actively targets the tumor.
As a result, the “don’t eat me” signal disappears, leading
to the enhanced phagocytosis of macrophages. Mean-
while, M1 exosomes can also transform pro-tumor M2
macrophages into antitumor M1 macrophages, while the
M1-Exo synergistic antibodies exert antitumor effects
[176].

Neutrophils are innate immune cells that directly act
as cytotoxic agents against tumor cells. Zhang et al. used
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superparamagnetic oxidized nanoparticles (SPION) to
modify neutrophil-derived exosomes (SPION-Ex) for
targeted cancer therapy. They used HGC27 cells to estab-
lish a subcutaneous tumor model in BALB/c nude mice
and treated these mice with DiR-labeled SPION-Ex. The
tumors were imaged at 12, 24, 48, and 72 h post-treat-
ment. SPION-Ex was found to show the strongest fluo-
rescence at the tumor site after 72 h under treatment with
an applied magnetic field (MF) (Fig. 5a). In vitro imag-
ing findings were consistent with in vivo imaging results,
and the concentration observed was time-dependent
(Fig. 5b). After seven doses, SPION-Ex significantly
inhibited tumor growth in vivo under an applied MF
(Fig. 5c—e). Moreover, 40% of the mice survived until the
end of the experimental period (Fig. 5f). The body weight
of mice in the SPION-Ex-related treatment groups was
significantly increased (Fig. 5g). The tumor tissues from
the SPION-Ex/MF group had fewer Ki-67-positive cells
and more TUNEL-positive cells (Fig. 5h—k), indicating
greater rates of apoptosis. These findings demonstrated
that SPION-Ex/MF treatment has a significant targeted
treatment effect in vivo and shows a good safety profile
[177].

Zhang et al. designed light-activatable silencing NK-
derived exosomes (LASNEO) by modifying NK cell-
derived exosomes with an siRNA and the photosensitizer
Ce6. The NK-derived exosomes (NEO) themselves could
kill tumor cells and restore the immunosurveillance func-
tion of T cells in the TME. Meanwhile, the ROS gener-
ated after light exposure could promote M1 macrophage
polarization, DC cell maturation, and intracellular siRNA
release, effectively realizing immunotherapy [178]. Zhou
et al. used BM-MSC exosomes loaded with Galectin-9
siRNA. The exosomes were surface-modified with oxali-
platin (OXA) prodrugs to improve tumor targeting and
inhibit macrophage polarization, cytotoxic T cell (CTL)
recruitment, and Treg downregulation and thereby
exerted antitumor immune effects [179]. Carlos et al.
used tumor-derived EVs (TEVs) to create a novel tumor
vaccine model by activating DC cells and thus achieved
an antitumor immune response. The use of EVs from
autologous tumors appeared to inhibit tumor recurrence
[180].

Some EVs secreted by immune cells and cancer cells
may have immunomodulatory functions. By apply-
ing these characteristics, these EVs can be used as drug
delivery vehicles or to directly stimulate antitumor
immune responses. However, EVs derived from tumors
can both promote and suppress tumors. Thus, a better
understanding of the mechanisms through which they
modulate tumor activity is required to make them more
effective as immunotherapy agents.
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Chemotherapy
Brain tumors are treated with surgery, radiotherapy, and
chemotherapy. However, high recurrence rates and drug
resistance limit the efficacy of these treatments. Wang
et al. loaded the chemotherapeutic agent temozolomide
(TMZ) and the Chinese herbal medicine dihydrotan-
shinone (DHT) into tumor-derived exosomes (R-EXO)
because DHT can overcome the drug resistance caused
by TMZ. Meanwhile, R-EXO could homologously tar-
get the tumor site, inducing the synergistic effects of
chemotherapy and immunotherapy for glioma treatment
[181]. Wang et al. extracted the exosomes from neutro-
phils (NEs-Exos) and delivered DOX for the treatment
of glioma. In a Tg(fli:GFP) transgenic zebrafish model,
NEs-Exos were verified to cross the BBB, as evidenced
by strong red fluorescence of DOX in the brain (Fig. 6a).
Subsequently, a lipopolysaccharide (LPS)-induced mouse
encephalitis model was established, and significant
allograft inflammatory factor 1 (IBAl) expression was
detected in and around the glioma tissue. The expression
of GFAP was higher around gliomas, and in contrast to
the saline group, LPS-treated mice showed higher levels
of IBA1 (Fig. 6b). GFAP expression was elevated in the
LPS-treated mice when compared with the saline group,
while the stronger inflammatory response increased the
recruitment of NEs-Exos (Fig. 6¢). Subsequent imaging of
C6-Luc glioma-bearing mice injected with DIR showed
stronger fluorescence in the NEs-Exos group within 24 h
(Fig. 6d). Notably, NEs-Exos/DOX significantly pro-
longed the survival duration of glioma mice. The decline
rate of body weight was also lower in the NEs-Exos/
DOX group relative to the DOX and that in saline groups
(Fig. 6e). Therefore, the use of neutrophil exosomes for
DOX delivery appears to be a promising chemotherapeu-
tic approach for the treatment of gliomas [182].
Chemotherapy is a common antitumor approach in
clinical practice. However, due to its low targeting ability,
it causes problems such as systemic toxicity, side effects,
and a short circulation time. However, EVs can target the
lesion site in their original state or after modification,
effectively delivering chemotherapeutic drugs to tumor
tissues and reducing adverse reactions, with low immu-
nogenicity. Thus, they appear to be optimal carriers for
the delivery of chemotherapeutic drugs.

Phototherapy

Phototherapy, which includes photothermal therapy
(PTT) and photodynamic therapy (PDT), is a promising
non-invasive strategy for cancer treatment [183]. In PTT,
heat treatment is used to damage the microvasculature at
the tumor site. Platelets target the damaged blood vessels
as well as the tumors owing to their high surface expres-
sion of P-selectin, which recognizes CD44 receptors on
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the surface of cancer cells. Hence, Ma et al. combined
exosomes derived from platelets with photothermal-
sensitive liposomes and added glucose oxidase (GOx)
and ferric ammonium (FAC) to create a laser-controlled
nanoplatform called FG@PEL. In this system, GOx and
FAC could enhance the Fenton response at the tumor
site and damage tumor cells, while the photothermal
effect resulted in both vascular damage to achieve cas-
cade targeting effects and accelerated -OH production by
increasing GOx activity through warming. In an in vivo
experiment, mice were inoculated with mouse hepatocel-
lular carcinoma cells (H22) on one side of their body, fol-
lowing which five treatments were administered (Fig. 7a).
The most effective tumor growth inhibition was observed
in the FG@PEL group (Fig. 7b—c). Subsequently, GPX-
4, an indicator of ferroptotic death in tumor tissue,
was detected. The reduced expression of GPX-4 in the
FG@PEL +Laser group indicated that this combina-
tion induced ferroptotic death following light irradia-
tion (Fig. 7d). It also significantly enhanced the release
of immunogenic cell death (ICD)-related molecules, thus
initiating an immune response to inhibit tumor develop-
ment (Fig. 7e—f). Subsequently, a lung metastasis model
was established. Fewer lung nodules were observed in
the FG@PEL + Laser group (Fig. 7g). Finally, a bilateral
tumor model was established, and treatment at the pri-
mary tumor site led to reduced tumor volume and a pro-
longed lifespan in the FG@PEL + Laser with anti-PD-1
treatment group [184]. Liu et al. introduced black phos-
phorus quantum dots (BPQDs) into exosomes (EXO) via
electroporation to construct BPQDs@EXO nanospheres.
The small BPQDs had a high photothermal conversion
efficiency and good biocompatibility, and the EXO mem-
brane could protect BPQDs from external oxygen and
water, preventing their degradation in physiological flu-
ids. Meanwhile, the homing effect of the EXO membrane
allowed BPQDs@EXO to effectively accumulate within
tumors. In in vivo experiments, BPQDs@EXO inhibited
the growth of distant tumors in mouse models of bladder
cancer more obviously after PTT, and no recurrence was
detected [185].

Zhu et al. combined PDT with glutamine metabolic
therapy and found that this multimodal therapy was suc-
cessful in strongly inhibiting tumor growth [186]. Du
et al. used CD47-functionalized exosomes loaded with
a ferroptosis inducer (Erastin, Er) and a photosensitizer
(Rose Bengal, RB) and performed PDT using 532 nm
laser irradiation. They found that the Er/Rb@ExoCD47
(laser) group exhibited the best tumor suppression, high-
est levels of total ROS and lipid peroxidation, and low
toxicity. Thus, they could serve as a useful strategy for the
treatment of malignancies [187].
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Phototherapy is a promising tool for cancer treatment,
but some photothermal agents/materials and photosen-
sitizers are prone to degradation and instability (e.g.,
BP). Hence, coating with EVs could help overcome these
defects and achieve better therapeutic effects.

Gene therapy
EVs intrinsically carry some RNAs and can thus be used
directly for the treatment of some diseases. miRNAs are
small non-coding endogenous molecules, and miRNA-
10b and miRNA-21 were found to be overexpressed in
TNBC. Therefore, Rajendran et al. used uPAR to modify
EVs from tumor cells, thus increasing their natural tumor
cell targeting ability. The EVs were loaded with poly-
meric nanocarriers (PNCs) containing anti-miRNA-10b
and anti-miRNA-21 to generate a uPA-eEV-PNCs-Anti-
miRNA platform and exert combined antitumor effects.
In vivo imaging showed that the fluorescence was initially
clustered in the reticuloendothelial system, especially
in the liver and spleen, However, it gradually clustered
toward the tumor region after the administration of
the second and third doses. The uPAR-targeted group
showed greater fluorescence in tumors than the non-tar-
geted SC-uPA group (negative control scrambled-uPA),
and the photoacoustic imaging results revealed simi-
lar findings (Fig. 8a). uPA-eEV-PNCs-AntimiRNA was
combined with low-dose DOX for inducing synergistic
antitumor effects, and the survival time and survival rate
observed after combined treatment were relatively good
(Fig. 8b). The uPAR-targeted group showed stable inhibi-
tion of tumor growth (Fig. 8c—d), with negligible systemic
toxicity (Fig. 8e) and reduced lung metastasis (Fig. 8f—g)
[188]. Tao et al. loaded Bcl-2 siRNA into exosomes
extracted from bovine milk using the ultrasonic method
and demonstrated that the exosomes exerted strong anti-
cancer activities both in vivo and in vitro [189]. Yuan
et al. co-cultured HuCMSC-derived exosomes expressing
miR-148B-3p with MDA-MB-231 cells and found that
the exosomes inhibited cell growth. These exosomes were
also demonstrated to inhibit tumor growth in vivo [190].
Nucleic acid-based gene therapy is currently gaining
popularity in the field of cancer treatment. However,
some RNAs have short half-lives and are prone to deg-
radation, necessitating the development of nucleic acid
vectors. In contrast, EVs carry nucleic acid substances
within them, and can deliver RNA to target cells or tis-
sues for therapeutic effects. Further, donor cells can be
transfected to obtain the desired target RNA for treat-
ment. Hence, gene therapy has good antitumor applica-
tion prospects.
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Combination therapy

Monotherapy is often ineffective in killing tumor cells.
Hence, researchers have adopted combination ther-
apy for antitumor treatment. Glioblastoma (GBM) is
a highly aggressive brain tumor. Through an analysis of
clinical specimens, an increase in M2-like macrophages
was observed in GBM patients. Therefore, Wang et al.
proposed the use of Ml-like macrophage-derived EVs
(M1EVs) to modulate the tumor microenvironment
(TME), and after aggregation at the tumor site, simul-
taneously polarize M2 into M1 and carry the chemo-
therapeutic drug bansoxadone (AQ4N) for post-release
at the tumor site. The surface of EVs was modified with
bis(2,4,5-trichloro-6-aminophenyl)oxalates (CPPO) and
chlorin e6 (Ce6) to achieve synergistic effects of immu-
nomodulation, chemically inspired photodynamic ther-
apy, and hypoxia-triggered chemotherapy. A low M2/M1
ratio was positively correlated with low tumor prolifera-
tion and improved survival outcomes (Fig. 9a—c). The tar-
geting effect of the EVs was confirmed using two-photon
imaging, which revealed that M1EVs signals were abun-
dantly present at the tumor site (Fig. 9d). The in vitro
transwell co-culture system demonstrated that M1EVs
loaded with different drugs could cross the BBB, and the
integrity of the cell layer was confirmed using the tight
junction marker protein ZO-1. The fluorescence inten-
sity of DiD in the lower chamber was measured, and the
penetration rate was found to be time-dependent, reach-
ing approximately 30% at 8 h. The entry of M1EVs into
multicellular tumor spheroids (MCTSs) improved with
time after 24 h of incubation (Fig. 9e). Thus, macrophage-
derived EVs showed great potential in the treatment of
brain diseases [191]. Huang et al. designed lung-homing
tumor-derived exosomes (Tex) hybridized with paclitaxel
liposomes (Liposome-PTX) and incorporated PEG-gold
nanorods (GNR) to achieve synergistic antitumor effects.
Tex preferentially targeted the lung tissue, and GNR
could treat tumors via thermal ablation after infrared (IR)
irradiation, triggering both antitumor immune responses
and PTX chemotherapy. Thus, this system showed
potential as a clinical treatment option for advanced

(See figure on next page.)
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breast cancer recurrence and metastasis [192]. Pan et al.
extracted exosomes from urine, achieving a high purity
rate. They embedded synthetic nanoparticles within
purified exosomes to inhibit tumor growth by blocking
EGFR/AKT/NF-kB signaling via synergistic low-dose
chemo-dynamic kinetics [193].

Due to the heterogeneity of tumors and the complex
TME, researchers have shifted their focus from mono-
therapy to a combination therapy approach. The plasticity
and load-bearing capacity of EVs enables the incorpora-
tion of multiple combination therapy modalities. Further,
their inherent biocompatibility and targeting properties
enable the delivery of multiple anti-cancer drugs or mate-
rials that can exert synergistic effects.

Others

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is a pro-apoptotic tumor factor. Ke et al. used
the sensitizer dinaciclib (Dina) in combination with
EVs secreted from TRAIL-carrying cells (EVs-T) to sig-
nificantly enhance apoptosis in a variety of cancer cells.
In vivo imaging showed that the delivered EVs-T were
tumor- and organ-targeted and could effectively inhibit
the development of drug-resistant tumors in vivo. y§-T
cells are lysis-active T cells that do not depend on the
major histocompatibility complex and have inherent anti-
viral and antitumor activities [173]. Wang et al. used y§-T
cell-derived exosomes (y8-T-Exos) in combination with
radiotherapy to treat nasopharyngeal carcinoma. They
found greater y5-T-Exos accumulation at tumor sites in
irradiated mice than in non-irradiated ones on in vivo
imaging (Fig. 10a). Nasopharyngeal carcinoma cells
secrete C-C chemokine ligand 5 (CCL5), which inter-
acted with CCR5 and exerted a chemotactic effect on T
cells. Irradiation did not alter CCL5 secretion (Fig. 10b),
and human T cells could be recruited to nasopharyngeal
tumors (Fig. 10c) through this nanosystem. Efficacy eval-
uation was performed (Fig. 10d) by comparing the effects
of control treatment, irradiation, and single treatment
on the inhibition of tumor growth (Fig. 10e—g) [194].

Fig. 9 a Immunostaining of clinical histological sections obtained from normal tumor-adjacent tissues and low- (LGG: diffuse astrocytoma, n=22)
and high-grade gliomas (HGG: anaplastic astrocytoma, n = 20; glioblastoma multiforme, n=22); M1 macrophages (iNOS), M2 macrophages (CD163),
and cell proliferation (Ki67) are visualized. Quantitative analysis of the corresponding M2/M1 ratios is shown on the right side. The proliferation
marker Ki67 was positively correlated with the M2/M1 ratio. Scale bars: 50 um. b M2/M1 ratio analysis of 167 HGG and 522 LGG samples acquired
from The Cancer Genome Atlas (TCGA) database. Each dot represents a single individual. ¢ Survival curves of glioma patients from TCGA database.
The Oncolnc tool was used to explore the correlations of survival with M2/M1 ratios. d In vivo time-lapse two-photon images of the diffusion

of M1EVs, MOEVs, EMVs, and PEG NPs across microvascular endothelial cells of the brain at 48 h after i.v. injection (left). Tetramethyl-rhodamine
isothiocyanate-Dextran was used to label blood vessels (red). M1EVs, MOEVs, and EMVs were labeled with DiO (green); PEG NPs were labeled

with FITC (green); corresponding formulation distributions in tumor tissue are also shown (right). Scale bars: 50 um. Immunofluorescence

images of histological sections showing M2 (CD163, green) and M1 macrophages (iNOS, red) (left), and quantitative analysis of M2/M1 ratios
(right) at 48 h after i.v. injection. Scale bars: 50 um, (n=3). e CLSM images and surface plots showing DiD-labeled M1EVs penetrating MCTS (top)
and the corresponding fluorescence signal intensities across the spheroids (bottom). Reprinted with permission from Ref [191]
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EGER is highly expressed in GBM tissues and cell lines.
Chen et al. added anti-EGFR monoclonal antibodies on
the surface of EVs (mAb-EV), which became capable of
targeting tumors inside the brain after crossing the BBB.
They thereby delivered verrucarin A (Ver-A) for treating
GBM. Nevertheless, the pharmacokinetics and pharma-
codynamics of mAb-EV-Ver-A need to be thoroughly
evaluated through preclinical studies [195].

In summary, EVs carry nucleic acids and can act as
therapeutic agents by enhancing the expression of nucleic
acids through transfection and other means, thereby
exerting antitumor effects. However, the antitumor
effects of single therapy can be somewhat limited. Hence,
studies are increasingly adopting combination therapies,
such as chemotherapy combined with phototherapy and
immunotherapy combined with phototherapy. Hence,
EVs are very promising agents for the treatment of can-
cer and have the potential to be translated into clinical
studies.

Neurodegenerative diseases

Neurodegenerative diseases are chronic disorders of the
central nervous system and usually result from the intra-
cellular accumulation of misfolded/aggregated mutant
proteins. These abnormal protein aggregates impair
mitochondrial function and induce oxidative stress,
resulting in neuronal cell death. In turn, neuronal dam-
age causes chronic inflammation and neurodegeneration
[196, 197]. However, the BBB limits the accumulation
and entry of drug molecules into the central nervous sys-
tem. This precludes an effective concentration of drug
molecules from reaching the brain tissue, compromis-
ing efficacy. Therefore, in the treatment of such diseases,
drug delivery is challenging. There is an urgent need to
develop drug delivery systems that can traverse the BBB
[198].

Current efforts to improve drug delivery across the
BBB are focused on enhancing drug entry into the brain
and limiting drug loss [199]. Zhao et al. first used a
strategy involving the intranasal injection of EVs loaded
with the neurotrophic factor GDNF into transgenic Par-
kin Q311(X)A mice. They then evaluated motor func-
tion over a year after treatment and observed improved
mobility, reduced neuroinflammation, and increased
neuronal survival, without any systemic toxicity [200].

Wang et al. proposed the concept of “independent
module/cascade function’, in which nanoparticles with
movement/chemotaxis abilities obtained from L-arginine
acted as artificial modules that could bind to natural exo-
some modules (Fig. 11a). The guanidine group in arginine
can react with iNOS and ROS in the PD microenviron-
ment to generate nitric oxide (NO), providing motility to
the engineered exosomes and increasing the degradation
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of a-synuclein (a-syn) aggregates, thereby promoting
neuronal cell growth and enabling a functional disease
treatment cascade. The effects of the strategy were exam-
ined in an MPTP-induced mouse model of PD (Fig. 11b)
using the open-field test (parameters examined: walking
trajectory, total walking distance, and average speed) and
the pole test (parameters examined: time taken to climb
atop the pole) (Fig. 11c—d). GAP-43, an indicator of neu-
ronal growth, was found to be significantly upregulated
in the substantia nigra (SN) region of the mouse brain.
Further, a-syn aggregates in the SN were also found to
be significantly downregulated (Fig. 11e). Based on these
results, it appeared that the artificial module drives the
natural module to cross the BBB and target damaged
neuronal cells and mitochondria for the effective treat-
ment of PD [201].

In contrast to exosomes produced by living cells,
apoptotic vesicles produced by apoptotic cells are more
useful. If manipulated, the apoptotic process can be con-
trolled, and the vesicles can be loaded with drugs (such
as nucleic acids) more efficiently than other EVs. Wang
et al. first screened a subset of brain metastatic cells and
eventually developed drug-loaded small apoptotic vesi-
cles (Sabs) using melanoma cells. These vesicles carried
anti-TNF-a antisense oligonucleotides. It was feasible to
use Sabs as a novel EVs vector for drug delivery in vivo,
especially for highly efficient siRNA or microRNA deliv-
ery, which is valuable for some in vivo biological appli-
cations [202]. Xue et al. proposed that MSC-derived
exosomes can help in the treatment of PD by promoting
ICAM1-associated angiogenesis. The presence of a-syn
aggregates is a pathological feature of PD. Hence, a-syn
downregulation is a potential strategy for PD treatment.
While siRNA can achieve these effects, it has a short
efficacy [203]. Izco et al. designed an shRNA microloop
(shRNA-MCs) that can prolong the efficacy of siRNA and
used RVG-exosomes as carriers for siRNA delivery to
the brain, reducing the aggregation of a-syn and loss of
dopaminergic neurons [204]. Hence, this system showed
great potential in the treatment of neurodegenerative
diseases. Kojima et al. developed exosomal transfer into
cells (EXOtic) device that enables the efficient produc-
tion of exosomes in engineered mammalian cells. The
implantable exosome-producing cells could deliver ther-
apeutic mRNA in vivo and reduce neuroinflammation
and neurotoxicity in an in vitro model of PD [205]. Wang
et al. used Cur to obtain Exo-Cur after ultracentrifuga-
tion following incubation with RAW264.7 macrophages.
The addition of lymphocyte function-associated antigen
1 (LFA-1) on the surface of the exosomes enabled them
to cross the BBB. The solubility and bioavailability of
Cur were also enhanced. After targeted brain delivery,
Cur could alleviate Alzheimer’s disease (AD) symptoms
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by activating AKT/GSK-3p and thereby inhibiting Tau
protein phosphorylation [206]. Qi et al. also developed
plasma exosomes carrying quercetin for the treatment of
AD, improving both drug bioavailability and brain target-
ing [207]. This nanoformulation reduced cognitive dys-
function in mouse models of AD.

EVs are widely used in the treatment of neurodegen-
erative diseases because of their inherent ability to cross
the BBB (due to the presence of surface proteins) and the
advantages of better biocompatibility. However, the num-
ber of EVs that can actually reach the brain lesion site
remains low. Hence, EVs must be modified to improve
their targeting ability. How EVs interact with the BBB
needs to be understood in more detail. Nevertheless, EVs
represent an important platform for the future treatment
of neurodegenerative diseases.

Regeneration

Regenerative medicine refers to the restoration of the
structure and function of damaged tissues via the repair
of cells, tissues, and organs. Traditional stem cell therapy
has safety issues, such as immune rejection and long-
term survival challenges following systemic administra-
tion. In contrast, EVs have greater advantages in terms
of biosafety, exogenous cargo delivery, and therapeutic
effects [208].

EVs are currently used for the regeneration of bone,
heart, lung, liver, kidney, and skin tissues. MSCs have
great potential for immunomodulation and regenera-
tion. Jana et al. extracted EVs from periodontal mesen-
chymal stem cells (GMSCs), applied them for periodontal
tissue regeneration, and compared them with BMSC-
EVs, which are commonly used for regeneration. Based
on their respective effects on cytokine secretion and
immune cell polarization, GMSC-sEVs (EVs sterilized
by filtering through 0.22 pm filters with a particle size
of around 100 nm) were found to enhance anti-inflam-
matory effects and decrease pro-inflammatory activ-
ity (Fig. 12a—c). Hence, GMSC-sEVs were selected for
follow-up experiments. Particles containing antibiotics
(minocycline) attached to sEVs were administered. The
sEV-microspheres induced greater inhibition of bacte-
rial growth (Fig. 12d—e). The amount of regenerated bone
at the missing site was assessed using microcomputed
tomography, and GMSC-sEVs produced a significant
increase in bone area in the alveolus, similar to that in the
healthy group (Fig. 12f). They also caused a significant
decrease in the distance between the alveolar bone apex
and enamel junction (Fig. 12g) and elevated the levels of
osteogenic markers (Fig. 12h), indicating increased bone
formation. The immobilization of EVs on the surface of
PLGA particles via metalloproteinase-2 (MMP-2)-sensi-
tive linkers, which could be cleaved by metalloproteinases
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present at the lesion site, allowed active drug localization
at the lesion site and prolonged the retention time, thus
promoting periodontal tissue regeneration [209].

Kim et al. extracted exosomes (Milk-exo) from bovine
colostrum to treat alopecia. They observed hair regrowth
on the backs of mice, with results comparable to those
of minoxidil, indicating their great potential in the treat-
ment of alopecia [210]. Xia et al. isolated exosomes from
mouse wound edge fibroblasts and subsequently used
them on mouse wounds. They found that myofibroblast
abundance was increased during healing, and miR-125b
transduced fibroblasts to inhibit sirtuin7 (SIRT7) and
promote myofibroblast differentiation and wound healing
in senescent mice [211]. Li et al. obtained MSC-BMP2-
Exo liposomes incorporating the bone formation pro-
tein-2 (BMP2) gene, which was introduced into human
fetal bone marrow MSCs. The modified exosomes pro-
moted bone regeneration due to the synergistic effect of
BMP2 upregulation and MSC-derived contents [212].
Lan et al. modified BMSC-derived EVs using neural
EGFL-like protein 1 (NELL1), which stimulates bone for-
mation, to enhance the bone repair process in vitro and
in vivo. A 3D-Nelll/EVs-hydrogel was also found to pro-
mote bone regeneration in vivo, showing great potential
in promoting bone healing [213]. Ko et al. used EVs for
kidney regeneration and maintenance [214]. Meanwhile,
Song et al. demonstrated that the multiple targeting of
miR-210 by adipose stem cell-derived EVs could be valu-
able in the treatment of ischemic heart disease [215].

EVs themselves have functions such as the regulation
of cell differentiation and promotion of angiogenesis, and
they have similar biological properties as their source
cells. This facilitates their wide application in regenera-
tive medicine, including periodontal regeneration, oste-
ogenesis, and tissue repair and regeneration in various
organs and skin. Thus, they can serve as an alternative to
stem cell therapy. However, several challenges need to be
overcome before clinical application. These include the
isolation and purification of EVs and the enhancement of
their yield.

Others

EVs have a wide range of therapeutic applications. In
addition to the above-mentioned diseases, EVs can also
be used to achieve anti-inflammatory effects and fibro-
sis inhibition. For example, Luo et al. found that BMSC-
EVs significantly inhibit the fibrotic process and improve
inflammatory phenomena and shoulder mobility by
transducing let-7a-5p and inhibiting TGFBR1 [216].
Gao et al. proposed a method based on nitrogen cavita-
tion to isolate EVs from cells, with a 16-fold higher yield
and fewer subcellular organelles and genetic materi-
als compared to naturally secreted EVs, and preserved



Du et al. Journal of Nanobiotechnology (2023) 21:231
(@) -LPS +LPS (b)
400 400 7 5 <0.001
~ 350 ~ 350
% 300 \g 300 i z
£ 250 £ 250 , E
=] o -
uzl' 200 L 200 )
g 50 g 50 _5, + A
0 =
l 2 d
\;o @60 %() ‘\o
& o

g 0 £
- + =
28 30 8
© = (=¥
&8 g5
SR 20 ok
<3 3
w w
= 10 =
ol=b=, -
& © \© @
& & & &
N » N N
S o e
p =0.025
e p<0.001

-
o N

Normalized Aa DNA

o N b OO @

—
Q
~

. 3.5 £ <0.001
E 30 =—  p=0003
g 2.5 s
w

ges g
715 i
S 1.0 2
2 £
§ 0.5

0.0

[
(=)

=3
S

o
o

577 Microparticle
Injection |
/
Bacterial /
Biofim™ /s

Page 36 of 51

-LPS +LPS
p =0.003
p <0.001 150 p <0.001
- e
100 b

ot

IL-10 (pg/ml)

T T T 0-— T T
2 \ 2 2
g g & g &
& F & &
S W

-
W Soluble (Minocycline/EV)
W Full (Minocycline/EV-MP)

Digestive
Enzymes
p <0.001

1.2

1.0

0.8

B Healthy

I Untreated

—J Blank MP 06

[E=8 Minocycline-MP
I Soluble (Minocycline/EV)
B Full (Minocycline/EV-MP)

0.4

Relative Alveolar Bone Area

COL1A1  ,.u,

p <0.001

$=0019
=001

Fig. 12 a Effect of sEVs on monocytes and macrophages. Change in the secretion of the inflammatory cytokine TNF-a after the addition

of EVs to the monocyte culture. b Increase in the production of anti-inflammatory IL-10 by monocytes treated with sEVs, especially GMSC

sEVs, despite the presence of LPS. ¢ BMSC and GMSC sEVs stimulate macrophages to upregulate markers such as arginase and CD206, which

are characteristic of the anti-inflammatory macrophage phenotype. d-e Schematics showing the administration of microparticles loaded

with antibiotics and GMSC sEVs connected to the particles via an MMP-2-sensitive linker. Comparison of the effect of sEVs-microparticles

on the suppression of bacterial growth evaluated 8 weeks after microparticle administration. f uCT images taken after 8 weeks of treatment

and evaluation of the relative alveolar bone area in different treatment groups. g) Comparison of the distance between the alveolar bone crest
and cementoenamel junction (CEJ). (h) Relative mRNA expression levels of BMP2, RUNX2, OCN, and COL1AT in the periodontal tissue. Healthy—
healthy rats; Untreated—untreated periodontitis; Blank—PLGA microparticles; Minocycline—-MP—minocycline-loaded microparticles; Soluble—
minocycline and GMSC sEVs administered in solution; Full—PLGA microparticles with GMSC sEVs and minocycline. Reprinted with permission
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cell membrane proteins. They found that the load-
ing of anti-inflammatory drugs into EVs significantly
attenuates lipopolysaccharide (LPS)-induced acute lung

inflammation/injury and sepsis. The nitrogen cavita-
tion method can be used to isolate EVs from any cell
and produce EVs with a high yield, reproducibility, and
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scalability. These EVs can act as novel targeted delivery
vehicles, and the increased yield could support clinical
applications [217]. Yan et al. isolated exosomes from
RAW 264.7 cells and loaded dexamethasone (Dex) into
the exosomes using electroporation. The exosomes
were surface modified with FA-PEG-Chol, which could
actively target joint inflammation and reduce inflam-
mation, improving the therapeutic effect of Dex on
rheumatoid arthritis [218]. Ma et al. demonstrated that
HuCMSC-EVs can act as bioactive agents to alleviate
fibrosis in ligamentum flavum cells by delivering miR-
146a-5p and miR-2213p, thereby inhibiting hypertro-
phy [219]. Han et al. obtained EVs from adipose-derived
stem cells and used them in a thioacetamide-induced
liver fibrosis model. They observed a significant reduc-
tion in collagen deposition and the restoration of liver
function after treatment [220]. This model has also been
applied to hypertension-related diseases. For example,
Wang et al. reported the involvement of EVs secreted
by endothelial cells damaged by hypertension via
mechanical elevation in arterial wall remodeling, guiding
renewed research into the treatment of diseases related
to vascular wall remodeling [221]. Furthermore, EVs
have also been used in the treatment of eye diseases. For
example, Moisseiev et al. used saline and human MSC
(hMSC)-derived exosomes to treat mice with oxygen-
derived retinopathy (OIR) and found that the exosomes
inhibited retinal thinning and alleviated retinal ischemia
[222].

These findings indicate that good progress has been
made in the application of EVs for achieving anti-inflam-
matory effects, fibrosis inhibition, and ocular manage-
ment. By taking advantage of the natural properties
of EVs, stem cell-derived EVs with anti-inflammatory
and anti-fibrotic activities have been generated. These
EVs could exert synergistic effects in combination with
loaded anti-inflammatory drugs [223]. The value of EVs
in the treatment of ocular diseases is also becoming more
apparent.

In conclusion, EVs can serve as excellent nano-delivery
vehicles or therapeutic drugs in their own right, and can
be effective against a variety of diseases through the use
of different therapeutic approaches. As delivery vehicles,
EVs have relevant antigenic surface molecules that allow
lesion targeting and BBB permeability, making them a
novel therapeutic tool for the treatment of neurodegen-
erative diseases. In order to achieve better efficacy, dif-
ferent therapeutic tools can be combined, or EVs can be
modified to obtain other functions. Thus, EVs show great
therapeutic promise.
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Clinical trials of extracellular vesicles in COVID-19
In 2019, a new severe acute respiratory syndrome caused
by severe acute respiratory syndrome coronavirus type
2 (SARS-CoV-2) emerged. This disease, known as coro-
navirus disease 2019 (COVID-19), was declared a pan-
demic by the World Health Organization (WHO) in
March 2020. Since then, COVID-19 has attracted global
attention. With a series of reports on SARS-CoV-2 vari-
ants, the situation remains unpredictable [224]. In par-
ticular, for resistant strains like Omicron, neutralizing
antibodies and vaccines are less effective, and there is a
lack of suitable drugs. However, researchers have found
that exosomes can be used to transport anti-inflamma-
tory cytokines that can effectively mitigate the effects of
COVID-19 [225]. In contrast, MSCs with potent immu-
nomodulatory activity have been proposed as treatment
agents for COVID-19 because MSCs-derived exosomes
activate M2 macrophage polarization to reduce inflam-
mation. Further, they can increase the number and activ-
ity of neutrophils and reduce eosinophil and mast cell
infiltration. These effects of exosomes can be attributed
to the set of microRNAs (MiRs) with immunosuppressive
and anti-inflammatory effects that they contain [226].

In 2020, 24 patients with severe COVID-19 received
a single intravenous dose of 15 mL allogeneic BMSCs-
derived exosomes at a hospital. Safety and efficacy were
evaluated 1-14 days after treatment, and no adverse
events were observed within 72 h of treatment. Of the 24
patients, 17 recovered, 3 remained in critical condition,
and 4 died from non-treatment-related causes. However,
clinical status and oxygenation improved after treatment,
the cytokine storm was downregulated, and immune
function was re-established [227]. In another clinical trial
study, the safety and potential effectiveness of CD24-
Exosome (EXO-CD24), a protein with anti-inflammatory
properties, were evaluated in two tertiary care hospitals
in Athens, Greece, in patients hospitalized with severe
COVID-19. Patients received 10° or 10*° exosome pellets
per dose, once daily for 5 days, and were followed for 28
days. Notably, 72 of the 86 patients showed an improve-
ment in respiratory rate and oxygen saturation. Also, 72
patients experienced at least a 50% reduction in inflam-
matory index levels from baseline (admission) by day
7. Further, no treatment-related adverse events were
reported [228].

Exosomes have the advantage of being able to migrate
to target organs instead of being captured by the lungs.
Therefore, they have been approved for use as a thera-
peutic tool administered via nebulized inhalation [226].
Since, investigators reported the antiviral effect of
recovering human immune plasma-activated exosomes
(ChipEXO™) against SARS-CoV-2, where ChipEXO™
was a nebulized formulation that was passed through a
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jet nebulizer. The researchers administered this natural
product to 13 COVID-19 patients with impending respir-
atory failure (1-5x 10" vesicles twice daily /5 ml distilled
water for 5 days). After 5 days of treatment, ChipEXO""
was found to be well tolerated, causing no allergic reac-
tions or acute toxicity. Elevent patients were cured, with
no sequelae in the lungs and other organs, 2 h before and
after exosome inhalation according to arterial blood gas
analysis, indicating effective treatment. Oxygenation
parameters and inflammatory markers were improved.
Thus, ChipEXO™ showed good safety and efficacy [229].

In conclusion, COVID-19 remains a major concern
in the world, and drugs are being tested for their treat-
ment. With the rise of exosomes-based treatments, these
strategies are being evaluated in clinical trials. For exam-
ple, MSCs-derived exosomes are more widely used and
can cause the apoptosis of activated T cells by inducing
anti-inflammatory macrophages and regulating T and B
cells. Thus, they are a potential therapeutic tool for the
treatment of COVID-19. However, only a limited num-
ber of clinical trials based on MSCs have been completed.
Hence, several challenges must be addressed for the
application of EVs in COVID-19.

Clinical challenges

While EVs hold great promise as therapeutic and drug
delivery agents for disease treatment, and some EVs are
already in clinical trials for disease treatment applications
(clinical trials for EVs-based treatments are summarized
in Table 6), but scalable production in compliance with
regulations remains challenging [230]. Few EVs formula-
tions are currently being translated clinically, and many
problems need to be overcome before their universal
clinical application.

The main problem hindering clinical translation is the
lack of quality control and standardization procedures
[23]. Moreover, the environment, conditions, and param-
eters for the isolation and purification of EVs vary from
laboratory to laboratory, which may affect their proper-
ties. For example, as mentioned before, the high centrifu-
gal force applied in the ultracentrifugation method may
cause mechanical damage to EVs or lead to contamina-
tion. Low EVs yield is also a hindrance to clinical trans-
lation. Hence, the number of cells of mammalian origin
needs to be expanded to obtain more EVs. The culture
conditions (cell passaging, density, and frequency of EVs
collection) may affect yield and bioactivity, among other
factors. Moreover, these culture conditions are now not
limited to traditional culture dishes, but instead can be
expanded to bioreactors [58]. However, methods for
increasing the production of EVs during the 72 h latency
period include starving cells (most common), increas-
ing intracellular calcium levels, depleting nutrient-rich
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cultures, hypoxic conditions, heat stress, and the addition
of exogenous agents such as calcium ion carriers. How-
ever, during this process, cells show asynchronous activ-
ity during the growth, stress, and cell death phases [230],
which may affect some properties of EVs. In addition, the
cellular origin of EVs is very important and needs to be
further characterized and tested for clinical suitability
[5].

When EVs are used as therapeutic agents or vectors,
it is crucial to quantify them precisely in order to deter-
mine the effective dose for subsequent administration.
Since EVs themselves contain proteins, lipids, and nucleic
acids, they can be quantified based on their total protein
content, total lipid abundance, total RNA content, parti-
cle number, and the presence of some specific molecules.
One drawback of protein quantification using the BCA,
Bradford, or fluorescence methods is the interference of
protein contamination or aggregation occurring due to
improper separation. Particle number can be assessed
using light scattering techniques, scanning electron
microscopy (SEM), atomic force microscopy (AFM), and
other assays, but there are certain requirements for par-
ticle concentration and size. In total lipid quantification,
there is a variation in different lipid components. Thus,
not all EVs can be detected, and some EVs are not sen-
sitive to lipid detection. While RNA quantification in
EVs is highly distorted, non-EVs RNA is abundant [231].
Therefore, the quantification techniques for EVs should
be improved to allow their clinical translation. Moreo-
ver, when EVs are used as a carrier, they are usually engi-
neered to target the lesion site. It remains to be examined
whether the new substances introduced in this process
can adversely affect patients, cause off-target effects, or
lead to poor drug loading rates and poor efficacy, among
other issues.

Another challenge precluding the clinical translation of
EVs is stability. After the large-scale isolation and purifi-
cation of EVs, a suitable environment is needed for stor-
age to ensure their stability. Initially, EVs are resuspended
in PBS and then stored at —80 °C for a long period. How-
ever, this makes transportation more difficult and costly,
and also affects the physical and biological activity of EVs
[232]. The addition of alginose can improve exosome
aggregation and ameliorate cryoinjury [233]. Therefore,
simple and convenient storage methods can be devel-
oped, and storage containers can be selected to improve
the stability and minimize the loss of EVs.

The most critical challenge associated with EVs is
safety. It is crucial to understand whether EVs injection
into the body can produce adverse effects. A few stud-
ies have mentioned safety issues such as immunogenic-
ity, immunotoxicity, and carcinogenicity. For example,
tumor-derived EVs appear to be a double-edged sword.
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At first, tumor-derived exosomes were thought to pro-
mote tumorigenesis, metastasis, and angiogenesis. How-
ever, in subsequent studies, tumor antigens and heat
shock proteins on the surface of these EVs were found
to stimulate immune responses against tumor cells, and
the inhibitory molecules could reduce cytotoxicity and
act as antitumor vaccines [234]. Balancing the two during
clinical translation in antitumor therapies is imperative.
During in vivo studies, the effective dose conversion from
animal models to humans may not be accurate. Thus, ide-
ally, animal models that are most representative of the
human disease should be used to explore the true efficacy
of the system and guide clinical translation.

In conclusion, before the clinical translation of EVs-
based therapies, we must first standardize the technique
of EVs separation and purification as much as possible.
A more complete preparation method is required so as
to guarantee the purity and integrity of extracted EVs.
Meanwhile, quantitative standards need to be unified to
facilitate subsequent dosing. Secondly, it is important to
improve the yield of EVs and maintain the homogeneity
of EVs during the extraction process while controlling
costs. The third consideration is stability. Improper stor-
age may alter the stability and biological activity of EVs.
Thus, a suitable storage method must be chosen. The
final and most important aspect is safety. Before formal
application to clinical settings, the safety of EVs prepa-
rations needs to be tested repeatedly to avoid complica-
tions such as immunogenicity and toxicity.

Conclusion and future perspective

With the rise of bionanotechnology, nanomedicines
have gradually caught the attention of the general pub-
lic. EVs have been widely studied due to their low immu-
nogenicity and ideal biocompatibility. Their ability to act
as therapeutic agents and brain-targeting carriers that
cross the BBB, which solves the problems associated with
cell membrane-based bionanotechnology, has attracted
the interest of researchers. They have been explored
as therapeutic options for the treatment of cancer and
neurodegenerative diseases as well as for regeneration.
Depending on the diseases, EVs can be purified and iso-
lated from a suitable source. Different techniques can be
combined during isolation to maintain the purity or max-
imize the yield of EVs. subsequently, EVs can be used as
therapeutic or drug-delivery agents and can also be mod-
ified and functionalized to achieve better results.

To obtain intact and uniformly distributed EVs for
research purposes, it is crucial to use an appropriate
separation and purification method. The current gold
standard in research involves the use of ultracentrifuga-
tion and commercial kits for EVs separation, but some
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shortcomings still persist. Ultracentrifugation is opera-
tionally simple but is time-consuming, provides low
purity, and can cause structural destruction. Meanwhile,
commercial kits are time-consuming, offer low purity,
and are expensive. Devices can help overcome these
limitations and are more suitable for clinical application.
However, they can only handle a few samples simultane-
ously. Thus, although many microfluidic-based separation
methods have been developed, EVs yields would need to
be improved to truly apply these devices clinically. Fur-
ther, these devices would need to be improved to achieve
high throughput and high purity and analyze all types of
samples, while ensuring simple operation and developing
automation.

For EVs as drug carriers, loading methods are divided
into two broad categories: cargo loading before EVs sepa-
ration and cargo loading after EVs separation. Different
loading methods provide different loading efficiencies
and stabilities. Currently, for gene therapy, the transfec-
tion method is preferred. However, the use of transfec-
tion agents can lead to contamination, and cargo loading
with this method is not easily controllable. While elec-
troporation is the gold standard method, it can affect the
integrity of the membrane. Similarly, extrusion meth-
ods can cause lipid overturning. Therefore, compared
to pre-loading methods, post-loading methods where
cargo is loaded after separation appear to be more con-
trollable. However, irrespective of the loading method,
a low loading efficiency, destruction of the membrane
structure, and inactivation or degradation of the loaded
cargo continue to create challenges. In subsequent stud-
ies, attempts should be made to eliminate these disadvan-
tages as much as possible and to combine advantages and
develop an optimal method for loading cargo.

Besides applications in liquid biopsies, the replacement
of tissue biopsies, and pain management, EVs can also be
used as therapeutic agents or carriers for diseases such
as cancer and neurodegenerative diseases and for regen-
eration. The effectiveness of EVs has been demonstrated
through ex vivo experiments and has been attributed
partly to their low immunogenicity, desirable biocom-
patibility, natural BBB penetration, targeting capacity,
and potential to promote tissue regeneration. Therefore,
when conducting research, the appropriate EVs need
to be selected according to the disease of interest. As
explained previously, tumor-derived EVs can both pro-
mote tumor growth and act as effective antitumor vac-
cines. This is encouraging provided that the advantages
of these EVs are properly utilized. EVs are also involved
in onset, development, and repair processes during the
course of brain diseases. Hence, several studies are using
EVs for the treatment of brain diseases. Some degree
of efficacy has been reported, indicating that EVs are
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promising agents for the treatment of brain diseases.
However, the mechanism through which EVs cross the
BBB is not fully understood. Hence, more in-depth stud-
ies are needed. Moreover, only a few EVs reach the dis-
eased areas of the brain. This problem also warrants
urgent redressal.

However, in order to achieve better efficacy, the func-
tionalization of the EVs surface is needed to improve
their targeting ability and other characteristics. Function-
alization is currently achieved by various methods and
requires the selection of suitable ligands to avoid charge
alterations, which can reduce stability. If functionaliza-
tion is achieved by chemical reactions, irrelevant impu-
rities must be removed to ensure safety. We should pay
attention to whether the functionalization process will
affect the inherent functions of EVs and their integrity. If
such concerns exist, other functions can be added to EVs
via functionalization methods, creating a valuable poten-
tial for biomedical applications.

In conclusion, through continuous optimization and
improvement and subsequent regulatory approval, EVs
formulations obtained from different sources could be
successfully applied to the treatment of one or more dis-
eases. Hence, they could provide a great contribution to
therapeutic tools in the future.

Abbreviations

EVs Extracellular vesicles

BBB Blood-brain barrier

MSCs Mesenchymal stem cells

ISEV International Society for Extracellular Vesicles
ILVs Intracellular vesicles

MVBs Multivesicular bodies

nSMase2  Neutral sphingomyelinase 2

MVs Microvesicles

ROCK RHO-related protein kinases

ARF ADP-ribose factor

ERK Extracellular signal-regulated kinase
MLCK Myosin light chain enzyme

PS Phosphatidylserine

TME Tumor microenvironment

uc Ultracentrifugation

DGC Density gradient centrifugation

SEC Size exclusion chromatography

UF Ultrafiltration

MWCOs  Molecular weight cut-offs

TFF Tangential flow filtering

SEVs Small EVs

AF4 Asymmetric flow-field flow fractionation
HDL High-density lipoprotein

LDL Lipoprotein particles

HMSCs Human neural stem cells

PEG Polyethylene glycol

HOMM Horseshoe-shaped mouth mixer

PS Phosphatidylserine

TZ Tetrazine

RT-dPCR  Reverse-transcription digital PCR
IMHPs Immunomagnetic hedgehog particles
DDI DNA-directed immobilization

USMB Ultrasound combined with microbubbles
CUR Curcumin
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ADMSCs  Adipose-derived mesenchymal stem cells

HEK293T  Human embryonic kidney 293T

PTX Paclitaxel

dHL-60 Neutrophil-like differentiated human promyelocytic leukemia

NDEVs Neutrophil-derived extracellular vesicles

MSC-EXO  MSC-derived exosome

CTX/TRAIL Cabazitaxel/Tumor necrosis factor-related apoptosis-inducing
ligand

ADSCs Adipose-derived stem cells

[@r€] Cell tracker green

BSA-FITC  Bovine serum albumin coupled with fluorescein isothiocyanate

HUVECs ~ Human umbilical vein endothelial cells

HA Hyaluronic acid

v Carvedilol

MM-EVs  Modulated-M1 EVs

THP-1 Human monocytes

PMA Phorbol 12-mrustate 13-acetate

A15-Exo  Exosomal A15

CHO-miR159 Cholesterol-modified mi159
LND Lonidamine

TNBC Triple-negative breast cancer

LECs Lens epithelial cells

MNPs Magnetic nanoparticles

PR-EXO RVG29 Peptide and Penetratin-Modified Exosome
CXCR4 Chemokine receptor 4

HUCMSCs  Human umbilical cord mesenchymal stem cells
CTF1 Cardiotrophin-1

BMCSc Bone MSCs

(o) Osteosarcoma

TDEVs Tumor-derived EVs

HCC Hepatocellular carcinoma

hGLV Lipid membrane-fused nanovesicles
HEs Hybrid exosomes

An2 Angiopep-2

SDF-1 Stem cell recruitment factor

PDA Dopamine

OXA Oxaliplatin

CTL Cytotoxic T cell

T™Z Temozolomide

DHT Dihydrotanshinone

IBA1 Inflammatory factor 1

PTT Photothermal therapy

GOx Glucose oxidase

FAC Ferric ammonium

ICD Immunogenic cell death

EXO Exosomes

BPQDs Black phosphorus quantum dots
PNCs Polymeric nanocarriers

GBM Glioblastoma

IR Infrared

CCLS C-C chemokine ligand 5

SN Substantia nigra

LFA-1 Lymphocyte function-associated antigen 1
AD Alzheimer’s disease

MMP-2 Metalloproteinase-2

BMP2 Bone formation protein-2

LPS Lipopolysaccharide

OIR Oxygen-derived retinopathy

SARS-CoV-2 Syndrome coronavirus type 2
COVID-19  Coronavirus disease 2019

WHO World Health Organization
SEM Scanning electron microscopy
AFM Atomic force microscopy

Acknowledgements
Not applicable.

Author contributions

SD: writing —original draft, writing — review & editing. YG: writing - review &
editing, visualization. AX: literature collection and collation, visualization. ZY:
literature collection and collation, visualization. SG: literature collection and



Du et al. Journal of Nanobiotechnology (2023) 21:231

collation, visualization. WL: literature collection. LR: conceptualization, writ-
ing - review & editing. XC: conceptualization, writing — review & editing. TC:
conceptualization, writing — review & editing, supervision, funding acquisition.

Funding

This work was financially supported through grants from the Key Fields of Bio-
medicine and Health Foundation of Colleges and Universities in Guangdong
Province (2022Z2DZX2017), the Guangdong Basic and Applied Basic Research
Foundation (2019B1515120043 and 2022A1515012154), the National Natural
Science Foundation of China (File no. 82104354), the Science and Technology
Development Fund, Macau SAR (File no. 0070/2021/AG)J), and the funding
grants from University of Macau (File no. MYRG2022-00198-ICMS).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors consent to publish.

Competing interests
The authors have declared that no competing interest exists.

Author details

'Science and Technology Innovation Center, Guangzhou University of Chinese
Medicine, 12 Jichang Road, Guangzhou 510405, China. “State Key Laboratory
of Quality Research in Chinese Medicine, Institute of Chinese Medical Sci-
ences, University of Macau, Room 6007, N22, Taipa 999078, Macau SAR, China.
3Institute of Biomedical Health Technology and Engineering, Shenzhen Bay
Laboratory, Shenzhen 518132, China.

Received: 3 March 2023 Accepted: 29 June 2023
Published online: 20 July 2023

References

1. Jackson KK, Mata C, Marcus RK. A rapid capillary-channeled polymer
(C-CP) fiber spin-down tip approach for the isolation of plant-derived
extracellular vesicles (PDEVs) from 20 common fruit and vegetable
sources. Talanta. 2022,252:123779.

2. Witwer KW, Wolfram J. Extracellular vesicles versus synthetic nanoparti-
cles for drug delivery. Nat Reviews Mater. 2021,6:103-6.

3. Zhang X, Zhang HB, Gu JM, Zhang JY, Shi H, Qian H, Wang DQ, Xu WR,
Pan JM, Santos HA. Engineered extracellular vesicles for cancer therapy.
Adv Mater. 2021;33:25.

4. Van Niel G, DAngelo G, Raposo G. Shedding light on the cell biology of
extracellular vesicles. Nat Rev Mol Cell Biol. 2018;19:213-28.

5. Wiklander OPB, Brennan MA, Lotval J, Breakefield XO, El Andaloussi S.
Advances in therapeutic applications of extracellular vesicles. Sci Trans|
Med. 2019;11:15.

6. Luo RH, Liu MM, Tan TT, Yang Q, Wang Y, Men LH, Zhao LP, Zhang HH,
Wang SL, Xie T, Tian QC. Emerging significance and therapeutic poten-
tial of extracellular vesicles. Int J Biol Sci. 2021;17:2476-86.

7. Xue VW, Wong SCC, Song GQ, Cho WCS. Promising RNA-based cancer
gene therapy using extracellular vesicles for drug delivery. Expert Opin
Biol Ther. 2020,20:767-77.

8. Li AX, Zhao YA, LiYX, Jiang LD, Gu YW, Liu JY. Cell-derived biomimetic
nanocarriers for targeted cancer therapy: cell membranes and extracel-
lular vesicles. Drug Delivery. 2021;28:1237-55.

9. Morad G, Carman CV, Hagedorn EJ, Perlin JR, Zon LI, Mustafaoglu N,
Park TE, Ingber DE, Daisy CC, Moses MA. Tumor-derived extracellular
vesicles breach the Intact blood-brain barrier via transcytosis. ACS
Nano. 2019;13:13853-65.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

Page 45 of 51

Lee H, Park H, Noh GJ, Lee ES. pH-responsive hyaluronate-anchored
extracellular vesicles to promote tumor-targeted drug delivery. Carbo-
hydr Polym. 2018;202:323-33.

Galieva LR, James V, Mukhamedshina YO, Rizvanov AA. Therapeutic
potential of extracellular vesicles for the treatment of nerve disorders.
Front NeuroSci. 2019;13:9.

Lee JR, Park BW, Kim J, Choo YW, Kim HY, Yoon JK, Kim H, Hwang

JW, Kang M, Kwon SP, et al. Nanovesicles derived from iron oxide
nanoparticles-incorporated mesenchymal stem cells for cardiac repair.
Sci Adv. 2020,6:14.

Armstrong JPK, Stevens MM. Strategic design of extracellular vesicle
drug delivery systems. Adv Drug Deliv Rev. 2018;130:12-6.

Sun DM, Zhuang XY, Xiang XY, Liu YL, Zhang SY, Liu CR, Barnes S, Grizzle
W, Miller D, Zhang HG. A novel nanoparticle drug delivery system: the
anti-inflammatory activity of curcumin is enhanced when encapsulated
in exosomes. Mol Ther. 2010;18:1606-14.

Hernandez-Oller L, Seras-Franzoso J, Andrade F, Rafael D, Abasolo |,
Gener P, Schwartz S. Extracellular vesicles as drug delivery systems in
cancer. Pharmaceutics. 2020;12:20.

Sil'S, Dagur RS, Liao K, Peeples ES, Hu GK, Periyasamy P, Buch S. Strate-
gies for the use of extracellular vesicles for the delivery of therapeutics.
J Neuroimmune Pharmacol. 2020;15:422-42.

Min L, Wang BS, Bao H, Li XR, Zhao LB, Meng JX, Wang ST. Advanced
nanotechnologies for extracellular vesicle-based liquid biopsy. Adv Sci.
2021;8:28.

Liu JL, ChenY, Pei F, Zeng CM, Yao Y, Liao W, Zhao ZH. Extracellular
vesicles in liquid biopsies: potential for disease diagnosis. Biomed Res
Int. 2021,2021:17.

Sharma S, Masud MK, Kaneti YV, Rewatkar P, Koradia A, Hossain MSA,
Yamauchi Y, Popat A, Salomon C. Extracellular vesicle nanoarchitecton-
ics for novel drug delivery applications. Small. 2021;17:22.

Geng TJ, Pan PT, Leung E, Chen Q, Chamley L, Wu ZM. Recent advance-
ment and technical challenges in developing small extracellular
vesicles for cancer drug delivery. Pharm Res. 2021;38:179-97.
Gurunathan S, Kang MH, Qasim M, Khan K, Kim JH. Biogenesis, mem-
brane trafficking, functions, and next generation nanotherapeutics
medicine of extracellular vesicles. Int J Nanomed. 2021;16:3357-83.
Teng F, Fussenegger M. Shedding light on extracellular vesicle biogen-
esis and bioengineering. Adv Sci. 2021;8:17.

Pirisinu M, Pham TC, Zhang DX, Hong TN, Nguyen LT, Le MTN. Extracel-
lular vesicles as natural therapeutic agents and innate drug delivery
systems for cancer treatment: recent advances, current obstacles, and
challenges for clinical translation. Sem Cancer Biol. 2022;80:340-55.
Stremersch S, De Smedt SC, Raemdonck K. Therapeutic and diag-
nostic applications of extracellular vesicles. J Controlled Release.
2016;244:167-83.

Stahl AL, Johansson K, Mossberg M, Kahn R, Karpman D. Exosomes
and microvesicles in normal physiology, pathophysiology, and renal
diseases. Pediatr Nephrol. 2019;34:11-30.

Hessvik NP, Llorente A. Current knowledge on exosome biogenesis and
release. Cell Mol Life Sci. 2018;75:193-208.

Leone DA, Rees AJ, Kain R. Dendritic cells and routing cargo into
exosomes. Immunol Cell Biol. 2018;96:683-93.

Kalluri R, LeBleu VS. The biology, function, and biomedical applications
of exosomes. Science. 2020;367:640.

Michaela S, Aigner A. Nucleic acid delivery with extracellular vesicles.
Adv Drug Deliv Rev. 2021;173:89-111.

JuanT, Furthauer M. Biogenesis and function of ESCRT-dependent
extracellular vesicles. Semin Cell Dev Biol. 2018;74:66-77.

Schmidt O, Teis D. The ESCRT machinery. Curr Biol. 2012;22:R116-20.
Cabeza L, Perazzoli G, Pena M, Cepero A, Lugue C, Melguizo C, Prados J.
Cancer therapy based on extracellular vesicles as drug delivery vehicles.
J Controlled Release. 2020;327:296-315.

Dreyer F, Baur A. Biogenesis and functions of exosomes and extracel-
lular vesicles. Methods Mol Biol (Clifton NJ). 2016;1448:201-16.

Patil AA, Rhee WJ. Exosomes: biogenesis, composition, functions, and
their role in pre-metastatic niche formation. Biotechnol Bioprocess Eng.
2019;24:689-701.

Mashouri L, Yousefi H, Aref AR, Ahadi AM, Molaei F, Alahari SK.
Exosomes: composition, biogenesis, and mechanisms in cancer metas-
tasis and drug resistance. Mol Cancer. 2019;18:14.



Du et al. Journal of Nanobiotechnology

36.

37.

38.

39.

40.

42.

43.

44,

45.
46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

(2023) 21:231

Cheng LS, Hill AF. Therapeutically harnessing extracellular vesicles. Nat
Rev Drug Discovery. 2022;21:379-99.

Mathieu M, Martin-Jaular L, Lavieu G, Thery C. Specificities of secretion
and uptake of exosomes and other extracellular vesicles for cell-to-cell
communication. Nat Cell Biol. 2019,21:9-17.

Takahashi RU, Prieto-Vila M, Hironaka A, Ochiya T. The role of extra-
cellular vesicle microRNAs in cancer biology. Clin Chem Lab Med.
2017;55:648-56.

Zhu SL, Li SY, Yi M, Li N, Wu KM. Roles of microvesicles in tumor progres-
sion and clinical applications. Int J Nanomed. 2021;16:7071-90.

Shao HL, Im H, Castro CM, Breakefield X, Weissleder R, Lee HH.

New technologies for analysis of extracellular vesicles. Chem Rev.
2018;118:1917-50.

Inal JM, Ansa-Addo EA, Stratton D, Kholia S, Antwi-Baffour SS, Jorfi S,
Lange S. Microvesicles in health and disease. Arch Immunol Ther Exp.
2012;60:107-21.

Muralidharan-ChariV, Clancy J, Plou C, Romao M, Chavrier P, Raposo G,
D'Souza-Schorey C. ARF6-Regulated shedding of tumor cell-derived
plasma membrane microvesicles. Curr Biol. 2009;19:1875-85.

Tricarico C, Clancy J, D'Souza-Schorey C. Biology and biogenesis of shed
microvesicles. Small GTPases. 2017,8:220-32.

Atkin-Smith GK, Tixeira R, Paone S, Mathivanan S, Collins C, Liem M,
Goodall KJ, Ravichandran KS, Hulett MD, Poon IKH. A novel mechanism
of generating extracellular vesicles during apoptosis via a beads-on-a-
string membrane structure. Nat Commun. 2015;6:10.

Caruso S, Poon IKH. Apoptotic cell-derived extracellular vesicles: more
than just debris. Front Immunol. 2018;9:9.

Mentkowski K, Snitzer JD, Rusnak S, Lang JK. Therapeutic potential of
engineered extracellular vesicles. Aaps J. 2018;20:17.

Lane JD, Allan VJ, Woodman PG. Active relocation of chromatin and
endoplasmic reticulum into blebs in late apoptotic cells. J Cell Sci.
2005;118:4059-71.

Battistelli M, Falcieri E. Apoptotic bodies: particular extracellular vesicles
involved in intercellular communication. Biology-Basel. 2020;9:10.
Depraetere V. Eat me”signals of apoptotic bodies. Nat Cell Biol.
2000;2:E104-4.

Clancy JW, Sedgwick A, Rosse C, Muralidharan-ChariV, Raposo G,
Method M, Chavrier P. D'Souza-Schorey C: regulated delivery of
molecular cargo to invasive tumour-derived microvesicles. Nat Com-
mun. 2015;6:11.

Feng QY, Zhang CL, Lum D, Druso JE, Blank B, Wilson KF, Welm A, Anton-
yak MA, Cerione RA. A class of extracellular vesicles from breast cancer
cells activates VEGF receptors and tumour angiogenesis. Nat Commun.
2017,8:17.

Fontana F, Carollo E, Melling GE, Carter DRF. Extracellular vesicles:
emerging modulators of cancer drug resistance. Cancers. 2021;13:16.
Silachev DN, Goryunov KV, Shpilyuk MA, Beznoschenko OS, Morozova
NY, Kraevaya EE, Popkov VA, Pevzner IB, Zorova LD, Evtushenko EA, et al.
Effect of MSCs and MSC-Derived extracellular vesicles on human blood
coagulation. Cells. 2019;8:23.

Malda J, Boere J, van de Lest CHA, van Weeren PR, Wauben AHM. Extra-
cellular vesicles - new tool for joint repair and regeneration. Nat Rev
Rheumatol. 2016;12:243-9.

Wu WG, Song SJ, Zhang Y, Li X. Role of extracellular vesicles in autoim-
mune pathogenesis. Front Immunol. 2020;11:9.

AgrahariV, AgrahariV, Burnouf PA, Chew CH, Burnouf T. Extracellular
microvesicles as New Industrial Therapeutic Frontiers. Trends Biotech-
nol. 2019;37:707-29.

Xie F, Zhou XX, Fang MY, Li HY, Tu YF, Su P, Zhang L, Zhou FF. Extracellu-
lar vesicles in Cancer Immune Microenvironment and Cancer Immuno-
therapy. Adv Sci. 2019;6:18.

Herrmann IK, Wood MJA, Fuhrmann G. Extracellular vesicles as a next-
generation drug delivery platform. Nat Nanotechnol. 2021;16:748-59.
Pang BR, Zhu Y, Ni J, Thompson J, Malouf D, Bucci J, Graham P, Li Y.
Extracellular vesicles: the next generation of biomarkers for liquid
biopsy-based prostate cancer diagnosis. Theranostics. 2020;10:2309-26.
Yang DB, Zhang WH, Zhang HY, Zhang FQ, Chen LM, Ma LX, Larcher LM,
Chen SX, Liu N, Zhao QX, et al. Progress, opportunity, and perspective
on exosome isolation - efforts for efficient exosome-based theranostics.
Theranostics. 2020;10:3684-707.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Page 46 of 51

Taylor DD, Shah S. Methods of isolating extracellular vesicles impact
down-stream analyses of their cargoes. Methods. 2015;87:3-10.

Kurian TK, Banik S, Gopal D, Chakrabarti S, Mazumder N. Elucidating
methods for isolation and quantification of Exosomes: a review. Mol
Biotechnol. 2021;63:249-66.

Heras KL, Royo F, Garcia-Vallicrosa C, Igartua M, Santos-Vizcaino E,
Falcon-Perez JM, Hernandez RM. Extracellular vesicles from hair follicle-
derived mesenchymal stromal cells: isolation, characterization and
therapeutic potential for chronic wound healing. Stem Cell Res Ther.
2022;13:18.

Li QY, Wang YL, Xue YY, Qiao LA, Yu GP, Liu YS, Yu SN. Ultrasensitive
analysis of exosomes using a 3D self-assembled nanostructured SiO2
microfluidic chip. ACS Appl Mater Interfaces. 2022;14:14693-702.
Cvjetkovic A, Lotvall J, Lasser C. The influence of rotor type and centrifu-
gation time on the yield and purity of extracellular vesicles. J Extracell
vesicles. 2014. https://doi.org/10.3402/jev.v3.23111.

Zhang MD, Jin K, Gao L, Zhang ZK, Li F, Zhou FF, Zhang L. Methods
and technologies for exosome isolation and characterization. Small
Methods. 2018;2:10.

Nordin JZ, Lee Y, Vader P, Mager |, Johansson HJ, Heusermann W,
Wiklander OPB, Hallbrink M, Seow Y, Bultema JJ, et al. Ultrafiltration with
size-exclusion liquid chromatography for high yield isolation of extra-
cellular vesicles preserving intact biophysical and functional properties.
Nanomedicine-Nanotechnol Biol Med. 2015;11:879-83.

Chen JC, Li PL, Zhang TY, Xu ZP, Huang XW, Wang RM, Du LT. Review
on strategies and Technologies for Exosome isolation and purification.
Front Bioeng Biotechnol. 2022;9:18.

Alzhrani GN, Alanazi ST, Alsharif SY, Albalawi AM, Alsharif AA, Abdel-
Maksoud MS, Elsherbiny N. Exosomes: isolation, characterization, and
biomedical applications. Cell Biol Int. 2021;45:1807-31.

Arab T, Raffo-Romero A, Van Camp C, Lemaire Q, Le Marrec-Croq F,
Drago F, Aboulouard S, Slomianny C, Lacoste AS, Guigon |, et al. Prot-
eomic characterisation of leech microglia extracellular vesicles (EVs):
comparison between differential ultracentrifugation and optiprep (TM)
density gradient isolation. J Extracell Vesicles. 2019;8:18.

Iwai K, Minamisawa T, Suga K, Yajima Y, Shiba K. Isolation of human
salivary extracellular vesicles by iodixanol density gradient ultracentrifu-
gation and their characterizations. J Extracell Vesicles. 2016;5:17.
Sidhom K, Obi PO, Saleem A. A review of exosomal isolation meth-
ods: is size exclusion chromatography the best option? Int J Mol Sci.
2020;21:19.

Monguio-Tortajada M, Moron-Font M, Gamez-Valero A, Carreras-Planella
L, Borras FE, Franquesa M. Extracellular-vesicle isolation from different
biological fluids by size-exclusion chromatography. Curr Protoc Stem
Cell Biol. 2019;49:82.

Foers AD, Chatfield S, Dagley LF, Scicluna BJ, Webb Al, Cheng L, Hill

AF, Wicks IP, Pang KC. Enrichment of extracellular vesicles from human
synovial fluid using size exclusion chromatography. J Extracell Vesicles.
2018;7:13.

Karimi N, Cvjetkovic A, Jang SC, Crescitelli R, Feizi MAH, Nieuwland

R, Lotvall J, Lasser C. Detailed analysis of the plasma extracellular
vesicle proteome after separation from lipoproteins. Cell Mol Life Sci.
2018;75:2873-86.

Guan S, Yu HL, Yan GQ, Gao MX, Sun WB, Zhang XM. Characterization
of urinary exosomes purified with size exclusion chromatography and
ultracentrifugation. J Proteome Res. 2020;19:2217-25.

Saad MG, Beyenal H, Dong WJ. Exosomes as powerful engines in can-
cer: isolation, characterization and detection techniques. Biosensors-
Basel. 2021;11:37.

Zhang Y, Bi JY, Huang JY, Tang YN, Du SY, Li PY. Exosome: a review of its
classification, isolation techniques, Storage, Diagnostic and targeted
therapy applications. Int J Nanomed. 2020;15:6917-34.

Paterna A, Rao ESL, Adamo G, Raccosta S, Picciotto S, Romancino D,
Noto R, Touzet N, Bongiovanni A, Manno M. Isolation of extracellular
vesicles from microalgae: a renewable and scalable bioprocess. Front
Bioeng Biotechnol. 2022;10:12.

Busatto S, Vilanilam G, Ticer T, Lin WL, Dickson DW, Shapiro S, Bergese P,
Wolfram J. Tangential flow filtration for highly efficient concentration of
extracellular vesicles from large volumes of fluid. Cells. 2018;7:11.

He LQ, Zhu D, Wang JP, Wu XY. A highly efficient method for isolating
urinary exosomes. Int J Mol Med. 2019;43:83-90.


https://doi.org/10.3402/jev.v3.23111

Du et al. Journal of Nanobiotechnology

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

(2023) 21:231

Parimon T, Garrett NE, Chen P, Antes TJ. Isolation of extracellular vesicles
from murine bronchoalveolar lavage fluid using an ultrafiltration
centrifugation technique. Jove-J Vis Exp. 2018. https://doi.org/10.3791/
58310.

Cardoso RMS, Rodrigues SC, Gomes CF, Duarte FV, Romao M, Leal EC,
Freire PC, Neves R, Simoes-Correia J. Development of an optimized

and scalable method for isolation of umbilical cord blood-derived
small extracellular vesicles for future clinical use. Stem Cells Trans| Med.
2021;10:910-21.

Zhang HY, Lyden D. Asymmetric-flow field-flow fractionation technol-
ogy for exomere and small extracellular vesicle separation and charac-
terization. Nat Protoc. 2019;14:1027-53.

Zhang P, Yeo JC, Lim CT. Advances in technologies for purification and
enrichment of extracellular vesicles. Slas Technol. 2019;24:477-88.

Wu BW, Chen XL, Wang JF, Qing XQ, Wang ZP, Ding X, Xie ZS, Niu LL,
Guo XJ, Cai TX, et al. Separation and characterization of extracellular
vesicles from human plasma by asymmetrical flow field-flow fractiona-
tion. Anal Chim Acta. 2020;1127:234-45.

Kang DJ, Oh S, Ahn SM, Lee BH, Moon MH. Proteomic analysis of
exosomes from human neural stem cells by flow field-flow fractiona-
tion and nanoflow liquid chromatography-tandem mass spectrometry.
J Proteome Res. 2008;7:3475-80.

Yang JS, Lee JC, Byeon SK, Rha KH, Moon MH. Size dependent lipidomic
analysis of urinary exosomes from patients with prostate cancer by flow
field-flow fractionation and nanoflow liquid chromatography-tandem
mass spectrometry. Anal Chem. 2017;89:2488-96.

Martins TS, Catita J, Rosa IM, Silva O, Henriques AG. Exosome isola-

tion from distinct biofluids using precipitation and column-based
approaches. PLoS ONE. 2018;13:16.

Ludwig AK, De Miroschedji K, Doeppner TR, Borger V, Ruesing J,
RebmannV, Durst S, Jansen S, Bremer M, Behrmann E, et al. Precipita-
tion with polyethylene glycol followed by washing and pelleting by
ultracentrifugation enriches extracellular vesicles from tissue culture
supernatants in small and large scales. J Extracell Vesicles. 2018;7:20.
Martinez-Greene JA, Hernandez-Ortega K, Quiroz-Baez R, Resendis-
Antonio O, Pichardo-Casas |, Sinclair DA, Budnik B, Hidalgo-Miranda A,
Uribe-Querol E, Ramos-Godinez MD, Martinez-Martinez E. Quantitative
proteomic analysis of extracellular vesicle subgroups isolated by an
optimized method combining polymer-based precipitation and size
exclusion chromatography. J Extracell Vesicles. 2021;10:20.

Karttunen J, Heiskanen M, Navarro-Ferrandis V, Das Gupta S, Lipponen
A, Puhakka N, Rilla K, Koistinen A, Pitkanen A. Precipitation-based
extracellular vesicle isolation from rat plasma co-precipitate vesicle-free
microRNAs. J Extracell Vesicles. 2019;8:10.

Garcia-Romero N, Madurga R, Rackov G, Palacin-Aliana |, Nunez-Torres
R, Asensi-Puig A, Carrion-Navarro J, Esteban-Rubio S, Peinado H,
Gonzalez-Neira A, et al. Polyethylene glycol improves current methods
for circulating extracellular vesicle-derived DNA isolation. J Translational
Med. 2019;17:11.

Deregibus MC, Figliolini F, D’Antico S, Manzini PM, Pasquino C, De Lena
M, Tetta C, Brizzi MF, Camussi G. Charge-based precipitation of extracel-
lular vesicles. Int J Mol Med. 2016;38:1359-66.

Tan XH, Fang D, Xu YD, Nan TG, Song WP, Gu YY, Gu SJ, Yuan YM, Xin

ZC, Zhou LQ, et al. Skimmed bovine milk-derived extracellular vesicles
isolated via “Salting-Out": characterizations and potential functions as
Nanocarriers. Front Nutr. 2021;8:15.

Zhou SS, Hu T, Zhang F, Tang DZ, Li DK, Cao J, Wei W, Wu YF, Liu SQ.
Integrated Microfluidic device for Accurate Extracellular Vesicle quantifi-
cation and protein markers analysis directly from human whole blood.
Anal Chem. 2020;92:1574-81.

ChenYS, Chen C, Lai CPK, Lee GB. Isolation and digital counting of
extracellular vesicles from blood via membrane-integrated microfluid-
ics. Sens Actuators B. 2022;358:131473-3.

Gwak H, Park S, Yu H, Hyun KA, Jung HI. A modular microfluidic platform
for serial enrichment and harvest of pure extracellular vesicles. Analyst.
2022,147:1117-27.

Han BH, Kim S, Seo G, Heo Y, Chung S, Kang JY. Isolation of extracellular
vesicles from small volumes of plasma using a microfluidic aqueous
two-phase system. Lab Chip. 2020;20:3552-9.

Sun N, Tran BV, Peng ZS, Wang J, Zhang C, Yang P, Zhang TX, Widjaja

J, Zhang RY, Xia WX, et al. Coupling lipid labeling and click chemistry

101.

102.

103.

104.

105.

108.

109.

113.

114.

115.

116.

117.

Page 47 of 51

enables isolation of extracellular vesicles for noninvasive detection of
oncogenic gene alterations. Adv Sci. 2022;9:12.

Cheng J, Zhu NH, Zhang YJ, Yu Y, Kang K, Yi QY, Wu Y. Hedgehog-
inspired immunomagnetic beads for high-efficient capture and release
of exosomes. J Mater Chem B. 2022;10:4059-69.

Yang KG, Jia MQ, Cheddah S, Zhang ZY, Wang WW, Li XY, Wang Y, Yan C.
Peptide ligand-SiO2 microspheres with specific affinity for phosphati-
dylserine as a new strategy to isolate exosomes and application in prot-
eomics to differentiate hepatic cancer. Bioactive Mater. 2022;15:343-54.
Brambilla D, Sola L, Ferretti AM, Chiodi E, Zarovni N, Fortunato D, Criscu-
oli M, DoloV, Giusti |, Murdica V, et al. EV separation: release of intact
extracellular vesicles immunocaptured on magnetic particles. Anal
Chem. 2021,93:5476-83.

Dao TNT, Kim MG, Koo B, Liu HF, Jang YO, Lee HJ, Kim Y, Park YY, Kim HS,
Kim CS, Shin'Y. Chimeric nanocomposites for the rapid and simple isola-
tion of urinary extracellular vesicles. J Extracell Vesicles. 2022;11:20.

Cho S, JoW, Heo Y, Kang JY, Kwak R, Park J. Isolation of extracellular vesi-
cle from blood plasma using electrophoretic migration through porous
membrane. Sens Actuators B-Chemical. 2016;233:289-97.

Zhang Y, Deng Z, Lou DD, Wang Y, Wang R, Hu R, Zhang X, Zhu QF,
Chen YC, Liu F. High-efficiency separation of Extracellular vesicles from
lipoproteins in plasma by Agarose Gel Electrophoresis. Anal Chem.
2020;92:7493-9.

Seo N, Nakamura J, Kaneda T, Tateno H, Shimoda A, Ichiki T, Furukawa K,
Hirabayashi J, Akiyoshi K, Shiku H. Distinguishing functional exosomes
and other extracellular vesicles as a nucleic acid cargo by the anion-
exchange method. J Extracell Vesicles. 2022;11:18.

Walker S, Busatto S, Pham A, Tian M, Suh A, Carson K, Quintero A,
Lafrence M, Malik H, Santana MX, Wolfram J. Extracellular vesicle-

based drug delivery systems for cancer treatment. Theranostics.
2019;9:8001-17.

Xi XM, Chen M, Xia SJ, Lu R. Drug loading techniques for exosome-
based drug delivery systems. Pharmazie. 2021;76:61-7.

Xu C, Zhai ZJ,Ying H, Lu L, Zhang J, Zeng YM. Curcumin primed
ADMSCs derived small extracellular vesicle exert enhanced protective
effects on osteoarthritis by inhibiting oxidative stress and chondrocyte
apoptosis. J Nanobiotechnol. 2022,20:16.

Kim S, Kang JH, Cao TGN, Kang SJ, Jeong K, Kang HC, Kwon YJ, Rhee WJ,
Ko YT, Shim MS. Extracellular vesicles with high dual drug loading for
safe and efficient combination chemo-phototherapy. Biomaterials Sci.
2022;10:2817-30.

Kim JK, Youn YJ, Lee YB, Kim SH, Song DK, Shin M, Jin HK, Bae JS,
Shrestha S, Hong CW. Extracellular vesicles from dHL-60 cells as delivery
vehicles for diverse therapeutics. Sci Rep. 2021;11:11.

Qiu YL, Sun JM, Qiu JP, Chen GL, Wang X, Mu YX, Li KS, Wang WJ. Antitu-
mor Activity of Cabazitaxel and MSC-TRAIL Derived Extracellular vesicles
in drug-resistant oral squamous cell carcinoma. Cancer Manage Res.
2020;12:10809-20.

Yang Z,Yang Y, Xu YC, Jiang WQ, Shao Y, Xing JH, Chen YB, Han Y.
Biomimetic nerve guidance conduit containing engineered exosomes
of adipose-derived stem cells promotes peripheral nerve regeneration.
Stem Cell Res Ther. 2021;12:14.

Yuana Y, Balachandran B, van der Wurff-Jacobs KMG, Schiffelers RM,
Moonen CT. Potential use of extracellular vesicles generated by
microbubble-assisted ultrasound as drug nanocarriers for cancer treat-
ment. Int J Mol Sci. 2020,21:3024.

Zeng WP, Wen ZB, Chen HL, Duan YY. Exosomes as carriers for drug
delivery in Cancer Therapy. Pharm Res. 2023;40:873-87.
Jorquera-Cordero C, Lara P, Cruz LJ, Schomann T, van Hofslot A, de
Carvalho TG, Guedes PMDM, Creemers L, Koning RI, Chan AB, de Araujo
Junior RF. Extracellular vesicles from M1-Polarized macrophages com-
bined with hyaluronic acid and a beta-blocker potentiate doxorubicin’s
antitumor activity by downregulating tumor-associated macrophages
in breast cancer. Pharmaceutics. 2022. https://doi.org/10.3390/pharm
aceutics14051068.

Gong CA, Tian J, Wang Z, Gao Y, Wu X, Ding XY, Qiang L, Li GR, Han ZM,
Yuan YF, Gao S. Functional exosome-mediated co-delivery of doxoru-
bicin and hydrophobically modified microRNA 159 for triple-negative
breast cancer therapy. J Nanobiotechnol. 2019;17:18.

Li HZ, Xu W, Li F, Zeng R, Zhang XM, Wang XW, Zhao SJ, Weng J,

Li Z, Sun LP. Amplification of anticancer efficacy by co-delivery of


https://doi.org/10.3791/58310
https://doi.org/10.3791/58310
https://doi.org/10.3390/pharmaceutics14051068
https://doi.org/10.3390/pharmaceutics14051068

Du et al. Journal of Nanobiotechnology

120.

121.

122.

123.

124.

125.

126.

127.

129.

130.

132.

133.

136.

137.

138.

139.

(2023) 21:231

doxorubicin and lonidamine with extracellular vesicles. Drug Delivery.
2022;29:192-202.

Haney MJ, Zhao YL, Jin YS, Li SM, Bago JR, Klyachko NL, Kabanov AV,
Batrakova EV. Macrophage-derived extracellular vesicles as drug
delivery systems for triple negative breast cancer (TNBC) therapy. J
Neuroimmune Pharmacol. 2020;15:487-500.

Ayed Z, Cuvillier L, Dobhal G, Goreham RV. Electroporation of outer
membrane vesicles derived from Pseudomonas aeruginosa with gold
nanoparticles. Sn Appl Sci. 2019;1:9.

Zhu SQ, Huang HY, Liu D, Wen SM, Shen LL, Lin QK. Augmented cellular
uptake and homologous targeting of exosome-based drug loaded IOL
for posterior capsular opacification prevention and biosafety improve-
ment. Bioactive Mater. 2022;15:469-81.

Li BY, Chen X, Qiu W, Zhao RR, Duan JZ, Zhang SJ, Pan ZW, Zhao SL,
Guo QD, Qi YH, et al. Synchronous disintegration of ferroptosis defense
axis via engineered exosome-conjugated magnetic nanoparticles for
glioblastoma therapy. Adv Sci. 2022;9:13.

Tsai HI, Wu YY, Liu XY, Xu ZX, Liu LS, Wang CX, Zhang HX, Huang YS,
Wang LL, Zhang WX, et al. Engineered Small Extracellular vesicles as

a FGL1/PD-L1 dual-targeting delivery system for alleviating Immune
rejection. Adv Sci. 2022;9:13.

Tian R, Wang ZS, Niu RF, Wang HJ, Guan WJ, Chang J. Tumor exosome
mimicking nanoparticles for tumor combinatorial chemo-photother-
mal therapy. Front Bioeng Biotechnol. 2020;8:11.

Peng H, LiY, JiWH, Zhao RC, Lu ZG, Shen J, Wu YY, Wang JZ, Hao QL,
Wang JW, et al. Intranasal administration of self-oriented nanocarriers
based on therapeutic exosomes for synergistic treatment of Parkinson'’s
disease. ACS Nano. 2022;16:869-84.

Yuan AR, Ruan L, Jia RD, Wang XF, Wu L, Cao J, Qi XY, Wei Y, Shen S.
Tumor exosome-mimicking iron oxide nanoparticles for near infrared-
responsive drug delivery. Acs Appl Nano Mater. 2022;5:996-1002.
Kimiz-Gebologlu |, Oncel SS. Exosomes: large-scale production,
isolation, drug loading efficiency, and biodistribution and uptake. J
Controlled Release. 2022;347:533-43.

Guo YH, Hu GW, Xia YG, Li HY, Yuan J, Zhang JT, Chen Y, Guo H, Yang

YL, Wang Y, Deng ZF. Eliminating the original cargos of glioblastoma
cell-derived small extracellular vesicles for efficient drug delivery to

glioblastoma with improved biosafety. Bioactive Mater. 2022;16:204-17.

Cao TGN, Kang JH, Kim W, Lim J, Kang SJ, You JY, Hoang QT, Kim WJ,
Rhee WJ, Kim C, et al. Engineered extracellular vesicle-based sono-
theranostics for dual stimuli-sensitive drug release and photoacoustic
imaging-guided chemo-sonodynamic cancer therapy. Theranostics.
2022;12:1247-66.

Cao TGN, Kang JH, You JY, Kang HC, Rhee WJ, Ko YT, Shim MS. Safe

and targeted Sonodynamic Cancer Therapy using Biocompatible
Exosome-Based nanosonosensitizers. ACS Appl Mater Interfaces.
2021;13:25575-88.

Thakur A, Sidu RK, Zou H, Alam MK, Yang MS, Lee YJ. Inhibition of
glioma cells'proliferation by doxorubicin-loaded exosomes via micro-
fluidics. Int J Nanomed. 2020;15:8331-43.

Wang ZY, Rich J, Hao NJ, Gu YY, Chen CY, Yang SJ, Zhang PR, Huang TJ.
Acoustofluidics for simultaneous nanoparticle-based drug loading and
exosome encapsulation. Microsyst Nanoeng. 2022;8:11.

Jiang YY, Li JD, Xue X, Yin ZF, Xu K, Su JC. Engineered extracellular vesi-
cles for bone therapy. Nano Today. 2022;44:23.

Malekian F, Shamsian A, Kodam SP, Ullah M. Exosome engineering for
efficient and targeted drug delivery: current status and future perspec-
tive. J Physiol. 2022. https://doi.org/10.1113/JP282799.

Xu M, Feng T, Liu BW, Qiu F, Xu YH, Zhao YH, Zheng Y. Engineered
exosomes: desirable target-tracking characteristics for cerebro-
vascular and neurodegenerative disease therapies. Theranostics.
2021;11:8926-44.

Kwon S, Shin S, Do M, Oh BH, Song Y, Bui VD, Lee ES, Jo DG, Cho YW,
Kim DH, Park JH. Engineering approaches for effective therapeutic
applications based on extracellular vesicles. J Controlled Release.
2021;330:15-30.

Kim HY, Kwon S, Um W, Shin S, Kim CH, Park JH, Kim BS. Functional
extracellular vesicles for regenerative medicine. Small. 2022;18:25.

Xu SY, Liu B, Fan JY, Xue CL, Lu, Li C, Cui DX. Engineered mesenchymal
stem cell-derived exosomes with high CXCR4 levels for targeted siRNA
gene therapy against cancer. Nanoscale. 2022;14:4098-113.

140.

141.

142.

143.

146.

147.

148.

149.

150.

151

152.

153.

159.

Page 48 of 51

Zhai X, Chen K, Yang H, Li B, Zhou TJK, Wang HJ, Zhou HP, Chen SF, Zhou
XY, Wei XZ, et al. Extracellular vesicles derived from CD73 modified
human umbilical cord mesenchymal stem cells ameliorate inflamma-
tion after spinal cord injury. J Nanobiotechnol. 2021;19:20.

Zhu QQ Tang SL, Zhu YW, Chen D, Huang JLY, Lin JY. Exosomes Derived
from CTF1-Modified bone marrow stem cells promote endometrial
regeneration and restore fertility. Front Bioeng Biotechnol. 2022;10:13.
Zhang J,Yao TT, Wang YX, Yu J, Liu YY, Lin ZQ. Long noncoding RNA
MEGS3 is downregulated in cervical cancer and affects cell proliferation
and apoptosis by regulating miR-21. Cancer Biol Ther. 2016;17:104-13.
Huang X, Wu W, Jing DD, Yang LK, Guo HY, Wang LT, Zhang WY, Pu FF,
Shao ZW. Engineered exosome as targeted INcRNA MEG3 delivery vehi-
cles for osteosarcoma therapy. J Controlled Release. 2022;343:107-17.
Huang JH, Yu MY, Yin WJ, Liang B, Li A, Li JF, Li XL, Zhao SC, Liu F.
Development of a novel RNAJ therapy: Engineered miR-31 exosomes
promoted the healing of diabetic wounds. Bioactive Mater.
2021;6:2841-53.

Zhao ZX, Shuang T, Gao Y, Lu F, Zhang JB, He W, Qu LJ, Chen BL, Hao
Q. Targeted delivery of exosomal miR-484 reprograms tumor vascula-
ture for chemotherapy sensitization. Cancer Lett. 2022;530:45-58.
Fan XY, Li J, Chen PR. Bioorthogonal chemistry in living animals. Natl
Sci Rev. 2017;4:300-2.

Wang M, Altinoglu S, Takeda YS, Xu QB. Integrating protein engineer-
ing and bioorthogonal click conjugation for extracellular vesicle
modulation and intracellular delivery. PLoS ONE. 2015;10:12.

Song S, Shim MK, Lim S, Moon Y, Yang S, Kim J, Hong Y, Yoon HY, Kim
IS, Hwang KY, Kim K. In situ one-step fluorescence labeling strategy
of exosomes via bioorthogonal click chemistry for real-time exosome
tracking in vitro and in vivo. Bioconjug Chem. 2020;31:1562-74.

Tian T, Zhang HX, He CP, Fan S, Zhu YL, Qi C, Huang NP, Xiao ZD, Lu
ZH, Tannous BA, Gao J. Surface functionalized exosomes as targeted
drug delivery vehicles for cerebral ischemia therapy. Biomaterials.
2018;150:137-49.

Xu LZ, Farugqu FN, Liam-or R, Abu Abed O, Li DY, Venner K, Errington
RJ, Summers H, Wang J, Al-Jamal KT. Design of experiment (DoE)-
driven in vitro and in vivo uptake studies of exosomes for pancreatic
cancer delivery enabled by copper-free click chemistry-based label-
ling. J Extracell Vesicles. 2020;9:19.

Zheng D, Ruan H, Chen W, Zhang Y, Cui W, Chen H, Shen H. Advances
in extracellular vesicle functionalization strategies for tissue regen-
eration. Bioactive Mater. 2022. https://doi.org/10.1016/j.bioactmat.
2022.07.022.

Rayamajhi S, Aryal S. Surface functionalization strategies of extracel-
lular vesicles. J Mater Chem B. 2020;8:4552-69.

Zhou X, Miao YQ, Wang Y, He SF, Guo LM, Mao JS, Chen MS, Yang YT,
Zhang XX, Gan Y. Tumour-derived extracellular vesicle membrane
hybrid lipid nanovesicles enhance siRNA delivery by tumour-
homing and intracellular freeway transportation. J Extracell Vesicles.
2022;11:16.

Ishikawa R, Yoshida S, Sawada S, Sasaki Y, Akiyoshi K. Develop-

ment and single-particle analysis of hybrid extracellular vesicles

fused with liposomes using viral fusogenic proteins. Febs Open Bio.
2022;12:1178-87.

Li LX, He D, Guo QQ, Zhang ZY, Ru D, Wang LT, Gong K, Liu FF, Duan

YR, Li H. Exosome-liposome hybrid nanoparticle codelivery of TP and
miR497 conspicuously overcomes chemoresistant ovarian cancer. J
Nanobiotechnol. 2022;20:22.

Sun LN, Fan MR, Huang D, Li BQ, Xu RT, Gao F, Chen YZ. Clodronate-
loaded liposomal and fibroblast-derived exosomal hybrid system

for enhanced drug delivery to pulmonary fibrosis. Biomaterials.
2021;271:14.

Cheng LL, Zhang XG, Tang JJ, Lv QJ, Liu J. Gene-engineered exosomes-
thermosensitive liposomes hybrid nanovesicles by the blockade of
CD47 signal for combined photothermal therapy and cancer immuno-
therapy. Biomaterials. 2021;275:15.

Piffoux M, Silva AKA, Wilhelm C, Gazeau F, Tareste D. Modification of
Extracellular vesicles by Fusion with Liposomes for the design of Per-
sonalized Biogenic Drug Delivery Systems. ACS Nano. 2018;12:6830-42.
Rayamajhi S, Nguyen TDT, Marasini R, Aryal S. Macrophage-derived
exosome-mimetic hybrid vesicles for tumor targeted drug delivery.
Acta Biomater. 2019;94:482-94.


https://doi.org/10.1113/JP282799
https://doi.org/10.1016/j.bioactmat.2022.07.022
https://doi.org/10.1016/j.bioactmat.2022.07.022

Du et al. Journal of Nanobiotechnology

160.

162.

163.

164.

165.

166.

169.

170.

171.

172.

173.

174.

177.

(2023) 21:231

Tamura R, Uemoto S, Tabata Y. Augmented liver targeting of exosomes
by surface modification with cationized pullulan. Acta Biomater.
2017,57:274-84.

Hu SQ, Wang XY, Li ZH, Zhu DS, Cores J, Wang ZZ, Li JL, Mei X, Cheng

X, SuT, Cheng K. Platelet membrane and stem cell exosome hybrids
enhance cellular uptake and targeting to heart injury. Nano Today.
2021;39:12.

Li QY, Song YN, Wang QZ, Chen J, Gao JF, Tan HP, Li S, Wu Y, Yang

HB, Huang HW, et al. Engineering extracellular vesicles with platelet
membranes fusion enhanced targeted therapeutic angiogenesis in

a mouse model of myocardial ischemia reperfusion. Theranostics.
2021;11:3916-31.

Man K, Brunet MY, Jones MC, Cox SC. Engineered Extracellular vesicles:
tailored-made nanomaterials for medical applications. Nanomaterials.
2020;10:30.

Liang SF, Zuo FF, Yin BC, Ye BC. Delivery of siRNA based on engineered
exosomes for glioblastoma therapy by targeting STAT3. Biomaterials Sci.
2022;10:1582-90.

Ruan H, LiY,Wang C, Jiang Y, Han Y, Li Y, Zheng D, Ye J, Chen G, Yang G-y,
et al. Click chemistry extracellular vesicle/peptide/chemokine nanocar-
riers for treating central nervous system injuries. Acta Pharm Sinica B.
2022. https://doi.org/10.1016/j.apsb.2022.06.007.

Fan B, Yang S, Wang YY, Zhang C, Yang JP, Wang LQ, Lv ZQ, Shi XF, Fan
ZZ,Yang JK. Indocyanine green-loaded exosomes for image-guided
glioma nano-therapy. J Exp Nanosci. 2022;17:187-96.

Wu Q, Fu XL, Li X, Li J, Han WJ, Wang YJ. Modification of adipose
mesenchymal stem cells-derived small extracellular vesicles with fibrin-
targeting peptide CREKA for enhanced bone repair. Bioactive Mater.
2023;20:208-20.

Rehman FU, LiuY, Yang Q, Yang H, Liu R, Zhang D, Muhammad P, Liu

Y, Hanif S, Ismail M, et al. Heme Oxygenase-1 targeting exosomes for
temozolomide resistant glioblastoma synergistic therapy. J Control
Release. 2022;345:696-708.

Wang CY, Kimura K, Li JC, Richardson JJ, Naito M, Miyata K, Ichiki T, Ejima
H. Polydopamine-mediated surface functionalization of exosomes.
Chemnanomat. 2021;7:592-5.

CuiYZ, Guo YY, Kong L, Shi JY, Liu P, Li R, Geng YT, Gao WH, Zhang ZP, Fu
DH. A bone-targeted engineered exosome platform delivering siRNA to
treat osteoporosis. Bioactive Mater. 2022;10:207-21.

Chen CX, Sun MD, Liu X, Wu WJ, Su LY, Li YM, Liu G, Yan XM. General and
mild modification of food-derived extracellular vesicles for enhanced
cell targeting. Nanoscale. 2021;13:3061-9.

Bernardi S, Balbi C. Extracellular vesicles: from biomarkers to therapeutic
tools. Biology-Basel. 2020;9:6.

Ke CH, Hou H, Su K, Huang CH, Yuan Q, Li SY, Sun JW, Lin Y, Wu CB, Zhao
Y, Yuan ZQ. Extracellular vesicle-mediated co-delivery of TRAIL and
dinaciclib for targeted therapy of resistant tumors. Biomaterials Sci.
2022;10:1498-514.

LiuY, Luo JS, Chen XJ, Liu W, Chen TK. Cell membrane coating technol-
ogy: a promising strategy for biomedical applications. Nano-Micro Lett.
2019;11:46.

Riley RS, June CH, Langer R, Mitchell MJ. Delivery technologies for
cancer immunotherapy. Nat Rev Drug Discovery. 2019;18:175-96.

Nie WD, Wu GH, Zhang JF, Huang LL, Ding JJ, Jiang AQ, Zhang YH, Liu
YH, Li JC, Pu KY, Xie HY. Responsive exosome nano-bioconjugates for
synergistic cancer therapy. Angew Chem Int Ed. 2020;59:2018-22.
Zhang JH, Ji C, Zhang HB, Shi H, Mao F, Qian H, Xu WR, Wang DQ, Pan
JM, Fang XJ, et al. Engineered neutrophil-derived exosome-like vesicles
for targeted cancer therapy. Sci Adv. 2022;8:13.

Zhang MJ, Shao WX, Yang TR, Liu HL, Guo S, Zhao DY, Weng YH, Liang
XJ, Huang YY. Conscription of Immune cells by light-activatable silenc-
ing NK-Derived Exosome (LASNEO) for synergetic tumor eradication.
Adv Sci. 2022;9:15.

Zhou WX, Zhou Y, Chen XL, Ning TT, Chen HY, Guo Q, Zhang YW, Liu PX,
Zhang YJ, Li C, et al. Pancreatic cancer-targeting exosomes for enhanc-
ing immunotherapy and reprogramming tumor microenvironment.
Biomaterials. 2021;268:12.

Ortiz-Bonilla CJ, Uccello TP, Gerber SA, Lord EM, Messing EM, Lee YF.
Bladder cancer extracellular vesicles elicit a CD8 T cell-mediated antitu-
mor immunity. Int J Mol Sci. 2022;23:15.

181.

182.

184.

186.

187.

188.

189.

190.

193.

195.

197.

199.

Page 49 of 51

Wang RN, Liang QF, Zhang XR, Di ZN, Wang XH, Di LQ. Tumor-derived
exosomes reversing TMZ resistance by synergistic drug delivery for
glioma-targeting treatment. Colloids Surf B Biointerfaces. 2022;215:11.
Wang J, Tang W, Yang M, Yin Y, Li H, Hu FF, Tang L, Ma XY, Zhang Y, Wang
YZ. Inflammatory tumor microenvironment responsive neutrophil
exosomes-based drug delivery system for targeted glioma therapy.
Biomaterials. 2021,273:12.

Ge RF, Cao J, Chi JN, Han SC, Liang Y, Xu LS, Liang MT, Sun Y. NIR-guided
dendritic nanoplatform for improving antitumor efficacy by combining
chemo-phototherapy. Int J Nanomed. 2019;14:4931-47.

MaYY, Zhang YQ, Han R, LiY, Zhai YW, Qian ZY, Gu YQ, Li SW. A cascade
synergetic strategy induced by photothermal effect based on platelet
exosome nanoparticles for tumor therapy. Biomaterials. 2022,282:13.
Liu J,Yi KZ, Zhang Q, Xu H, Zhang XG, He D, Wang FB, Xiao XH. Strong
Penetration-Induced Effective Photothermal therapy by exosome-
mediated black Phosphorus Quantum Dots. Small. 2021;17:9.

Zhu DM, Zhang TF, Li'Y, Huang CY, Suo M, Xia LG, Xu YH, Li GX, Tang BZ.
Tumor-derived exosomes co-delivering aggregation-induced emission
luminogens and proton pump inhibitors for tumor glutamine starva-
tion therapy and enhanced type-I photodynamic therapy. Biomaterials.
2022;283:8.

Du JB,Wan Z,Wang C, Lu F, Wei MY, Wang DS, Hao Q. Designer
exosomes for targeted and efficient ferroptosis induction in cancer via
chemo-photodynamic therapy. Theranostics. 2021;11:8185-96.

Bose RJC, Kumar US, Garcia-Marques F, Zeng YT, Habte F, McCarthy JR,
Pitteri S, Massoud TF, Paulmurugan R. Engineered cell-derived vesicles
displaying targeting peptide and functionalized with nanocarriers for
therapeutic microRNA delivery to triple-negative breast cancer in mice.
Adv Healthc Mater. 2022;11:13.

Tao HY, Xu HL, Zuo L, Li C, Qiao G, Guo MY, Zheng LH, Leitgeb M, Lin XK.
Exosomes-coated bcl-2 siRNA inhibits the growth of digestive system
tumors both in vitro and in vivo. Int J Biol Macromol. 2020;161:470-80.
Yuan L, Liu YQ, Qu YH, Liu L, Li HX. Exosomes derived from Micro-
RNA-148b-3p-Overexpressing human umbilical cord mesenchymal
stem cells restrain breast Cancer progression. Front Oncol. 2019,9:14.
Wang XJ, Ding H, Li ZY, Peng YN, Tan H, Wang CL, Huang GD, Li WP, Ma
GH, Wei W. Exploration and functionalization of M1-macrophage extra-
cellular vesicles for effective accumulation in glioblastoma and strong
synergistic therapeutic effects. Signal Transduct Target Ther. 2022;7:16.
Huang HQ, Shao LL, Chen Y, Tang L, Liu TQ, Li JX, Zhu HY. Synergistic
strategy with hyperthermia therapy based immunotherapy and
engineered exosomes-liposomes targeted chemotherapy prevents
tumor recurrence and metastasis in advanced breast cancer. Bioeng
Translational Med. 2022;7:18.

Pan SJ, Zhang YH, Huang M, Deng ZF, Zhang A, Pei LJ, Wang LR, Zhao
WY, Ma LJ, Zhang Q, Cui DX. Urinary exosomes-based engineered
nanovectors for homologously targeted chemo-chemodynamic
prostate cancer therapy via abrogating EGFR/AKT/NF-kB/IkB signaling.
Biomaterials. 2021,275:13.

Wang XW, Zhang YM, Mu XF, Tu CR, Chung Y, Tsao SW, Chan GCF, Leung
WH, Lau YL, Liu YP, Tu WW. Exosomes derived from gamma delta-T cells
synergize with radiotherapy and preserve antitumor activities against
nasopharyngeal carcinoma in immunosuppressive microenvironment.
JImmunother Cancer. 2022;10:15.

Chen K, SiYN, Guan JS, Zhou ZX, Kim S, Kim T, Shan L, Willey CD, Zhou
LF, Liu XG. Targeted extracellular vesicles delivered Verrucarin A to treat
Glioblastoma. Biomedicines. 2022;10:15.

Yang ZM, Li YY, Wang ZH. Recent advances in the application of mesen-
chymal stem cell-derived exosomes for cardiovascular and neurode-
generative disease therapies. Pharmaceutics. 2022;14:18.

Ferrantelli F, Chiozzini C, Leone P, Manfredi F, Federico M. Engineered
extracellular vesicles/exosomes as a new tool against neurodegenera-
tive diseases. Pharmaceutics. 2020;12:17.

Salarpour S, Barani M, Pardakhty A, Khatami M, Chauhan NPS. The
application of exosomes and exosome-nanoparticle in treating brain
disorders. J Mol Lig. 2022;350:15.

Cheng GW, Liu YJ, Ma R, Cheng GP, Guan YC, Chen XJ, Wu ZF, Chen

TK. Anti-parkinsonian therapy: strategies for crossing the blood-brain
barrier and nano-biological effects of nanomaterials. Nano-Micro Lett.
2022;14:49.


https://doi.org/10.1016/j.apsb.2022.06.007

Du et al. Journal of Nanobiotechnology

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

216.

217.

(2023) 21:231

Zhao YL, Haney MJ, Fallon JK, Rodriguez M, Swain CJ, Arzt CJ, Smith

PC, Loop MS, Harrison EB, El-Hage N, Batrakova EV. Using extracellular
vesicles released by GDNF-Transfected macrophages for therapy of
Parkinson disease. Cells. 2022;11:21.

Wang Q, LiT, Yang JY, Zhao ZA, Tan KY, Tang SW, Wan MM, Mao C.
Engineered exosomes with independent module/cascading function
for therapy of parkinson’s disease by multistep targeting and multistage
intervention method. Adv Mater. 2022;34:14.

Wang YL, Pang JY, Wang QY, Yan LC, Wang LT, Xing Z, Wang CM, Zhang
JF, Dong L. Delivering antisense oligonucleotides across the blood-
brain barrier by Tumor Cell-Derived Small apoptotic bodies. Adv Sci.
2021;8:13.

Xue CL, Li XC, Ba L, Zhang MJ, Yang Y, Gao Y, Sun Z, Han Q, Zhao RCH.
MSC-Derived exosomes can enhance the angiogenesis of human brain
MECs and show therapeutic potential in a mouse model of Parkinson’s
disease. Aging and Disease. 2021;12:1211-22.

Izco M, Blesa J, Schleef M, Schmeer M, Porcari R, Al-Shawi R, Ellmerich
S, de Toro M, Gardiner C, Seow Y, et al. Systemic exosomal delivery

of shRNA minicircles prevents Parkinsonian Pathology. Mol Ther.
2019;27:2111-22.

Kojima R, Bojar D, Rizzi G, Hamri GCE, EI-Baba MD, Saxena P, Auslander
S, Tan KR, Fussenegger M. Designer exosomes produced by implanted
cells intracerebrally deliver therapeutic cargo for Parkinson’s disease
treatment. Nat Commun. 2018;9:10.

Wang H, Sui HJ, Zheng Y, Jiang YB, Shi YJ, Liang J, Zhao L. Curcumin-
primed exosomes potently ameliorate cognitive function in AD mice
by inhibiting hyperphosphorylation of the tau protein through the
AKT/GSK-3 beta pathway. Nanoscale. 2019;11:7481-96.

Qi'Y, Guo L, Jiang YB, Shi YJ, Sui HJ, Zhao L. Brain delivery of quercetin-
loaded exosomes improved cognitive function in AD mice by inhibiting
phosphorylated tau-mediated neurofibrillary tangles. Drug Delivery.
2020;27:745-55.

Li M, Fang F, Sun M, Zhang YF, Hu M, Zhang JF. Extracellular vesicles as
bioactive nanotherapeutics: an emerging paradigm for regenerative
medicine. Theranostics. 2022;12:4879-903.

Zarubova J, Hasani-Sadrabadi MM, Dashtimoghadam E, Zhang XX,
Ansari S, Li S, Moshaverinia A. Engineered delivery of dental stem-cell-
derived extracellular vesicles for periodontal tissue regeneration. Adv
Healthc Mater. 2022;11:10.

Kim H, Jang Y, Kim EH, Jang H, Cho H, Han G, Song HK, Kim SH, Yang Y.
Potential of colostrum-derived exosomes for promoting hair regenera-
tion through the transition from telogen to anagen phase. Front Cell
Dev Biology. 2022;10:12.

Xia WZ, Li MX, Jiang XY, Huang X, Gu SC, Ye JQ, Zhu LX, Hou M, Zan

T. Young fibroblast-derived exosomal microRNA-125b transfers ben-
eficial effects on aged cutaneous wound healing. J Nanobiotechnol.
2022;20:17.

Li FY, Wu J, Li DY, Hao LZ, Li YQ, Yi D, Yeung KWK, Chen D, Lu WW, Pan
HB, et al. Engineering stem cells to produce exosomes with enhanced
bone regeneration effects: an alternative strategy for gene therapy. J
Nanobiotechnol. 2022;20:23.

Lan YH, Xie HZ, Jin QR, Zhao XM, ShiY, Zhou YY, Hu ZH, Ye Y, Huang XY,
Sun'YJ, et al. Extracellular vesicles derived from neural EGFL-Like 1-mod-
ified mesenchymal stem cells improve acellular bone regeneration via
the mir-25-5p-SMAD?2 signaling axis. Bioactive Mater. 2022;17:457-70.
Ko KW, Park SY, Lee EH, Yoo YI, Kim DS, Kim JY, Kwon TG, Han DK.
Integrated bioactive scaffold with polydeoxyribonucleotide and stem-
cell-derived extracellular vesicles for kidney regeneration. ACS Nano.
2021;15:7575-85.

Song BW, Lee CY, Kim R, Kim WJ, Lee HW, Lee MY, Kim J, Jeong JY, Chang
W. Multiplexed targeting of miRNA-210 in stem cell-derived extracellu-
lar vesicles promotes selective regeneration in ischemic hearts. Exp Mol
Med. 2021;53:695-708.

Luo ZW, Sun YY, Qi BJ, Lin JR, Chen YS, Xu YZ, Chen JW. Human

bone marrow mesenchymal stem cell-derived extracellular vesi-

cles inhibit shoulder stiffness via let-7a/Tgfbr1 axis. Bioactive Mater.
2022;17:344-59.

Gao J, Wang SH, Wang ZJ. High yield, scalable and remotely drug-
loaded neutrophil-derived extracellular vesicles (EVs) for anti-inflamma-
tion therapy. Biomaterials. 2017;135:62-73.

218.

219.

220.

222.

223.

224,

225.

226.

227.

228.

229.

230.

231,

232.

233.

234,

235.

236.

237.

Page 50 of 51

Yan FL, Zhong ZR, Wang Y, Feng Y, Mei ZQ, Li H, Chen X, Cai L, Li CH.
Exosome-based biomimetic nanoparticles targeted to inflamed joints
for enhanced treatment of rheumatoid arthritis. J Nanobiotechnol.
2020;18:15.

Ma C, Qi X, Wei YF, Li Z, Zhang HL, Li H, Yu FL, Pu YN, Huang YC, Ren

YX. Amelioration of ligamentum flavum hypertrophy using umbilical
cord mesenchymal stromal cell-derived extracellular vesicles. Bioactive
Mater. 2023;19:139-54.

Han HS, Lee H, You D, Nguyen V, Song DG, Oh BH, Shin S, Choi JS,

Kim JD, Pan CH, et al. Human adipose stem cell-derived extracellular
nanovesicles for treatment of chronic liver fibrosis. J Controlled Release.
2020;320:328-36.

Wang C, Xing CY, Li ZL, Liu YN, Li QY, Wang YX, Hu J, Yuan LJ, Yang GD.
Bioinspired therapeutic platform based on extracellular vesicles for
prevention of arterial wall remodeling in hypertension. Bioactive Mater.
2022;8:494-504.

Moisseiev E, Anderson JD, Oltjen S, Goswami M, Zawadzki RJ, Nolta JA,
Park SS. Protective effect of Intravitreal Administration of Exosomes
derived from mesenchymal stem cells on retinal ischemia. Curr Eye Res.
2017;42:1358-67.

Tang TT, Wang B, Lv LL, Liu BC. Extracellular vesicle-based Nanothera-
peutics: emerging frontiers in anti-inflammatory therapy. Theranostics.
2020;10:8111-29.

Kaneko S, Takasawa K, Asada K, Shinkai N, Bolatkan A, Yamada M,
Takahashi S, Machino H, Kobayashi K, Komatsu M, Hamamoto R. Epige-
netic mechanisms underlying COVID-19 pathogenesis. Biomedicines.
2021;9:15.

Rezabakhsh A, Mahdipour M, Nourazarian A, Habibollahi P, Sokullu E,
Avci CB, Rahbarghazi R. Application of exosomes for the alleviation of
COVID-19-related pathologies. Cell Biochem Funct. 2022;40:430-8.
Mazini L, Rochette L, Malka G. Exosomes contribution in COVID-19
patients'treatment. J Translational Med. 2021;19:8.

SenguptaV, Sengupta S, Lazo A, Woods P, Nolan A, Bremer N. Exosomes
derived from bone marrow mesenchymal stem cells as treatment for
severe COVID-19. Stem Cells Dev. 2020;29:747-54.

Grigoropoulos |, Tsioulos G, Kastrissianakis A, Shapira S, Arber N,
Poulakou G, Syrigos K, Rapti V, Xynogalas |, Leontis K, et al. Safety and
potential efficacy of exosomes overexpressing CD24 (EXO-CD24) for
the prevention of clinical deterioration in patients with moderate or
severe COVID-19: a phase II, randomized, single-blinded study. Open
Forum Infect Dis. 2022. https://doi.org/10.1093/0ofid/ofac492.991.

Gul F, Gonen ZB, Jones QY, Tasli NP, Zararsiz G, Unal E, Ozdarendeli A,
Sahin F, Eken A, Yilmaz S, et al. A pilot study for treatment of severe
COVID-19 pneumonia by aerosolized formulation of convalescent
human immune plasma exosomes (ChipEXO (TM)). Front Immunol.
2022;13:8.

Thone MN, Kwon YJ. Extracellular blebs: artificially-induced extracel-
lular vesicles for facile production and clinical translation. Methods.
2020;177:135-45.

Gupta D, Zickler AM, El Andaloussi S. Dosing extracellular vesicles. Adv
Drug Deliv Rev. 2021;178:113961.

Li' S, Xu JL, Qian J, Gao XH. Engineering extracellular vesicles for cancer
therapy: recent advances and challenges in clinical translation. Bioma-
terials Sci. 2020,8:6978-91.

Bosch S, de Beaurepaire L, Allard M, Mosser M, Heichette C, Chretien
D, Jegou D, Bach JM. Trehalose prevents aggregation of exosomes and
cryodamage. Sci Rep. 2016;6:11.

Taghikhani A, Farzaneh F, Sharifzad F, Mardpour S, Ebrahimi M, Hassan
ZM. Engineered tumor-derived extracellular vesicles: potentials in
cancer immunotherapy. Front Immunol. 2020;11:9.

Zhao'Y, Li XL, Zhang WB, Yu LL, Wang Y, Deng Z, Liu MW, Mo SS, Wang
RN, Zhao JM, et al. Trends in the biological functions and medical
applications of extracellular vesicles and analogues. Acta Pharm Sinica
B.2021;11:2114-35.

Thery C, Ostrowski M, Segura E. Membrane vesicles as conveyors of
immune responses. Nat Rev Immunol. 2009;9:581-93.

Shirejini SZ, Inci F. The Yin and Yang of exosome isolation methods:
conventional practice, microfluidics, and commercial kits. Biotechnol
Adv. 2022;54:19.


https://doi.org/10.1093/ofid/ofac492.991

Du et al. Journal of Nanobiotechnology

238.

239.

240.

241,

242.

243.

244,

245,

246.

247.

248.

249.

250.

251,

252.

253.

254,

255.

256.

257.

(2023) 21:231

Liu DSK, Upton FM, Rees E, Limb C, Jiao LR, Krell J, Frampton AE. Size-
exclusion chromatography as a technique for the investigation of novel
extracellular vesicles in cancer. Cancers. 2020;12:19.

Mohammadi M, Zargartalebi H, Salahandish R, Aburashed R, Yong KW,
Sanati-Nezhad A. Emerging technologies and commercial products in
exosome-based cancer diagnosis and prognosis. Biosens Bioelectron.
2021;183:27.

Janouskova O, Herma R, Semeradtova A, Poustka D, Liegertova M,
Malinska HA, Maly J. Conventional and nonconventional sources of
exosomes-isolation methods and influence on their downstream
biomedical application. Front Mol Biosci. 2022;9:20.

Yu D, Li YX, Wang MY, Gu JM, Xu WR, Cai H, Fang XJ, Zhang X. Exosomes
as a new frontier of cancer liquid biopsy. Mol Cancer. 2022;21:33.

Li P Kaslan M, Lee SH, Yao J, Gao ZQ. Progress in Exosome isolation
techniques. Theranostics. 2017;7:789-804.

Haney MJ, Zhao YL, Jin YS, Batrakova EV. Extracellular vesicles as drug
carriers for enzyme replacement therapy to treat CLN2 Batten disease:
optimization of drug administration routes. Cells. 2020;9:16.

Liu W, Yu MY, Chen F, Wang LQ, Ye C, Chen Q, Zhu Q, Xie D, Shao MZ,
Yang LL. A novel delivery nanobiotechnology: engineered miR-181b
exosomes improved osteointegration by regulating macrophage
polarization. J Nanobiotechnol. 2021;19:18.

XiaoY, Tian J, Wu WC, Gao YH, Guo YX, Song SJ, Gao R, Wang LB, Wu XY,
Zhang Y, Li X. Targeting central nervous system extracellular vesicles
enhanced triiodothyronine remyelination effect on experimental auto-
immune encephalomyelitis. Bioactive Mater. 2022;9:373-84.

Han SQ, Li GC, Jia M, Zhao YL, He CL, Huang MX, Jiang LW, Wu MJ, Yang
JH, Ji XQ, et al. Delivery of Anti-miRNA-221 for colorectal carcinoma
therapy using modified cord blood mesenchymal stem cells-derived
Exosomes. Front Mol Biosci. 2021;8:8.

Wu XY, Liao BY, Xiao D, Wu WC, Xiao Y, Alexander T, Song SJ, Zhao ZH,
Zhang YA, Wang ZH, et al. Encapsulation of bryostatin-1 by targeted
exosomes enhances remyelination and neuroprotection effects in the
cuprizone-induced demyelinating animal model of multiple sclerosis.
Biomaterials Sci. 2022;10:714-27.

Kim G, LeeY,Ha J, Han S, Lee M. Engineering exosomes for pulmonary
delivery of peptides and drugs to inflammatory lung cells by inhalation.
J Controlled Release. 2021;330:684-95.

Lin D, Zhang HY, Liu R, Deng T, Ning T, Bai M, Yang YC, Zhu KG, Wang JY,
Duan JJ, et al. IRGD-modified exosomes effectively deliver CPTTA siRNA
to colon cancer cells, reversing oxaliplatin resistance by regulating fatty
acid oxidation. Mol Oncol. 2021;15:3430-46.

Lin'Y, Wu JH, Gu WH, Huang YL, Tong ZC, Huang LJ, Tan JL. Exosome-
liposome hybrid nanoparticles deliver CRISPR/Cas9 system in MSCs.
Adv Sci. 2018;5:9.

Matsuki'Y, Yanagawa T, Sumiyoshi H, Yasuda J, Nakao S, Goto M, Shibata-
Seki T, Akaike T, Inagaki Y. Modification of exosomes with carbonate
apatite and a glycan polymer improves transduction efficiency and
target cell selectivity. Biochem Biophys Res Commun. 2021;583:93-9.
You DG, Oh BH, Nguyen V, Lim GT, Um W, Jung JM, Jeon J, Choi JS, Choi
YC, Jung YJ, et al. Vitamin A-coupled stem cell-derived extracellular
vesicles regulate the fibrotic cascade by targeting activated hepatic
stellate cells in vivo. J Controlled Release. 2021;336:285-95.

Li D, Yao SR, Zhou ZF, Shi J, Huang ZH, Wu ZM. Hyaluronan decora-

tion of milk exosomes directs tumor -specific delivery of doxorubicin.
Carbohydr Res. 2020;493:5.

Zheng LR, Zhang BY, Chu HS, Cheng P, Li HY, Huang KL, He XY, Xu WT.
Assembly andin vitroassessment of a powerful combination: aptamer-
modified exosomes combined with gold nanorods for effective photo-
thermal therapy. Nanotechnology. 2020;31:11.

Bagheri E, Abnous K, Farzad SA, Taghdisi SM, Ramezani M, Alibolandi
M. Targeted doxorubicin-loaded mesenchymal stem cells-derived
exosomes as a versatile platform for fighting against colorectal cancer.
Life Sci. 2020;261:10.

Kang CS, Han P, Lee JS, Lee D, Kim D. Anchor, Spacer, and ligand-mod-
ified Engineered Exosomes for Trackable targeted therapy. Bioconjug
Chem. 2020;31:2541-52.

Phung CD, Pham TT, Nguyen HT, Nguyen TT, Ou WQ, Jeong JH, Choi
HG, Ku SK, Yong CS, Kim JO. Anti-CTLA-4 antibody-functionalized
dendritic cell-derived exosomes targeting tumor-draining lymph nodes

Page 51 of 51

for effective induction of antitumor T-cell responses. Acta Biomater.
2020;115:371-82.

258. LiS,WuYJ,Ding F, Yang JP, Li J, Gao XH, Zhang C, Feng J. Engineering
macrophage-derived exosomes for targeted chemotherapy of triple-
negative breast cancer. Nanoscale. 2020;12:10854-62.

259. Morse MA, Garst J, Osada T, Khan S, Hobeika A, Clay TM, Valente N,
Shreeniwas R, Sutton MA, Delcayre A, et al. A phase | study of dexo-
some immunotherapy in patients with advanced non-small cell lung
cancer. J Translational Med. 2005;3:8.

260. Escudier B, Dorval T, Chaput N, Andre F, Caby MP, Novault S, Flament C,
Leboulaire C, Borg C, Amigorena S, et al. Vaccination of metastatic mela-
noma patients with autologous dendritic cell (DC) derived-exosomes:
results of thefirst phase | clinical trial. J Translational Med. 2005;3:13.

261. DaiS, Wei D, Wu Z, Zhou X, Wei X, Huang H, Li G. Phase | clinical trial
of autologous ascites-derived exosomes combined with GM-CSF for
colorectal cancer. Mol Ther. 2008;16:782-90.

262. Besse B, Charrier M, Lapierre V, Dansin E, Lantz O, Planchard D, Le
Chevalier T, Livartoski A, Barlesik F, Laplanche A, et al. Dendritic cell-
derived exosomes as maintenance immunotherapy after first line
chemotherapy in NSCLC. Oncoimmunology. 2016;5:13.

263. GaoY, Zhang H, Zhou N, Xu P, Wang J, Gao Y, Jin X, Liang X, Lv J, Zhang
Y, et al. Methotrexate-loaded tumour-cell-derived microvesicles can
relieve biliary obstruction in patients with extrahepatic cholangiocarci-
noma. Nat Biomed Eng. 2020;4:743-53.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Extracellular vesicles: a rising star for therapeutics and drug delivery
	Abstract 
	Highlights 
	Introduction
	Classification of extracellular vesicles
	Exosomes
	Microvesicles
	Apoptotic bodies

	Extracellular vesicles isolation techniques
	Ultracentrifugation
	Density gradient ultracentrifugation
	Size exclusion chromatography
	Ultrafiltration
	Field-flow fractionation
	Precipitation method
	Microfluidics
	Affinity-based methods
	Other separation methods

	Extracellular vesicles loading
	Pre-loading
	Post-loading

	Surface modification of extracellular vesicles
	Endogenous modification
	Genetic engineering
	Bioorthogonal chemistry

	Exogenous modification
	Physical modification
	Chemical modification


	Extracellular vesicles-based Nanoplatforms for therapeutics and drug delivery
	Cancer therapy
	Immunotherapy
	Chemotherapy
	Phototherapy
	Gene therapy
	Combination therapy
	Others

	Neurodegenerative diseases
	Regeneration
	Others

	Clinical trials of extracellular vesicles in COVID-19
	Clinical challenges
	Conclusion and future perspective
	Acknowledgements
	References


