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ARTICLE INFO ABSTRACT

Article history: Extracellular vesicles (EVs) are nanoscale lipid membrane-bound vesicles that are secreted by cells of
Rece¥ved 22 June 2020 both prokaryotes and eukaryotes and carry bioactive cargos including proteins, nucleic acid and lipids
Received in revised form 16 July 2020 from source cells. Given their prominent ability in transporting bioactive components, EVs are regarded

Accepted 17 July 2020 as promising biomarkers for disease diagnosis and emerging therapeutic nanoparticles. However, to exert

their effect in clinical applications, effective isolation and sensitive analysis of EVs from complex biofluids
is required. Recent advances in EV-related research has provided feasible approaches for developing
emerging therapeutic nanoplatforms using EVs. With this review, we aim to provide a comprehensive
Fluorescence analysis and in-depth summary of recent advances in diverse assay methods for EVs including ﬂuores.cen.ce,
Raman analysis Raman/Surface-enhanced Raman Spectroscopy (SERS) analysis and other methods, as well as their clin-
Microfluidics ical potential in constructing EV-based theranostic nanoplatforms towards various diseases. In particular,
Theranostic Nanoplatforms microfluidic-assisted analysis sytems, single EV detection and the main approaches of utilizing EVs for
therapeutic purposes are highlighted. We anticipate this review will be inspirational for researchers in

related fields and will provide a general introduction to scientists with various research backgrounds.
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1. Introduction

Extracellular vesicles (EVs) are lipid membrane-enclosed
nanovesicles that are actively secreted by cells to the extracellular
environment [1]. They have been isolated from most body fluids
and significantly, the release of EVs is not just identified in mam-
malian cells but in lower eukaryotes and prokaryotes [2,3]. Initially
being regarded as membrane debris, EVs have attracted increased
research interest since their capability to stimulate adaptive
immune responses was discovered [4]. Thereafter, EVs have been
extensively investigated due to their function in transporting bio-
logical cargos e.g. proteins, lipids and nucleic acids, as well as
mediating the intercellular communication between cells to regu-
late different biological processes locally or at a distance [5-7].

An increasing number of studies has confirmed that EVs play
pivotal roles not only in the modulation of physiological function
including immune response, stem cell maintenance and tissue
repair etc. [1,5], but also in the pathological processes which
induce a variety of diseases [8,9]. EVs shuttle bioactive molecules,
and the lipid bilayer structure can protect the internal contents
from degradation. Thus, they are recognized as promising biomark-
ers for liquid biopsies in the diagnosis of various diseases including
tumours [10]. Compared to the tissue biopsy method, EV-based lig-
uid biopsy offers significant advantages in cancer monitoring
owing to the non-invasiveness, abundant tumour molecular infor-
mation of EVs in biofluids and ability to surmount biological barri-
ers [11]. Therefore, tumour cell-derived vesicles can be employed
as effective biomarkers for cancer diagnosis, treatment and prog-
nosis monitoring [12,13]. In addition, in view of their important
biological functions, EVs are exploited as a unique nanoplatform
for potential therapeutic agents, as well as drug delivery vehicles
[14-16]. Nanoscale EVs exist in many body fluids yet many chal-
lenges exist for the translation of EVs into clinical applications,
including effective isolation and rapid characterisation. As a result,
increasing research has been directed towards overcoming these
challenges with the development of improved EV-based enrich-
ment and assay systems [17].

Herein, we will present a comprehensive overview on the
recent advances in EV-based research, covering the composition
and function, isolation and characterization, diverse analytic
approaches, and the clinical potential toward different kinds of dis-
eases (Fig. 1). In particular, we will focus on the recent advances in
EV analysis based on fluorescence and Surface-enhanced Raman
spectroscopy (SERS) methods, especially in combination with
microfluidic platforms. We will also highlight the nanotechnologi-

cal progresses in the development of EV-based theranostic
nanoplatforms, as well as their applications for disease diagnosis
and therapy.

2. Classification, biogenesis, and biological function
2.1. Classification and biogenesis of EVs

EVs are cell-released lipid vesicles from various origins with
sizes in the range of 30 to 2,000 nm. Based on their different bio-
genesis, EVs are classified into three main groups: exosomes,
microvesicles and apoptotic bodies [18]. Exosomes are derived
from the inward invagination of the endolysosomal pathway,
where they are formed intracellularly within multivesicular endo-
somes (or multivesicular bodies, MVB) and subsequently secreted
in an exocytotic manner [1,19,20]. By contrast, microvesicles are
generated through outward budding of the plasma membrane
[18]. Both types of vesicles contain common contents including
cytoplasmic proteins, some lipid raft-interacting proteins and
nucleic acids, however, exosomes carry additional cargos than
microvesicles due to their different biogenesis (Fig. 2) [2]. The
abundant endosomal proteins in exosomes can be attributed to
specific endosomal sorting mechanisms. Currently, the extensively
recognized biogenesis mechanism for formation of MVBs and their
intraluminal vesicles (ILVs) is endosomal sorting complex required
for transport (ESCRT) which is composed of four complexes (ESCRT
0, I, Il and III) and plays differing roles in delivering ubiquitinated
transmembrane proteins, cargo sorting and vesicle generation
[18]. In addition, it has been demonstrated that MVBs and ILVs
can be formed by an ESCRT-independent mechanism, which is clo-
sely related to the sorted endosomal cargos. Therefore, regarding
the biogenesis of exosomes, on one hand, they can be generated
in an ESCRT-dependent manner owing to the contents of TSG101
and ALIX proteins from the ESCRT system; while on the other hand,
exosome biogenesis can occur via an ESCRT-independent pathway
due to the existence of tetraspanin proteins and sphingomyelinase
etc. that are involved in endosomal vesicle trafficking [18].

Recently, not only the heterogeneity of EVs, but that of exo-
somes has gathered much research interest [21,22]. In a recent
study, two exosome subpopulations have been identified using
an asymmetric flow field-flow fractionation (AF4) approach. The
large and small exosome vesicles that are named Exo-L and
Exo-S exhibited different biophysical properties and organ
biodistribution patterns [23]. To date, there is still a lack of specific
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Fig. 1. Schematic illustration of analysis of extracellular vesicle for emerging theranostic platforms.

biomarkers which can separate exosomes from nanosized
microvesicles [24], therefore, in this review, we cover both exo-
somes and microvesicles and the term ‘extracellular vesicle’ is used
to refer to both types of vesicles (Table 1).

2.2. Physiological and pathological function of extracellular vesicles in
eukaryotes and prokaryotes

EVs perform a vital function in the intercellular communication
of physiological and pathological processes [9]. They can deliver
active bio cargos including proteins, lipids and RNAs and other
infectious particles to adjacent or distant cells and then regulate
the target cell’s behaviour [2]. This regulation occurs in a pleiotro-
pic way: EVs can activate specific surface receptors on cells by pro-
teins or bioactive lipid ligands, or fusing their membrane with the
plasma membrane of recipient cells and transferring the delivered
bioactive cargos into the recipient cells. EVs can be engulfed by
various cells, such as macrophages and endothelial cells [10].
Therefore, they are considered as signalosomes with different cel-
lular and biological functions [25,26]. For instance, in the immune
system, EVs secreted from the immature dendritic cells can trans-
fer major histocompatibility complex (MHC) peptide molecules to
other dendritic cells to activate the immune response [27]. In addi-
tion, adaptive immune responses or suppressed inflammation can

be triggered by EVs depending on the status of specific immune
cells [26,28]. The key roles of EVs have also been studied in epithe-
lia cells, as well as in the nervous system. Previous research has
indicated that EVs secreted from intestinal epithelial cells can be
involved in the antigen presentation of inflammatory conditions,
and these EVs may regulate the capability of static epithelial cells
to function at a distance [29]. In the nervous system, EVs are
involved in neurite outgrowth and neuronal survival [30,31], as
well as the communication of neurons via the transfer of neuro-
transmitter receptors and therefore contribute to neurobiological
functions [32]. EVs have also been reported to facilitate stem cell
maintenance and plasticity, which may be used to aid tissue regen-
eration after injury [33].

Apart from the regulation of biological function, EVs also par-
ticipate in the pathogenesis of several diseases including tumours,
neurodegenerative diseases and infectious diseases etc. Clear evi-
dence indicates that tumour cell secreted EVs can transfer cargos,
which results in the development of a pre-metastatic tumour
niche, promoting angiogenesis and tumour cell migration in
metastases, finally inducing tumour progression [34-38]. These
tumour-derived vesicles that carry immunosuppressive molecules
can suppress the immune responses and promote immune escape
by modulating T cell activity [39,40]. In addition to tumour cells,
tumour-related macrophages and tumour microenvironment can
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Table 1

Classification of extracellular particles.

Vesicle types Subset Size Origin

Markers

Exosomes Exo-S 60-80 nm Endolysosomal pathway
Exo-L 90-120 nm
Microvesicles 150-1000 nm Plasma membrane
Apoptotic bodies 500-2000 nm Plasma membrane, endoplasmc reticulum

Tetraspanins, ESCRT components, PDCDIP, TSG101, flotillin, MFGE8

Integrins, selectins, CD40 ligand
Phosphatidyl serine, genomic DNA

also secrete EVs that accelerate the local invasion of cancer cells
[41-43]. Within the nervous system, EVs derived from cells trans-
fer pathogenic proteins to recipient cells to induce central ner-
vous system diseases [44], such as neurodegenerative
Alzheimer’s disease and Parkinson’s disease [44-46]. Additionally,
EVs have also been involved in the spread of diverse pathogens
such as HIV-1 and prions, resulting in the spread of infectious dis-
eases [47,48].

The biology of EVs from eukaryotes e.g. mamalian cells have
been extensively investigated. In comparison, EV research of
prokaryotes including parasites and bacteria is only in its infancy.
Due to the widespread diseases induced by parasites (mainly hel-
minths, protozoa and ectoparasites) globally, understanding the
mechanism of survival and persistence of parasites within their
hosts are of critical importance. Recent research has indicated that
parasites can release EVs which facilitate the cell-cell communica-
tion in the parasite-host interaction. Various parasites are able to
generate EVs using different mechanisms and transfer bioactive
cargos including proteins, lipids, glycans, RNA, and DNA through
EVs to form infective niches upon internalization and modulate
the immune system of the host, which then induce diseases [49-
51]. Parasite derived EVs can transfer virulence factors, differenti-
ation factors and drug-resistance genes between parasites. They
can also mediate environmental adaptation under temperature
and pH changes [52]. These findings provide valuable knowledge
into parasite-host interactions and facilitate the understanding of
the role played by EVs in parasite pathogenesis. However, there

is still much to be understood including the nature of the cell
machinery for the release and uptake of EVs, mode of EVs transport
to the target, and whether blocking parasitic-EV secretion can
influence disease progression etc. [53].

Bacteria can also secret membrane vesicles that affect different
biological processes, including virulence, phage infection, export of
cellular metabolites and intercellular communication [54]. Lee
et al. reported on the mechanisms by which EVs released from
gram-positive bacteria S. aureus could induce inflammasome acti-
vation. They also demonstrated that EVs could serve as a novel
secretory pathway for S. aureus to transport protected cargos in a
concentrated form to host cells during infections to modulate cel-
lular functions [55]. It has been reported that bacteria released EVs
could also affect the environment since they are abundant in sea
water, indicating the important role of these EVs for carbon cycling
in the marine ecosystem [56]. EVs also exist in microbial biofilms
at a high level, where they serve as an essential component of
the biofilm matrix and can shield cells existing in biofilms from
antibiotics. In addition, microbial EVs exhibit immunomodulatory
activities and as such are used as vaccines, which display excellent
potential for applications in drug development and nanotechnol-
ogy fields. Therefore, understanding the origin, the composition
and content is of great importance for understanding bacterial
induced infection. Furthermore, many bacterial vesicle functions,
such as DNA transfer, cell detoxification and signal molecule
release remain to be studied and represent valuable areas for
future research [57].
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2.3. Visualizing the in vivo events of EVs

Given the important biological and pathological roles of EVs, it
is of importance to visualize these in vivo events to provide direct
evidence of the function of EVs [58]. However, tracking and under-
standing the in vivo aspects of these nanosized vesicles is hindered
by the lack of efficient labelling techniques, high resolution imag-
ing techniques and appropriate animal models [59]. Wang et al.
have used an aggregation-induced emission luminogen, DPA-SCP
to tag mesenchymal stromal cells (MSC)-derived EVs and track
their behaviour in a liver disease mouse model. The fluorescence
imaging indicated that the DPA-SCP-labelled EVs were enriched
in the liver and were stable for several days [60]. In another study,
Liu et al. developed a phospholipid-based bioorthogonal labelling
strategy to introduce optical probes into exosomes without influ-
encing their native biological functions. The dynamic in vivo
biodistribution and organotrophic uptake of multiple tumour exo-
somes in a single mouse were investigated (Fig. 3a) and indicated
that the exosomes derived from different cell lines exhibited speci-
fic organotrophic uptake [61]. In order to evaluate the practicabil-
ity of visualizing EVs within tumour tissue using multiphoton
intravital microscopy, Breakefield et al. implanted mouse thy-
moma cell line EL4 which was expressed with PalmGFP into the
dorsal skinfold chambers to form solid tumours. They observed
green fluorescent punctate all over the tumour cells, with varied
densities representing the different classes of tumour-released
vesicles throughout the tumour. In addition, large EVs (around
1 um diameter) were found to be tethered to tumour cells over a
long period of time (Fig. 3b). However, limited by the sensitivity
and imaging resolution of the technique used in the 3D environ-
ment of tumours in vivo, the behaviour of small EVs was difficult
to be visualized [62].

While the above research provides bulk information on EV dis-
tribution in vivo, the live visualization of EV secretion and uptake
to understand the exact function of EVs in physiology and pathol-
ogy are still difficult to realize in mouse models. As such, in order
to visualize EVs clearly at single molecule level, high resolution
imaging and appropriate animal models are required. Studies have
indicated that zebrafish embryos can be used as animal models
due to many advantages including rapid growth, low cost,
amenability to genetic modification, vascular networks and natural
transparency that allow non-invasive imaging [63,64]. Based on
the combination of high-resolution microscopy and zebrafish
embryos, in vivo imaging at high spatiotemporal resolution was
able to study how EVs diffused around secreting cells, cross biolog-
ical barriers, and eventually circulate before disseminating
throughout the body [64].

Niel et al. expressed a fluorescent CD63-pHluorin as a reporter
in zebrafish embryos to form an integrated model for the investiga-
tion of EV secretion, transfer, and function in vivo. Using this model
system, individual endogenous EVs could be visualized in live
embryo of zebrafish using a combination of electron and fluores-
cence microscopy. They found that an EV subpopulation with exo-
some features were released into the blood circulation from the
yolk syncnytial layer (YSL) in a syntenin-dependent manner. The
uptake of YSL exosomes by endothelial cells and macrophages in
the caudal vein plexus (CVP) were also visualized using fluores-
cence imaging (Fig. 3c) [65]. The biogenesis of exosome was inter-
fered with syntenin, and the growth of CVP was affected, indicating
the possibility of manipulating endogenous biogenesis of exo-
somes. While in vivo imaging of EVs provided a promising method
for tracking circulating tumour EVs in zebrafish embryos. Using a
multi-colour membrane dye MemBright [66], Goetz et al. demon-
strated that circulating tumour EVs could be rapidly taken up
and stored in degradative compartments by endothelial cells and
blood patrolling macrophages. Additionally, tumour EVs activated

macrophages and promoted metastatic outgrowth (Fig. 3d) [58].
Therefore, zebrafish embryos offer an ideal model to track normal
endogenous EVs and tumour derived EVs in order to evaluate their
inter-organ communication in vivo with high spatiotemporal
resolution.

3. Isolation and characterization of EVs

EVs are important biomarkers for disease diagnosis, prognosis,
and promising nanoparticles (NPs) for disease treatment. There-
fore, there is high demand for efficient, and affordable techniques
to isolate these nanosized vesicles [67,68]. However, isolating
intact exosomes remains a challenge due to their small size and
complex living environment, which limits disease-targeting appli-
cations of EV. Based on the physical and chemical properties of EVs,
a variety of strategies have been reported [69]. Despite excellent
recent developments, there are still significant hurdles to over-
come, for example, medical applications are limited since the sep-
aration method which is not standardised results in low yield and
poor stability [70]. In this section, we will discuss recent advances
in the isolation of EVs, placing an emphasis on microfluidic-based
approaches, together with the challenges and prospects. In addi-
tion, the characterization of EVs will be discussed.

3.1. Bulk method for the isolation of EVs

EV-based clinical application requires standard and effective EV
isolation techniques as a prerequisite. Conventional EV isolation
methods include ultracentrifugation, density gradient flotation,
precipitation, size-based isolation, immunoaffinity capture etc.
[22,67,70]. According to a recent report, ultracentrifugation contin-
ues to be the most used isolation method (81%) of worldwide EV
research owing to the effectiveness in obtaining abundant EVs.
Immunoaffinity capturing methods are still regarded as the most
effective technique to isolate the desired exosomes with structural
and compositional integrity [71]. Different isolation strategies can
influence the EV populations’ glycosylation profile and lead to
diverse glycosylated EV populations. Thus, it is important to apply
suitable EV cell culture conditions and isolation protocols in order
to ascertain the functional and structural complexity of the EV gly-
coconjugates [72]. The principles of different bulk isolation meth-
ods, as well as their individual advantages and limitations are
listed in Table 2. Some representative and emerging EV isolation
techniques are exemplified.

By utilizing the AF4 technique, extracellular NPs could be frac-
tionated based on their hydrodynamic size. This approach demon-
strated a unique ability to separate NPs using two perpendicular
flows (channel flow and crossflow) inside a thin, flat channel with
a semi-permissive bottom wall membrane. The AF4 separation
method offered a number of advantages over other isolation meth-
ods for EV analysis, including gentle, label-free, rapid (<1h), good
reproducibility and with high recovery of analytes. More impor-
tantly, when compared to other available techniques, AF4 can pro-
vide a large dynamic range of size-based separation of EVs at high
resolution (1 nm) [80]. Since the lipid bilayer of exosomes were
rich with phosphate groups, an isolation method using the specific
interaction of the phosphate groups with TiO, was developed to
isolate EVs directly from human serum. Due to the high affinity
binding, model exosomes could be isolated reversibly with excel-
lent recovery (93.4%) [97]. An origami-paper-based device for the
successful isolation of biomarkers resulting in fewer steps and less
damage was developed. The multi-folded device using the ion con-
centration polarization technique a Nano electrokinetic phe-
nomenon that enriched charged biomolecules, enabled the
preconcentration of EVs on specific layers (~5-fold) Subsequently,
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Table 2
Comparison of diverse EV isolation techniques.
Isolation techniques Principle of enrichment Advantages Disadvantages Refs.
Bulk method Ultracentrifugation Multiple centrifugal steps to remove Lowered cost and risks of Large equipment cost, [67,71,73,74]
debris, cells, large vesicles, precipitate and contamination, Big sample capacity extended run time, and
isolation of EVs based on size and density and results in large amounts of labour intensive with low
exosomes portability
Density gradient Size, shape, and density of the EV Current gold standard; high purity ~ Time (>4h); large sample [22,71]
flotation volume; low recovery;
requires ultracentrifuge;
Precipitation Changing the solubility or dispersibility or ~ Simple to use, no specialized Co-precipitation of [70,75]
EVs using water-excluding polymers equipment, large and scalable contaminants; Long run
Surface charge sample capacity time, Requires pre-and post-
cleanup
Size-based Uses size-exclusion chromatography (SEC)  SEC: high-purity, integrity and SEC: dedicated equipment, [76]
isolation and ultrafiltration (UF); based on size and  biological activity of EVs, scale up nontrivial, extended
molecular weight reproducibility. run time.
UF: rapid, no special equipment, UF: moderate purity,
good portability, direct RNA deterioration, low recovery
extraction
Affinity-based Immunoaffinity and lipid layer affinity Specificity; high purity; subtyping High reagent cost, low [77,78]
capture Specific binding between exosome possibility capacity and low yields, cell-
membrane-bound antigens (receptors) free samples
and immobilized antibodies (ligands)
Field flow Size and molecular weight Wide separation range; large Extended duration; requires  [79,80]
fractionation variety of eluents; subpopulations fractionation equipment
Acoustic Size and molecular weight Label-free Instrument requirement [81]
enrichment
Ion concentration Ion concentration and polarization on Facial operation; no damage to Low yield; nonregenerative [82]
polarization origami paper-based platform vesicles
technique
Microfluidic-  Size-based sorting  Size and shape Low sample consumption; Low throughput; Sample [83-86]
based Viscoelasticity Size, shape, and density of the EV Rapid sample processing; pre-treatment [87]
method  Acoustofluidics Size and molecular weight Portability; Low cost [88]
Immuno-based Immunoaffinity [89-96]

binding

by unfolding the device these vesicles could be isolated from the
rest of the sample [82].

3.2. Microfluidic-based approaches

With the rapid progress of nanomaterials and nanotechnology,
a variety of new EV enrichment approaches have been established,
especially in combination with microfluidic systems. Microfluidic
platforms are ideal tools for exosome separation because they have
excellent flow control, rapid mixing and precise processing of solu-
tions, which are regarded as ideal systems to study nanosized vesi-
cles [98,99]. Microfluidic-based isolation is built on the differences
in EVs’ physical or biochemical properties like size, density, and
immunoaffinity. Additionally, by integrating acoustics, elec-
trophoretic, and electromagnetic techniques, various advanced iso-
lation approaches have been rapidly evolving. In one such aspect,
using microfluidic devices, reagent consumption and separation
time could be reduced. In another aspect, microfluidic technologies
can meet the requirements of EV isolation from the perspective of
cost-effectiveness, enhanced purity, and point-of-care measure-
ment and diagnosis. Microfluidic-based isolation and enrichment
techniques of EVs can be divided into three categories: size-
based sorting, label-free enrichment which is based on viscoelas-
ticity or acoustics and immunoaffinity methods [70,100].

3.2.1. Size-based sorting

By embedding nanofilters, nanopillars or porous membrane in
the microdevice, EVs can be isolated based on their size [101-
104]. For instance, by integrating two nanofilters into a lab-on-a-
disc device, a label-free, rapid, and highly sensitive method for
EV quantification and isolation was constructed (Fig. 4a). Using a
tabletop-sized centrifugal microfluidic system, the biological sam-

ple could be transferred through the two nanofilters, facilitating
the enrichment of EVs during the second round of filtration using
a pore diameter of 20 nm with size range of 20 to 600 nm. The Exo-
disc was able to isolate intact EVs from raw biological samples e.g.
cell-culture supernatant or clinical urine samples within 30 min
with high recovery [83]. In another study, porous polymer mono-
liths were utilized as microfluidic filtration membranes and inte-
grated with a microchip to isolate vesicles from whole blood
samples. The combination of DC electrophoresis as an alternative
driving force resulted on the transfer of particles through the filter
in order to achieve an increased separation efficiency of vesicles
from proteins [84]. Wunsch et al. have used deterministic lateral
displacement (DLD) pillar arrays to isolate and enrich microscale
particles. Manufacturable silicon procedures were used to form
nanoscale DLD (nano-DLD) arrays with uniform gap sizes in the
range of 25 to 235 nm. When the Péclet (Pe) numbers were low,
with competing diffusion and deterministic displacement effect,
nano-DLD arrays could realize the on-chip separation of EVs
between 20 and 110 nm with high resolution [85]. In addition, a
spatial separation of EV samples based on particle size was evalu-
ated using Marangoni flow and the coffee-ring effect of micro-
droplets. Subsequent transfer of a drying droplet resulted in
increased mean sizes of EVs in the sample using repeated subsam-
pling during coffee-ring formation of a droplet. Importantly, the
method facilitated size-based sorting, separation, and recovery of
EVs for downstream analysis [86].

3.2.2. Contact-free isolation

Contact-free isolation techniques that combine viscoelasticity
or acoustics have been developed recently. Viscoelastic microflu-
idics can be used for particle manipulation based on particle move-
ment produced due to size-dependent elastic lift forces in a
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viscoelastic environment. Sun et al. directly separate exosomes
from cell culture media or serum in a continuous, size-dependent
manner using a viscoelastic based microfluidic system (Fig. 4b).
By adding a biocompatible polymer poly-(oxyethylene) to control
the viscoelastic forces, EVs were laterally driven and fractionated
by size with a high separation purity (>90%) and recovery (>80%)
[87]. As another label-free strategy, acoustic waves were used to
isolate exosomes in a label-free and contact free manner directly
from whole blood [105]. An acoustofluidic platform which
involved the fusion of acoustics and microfluidics was fabricated
to isolate exosomes directly from undiluted blood samples. The

system consisted of two sequential surface-acoustic-wave (SAW)
modules: exosome-isolation module and a cell-removal module.
Each module relied on a tilted angle standing SAW field produced
by one pair of interdigital transducers (Fig. 4c). First, the cell-
removal module removed large blood components to acquire
enriched EVs, then the exosome isolation module further purified
the exosomes with high purity and yield [88].

3.2.3. Immuno-based isolation
Immunoaffinity-based capture of EVs represents the most
promising technique for EV isolation. By targeting known surface
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protein markers including the tetraspanin family (e.g., CD9, CD63,
and CD81) and tumour related biomarkers (e.g. epidermal growth
factor receptors, EGFR and epithelial cell adhesion molecule,
EpCAM), EVs are captured by specific antibodies immobilized on
solid surfaces. In addition, as a highly efficient capture method,
immuno-based binding can be combined with microfluidic plat-
forms for EV isolation [106,107]. Various microfluidic devices have
been developed to isolate EVs, while individual microfluidic plat-
forms exhibit unique characteristics. In general, there are two main
types of devices, one is an antibody-functionalized surface in
microchannels, the other is based on magnetic beads for capture
[89,90]. In the first type of device, a microfluidic device with her-
ringbone structure and a thermally responsive nanostructured
substrate design (EVHB-Chip) was fabricated and used for isolation
of EVs after modifying the surface with antibodies (Fig. 5a). The
nanostructured substrate was composed of an ultra-thin
(~150 nm) gelatin membrane which was modified with
streptavidin-coated NPs. Combined with the chaotic mixing effect
of the herringbone grooves, the interaction between EVs and the
tumour specific antibody-coated surfaces could be maximized.
Furthermore, using an optimized PEG linker to immobilize the
antibodies enhanced the tumour specific EV capture. EVHB-Chip
enabled the isolation of tumour-specific EV-RNA within 3 h and
achieved 94% tumour-EV specificity and a limit of detection
(LOD) of 100 EVs per pL, as well as efficient capture of tumour-
derived EVs from plasma and serum of GBM patients [91]. While
another chip design, used a covalently functionalized
herringbone-grooved microfluidic device with antibodies towards
exosome membrane biomarkers (CD9 and EpCAM) facilitating exo-
some isolation from small volumes of high-grade serous ovarian
cancer (HGSOC) serum. Intact exosomes were released label-free
after capture using a low pH buffer and neutralized immediately
downstream to guarantee their stability [92]. In addition, nanoma-
terials, e.g. multiwall carbon nanotubes or silicon nanowires have
been functionalized with specific recognition antibodies (e.g.
anti-CD63 or anti-EpCAM) on micropillars to form 3D nanostruc-
tured microfluidic chips for capturing exosomes. Based on a com-
bination of immunorecognition and the unique topography of
these nanomaterials, exosomes could be purified efficiently
[93,94].

In the second type of microdevice, magnetic beads conjugated
with capture antibodies for EVs have been utilized to facilitate
the isolation of EVs. He et al. reported a microfluidic approach
for the integration of on-chip separation and analysis of EVs
[95,96]. The microchip termed ExoSearch consisted of a Y-shaped
injector, a serpentine fluidic mixer for on-chip mixing and mag-
netic bead-based exosome capture (Fig. 5b). The immunomagnetic
beads could bind EVs as tight aggregates using magnetic forces for
optical detection downstream. In addition, removing the magnet
released the beads which could then collected from the chip to
obtain purified and enriched EVs for variable benchtop measure-
ments. The blood-based diagnosis of ovarian cancer was achieved
using the ExoSearch chip using multiplexed measurement of three
exosomal tumour markers (CA-125, EpCAM, CD24) using a training
set of ovarian cancer patient plasma, the system exhibited an
excellent diagnostic capability [96]. To facilitate point-of-care EV
nucleic acid analysis, an integrated microfluidic platform for on
chip extraction and detection of RNA in EVs by PCR was developed
by Shao et al [108]. In this approach, the microfluidic platform ter-
med immuno-magnetic exosome RNA (iMER) consisted of three
operational compartments: enrichment of extracellular vesicles,
RNA isolation and real-time RNA analysis on-chip (Fig. 5¢). Firstly,
specific antibody functionalized magnetic microbeads were used
to separate the cancer exosomes. Then, the enriched vesicles were
lysed, and passed through a glass-bead filter, so that the RNA was
adsorbed onto glass beads by electrostatic interactions. The

obtained RNA was eluted, reverse transcribed and analysed by
quantitative polymerase chain reaction (qPCR). The whole proce-
dure was accomplished on the same microchip, with integrated
functional components. Using this approach, exosomal mRNA pro-
files of EVs derived from the blood of patients with glioblastoma
multiforme (GBM) were evaluated, suggesting an effective method
for predicting the treatment efficacy of GBM [108].

Apart from the widely used exosomal surface biomarker CD63,
phosphatidylserine (PS) which is expressed on the outer surface of
tumour-related EVs has been used as another biomarker for
immunoaffinity-based EV isolation. Through conjugation with a
PS-specific protein, cancer associated exosomes could be isolated
from plasma, with 90% capture efficiency. Subsequently, the immo-
bilized exosomes are easily released using Ca®* chelation for fur-
ther characterization [109]. Microdevices equipped with external
driving forces, e.g. a current electrokinetic microarray chip device
could be applied to isolate and recover glioblastoma exosomes
from undiluted human plasma samples, based on the differences
between the dielectric properties of the plasma and exosomes
[110]. Given that microfluidic chip-based techniques possess many
advantages in isolating EVs, the main challenges in translating
microfluidic technology to a clinical platform are associated with
how to improve their efficiency and yield for isolating EVs, as well
as the reproducibility and consistency of enriched nanovesicles
[70]. Over the last few years, research in EV isolation has grown
rapidly, however, the poor standardization of isolation approaches
is a significant obstacle for the development of this field. In brief,
the need for a standard method for specimen handling, suitable
controls, and isolation and analysis techniques to enable compar-
ison of the results remain a challenge to the further development
of EV-related applications [69,111].

3.3. Characterization of EVs

After isolation, the characterization of EVs is necessary to eval-
uate the quality of the obtained EVs. In general, EVs can be physi-
cally identified by the morphology and particle size distribution
[70]. For morphology-based characterization, microscopic methods
including scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), cryo-electron microscopy (cryo-EM) and
atomic force microscopy (AFM) have been widely employed. SEM
provides the elemental composition and three-dimensional mor-
phology of EVs [112]. With the assistance of SEM, EVs display uni-
form unimodal size distribution after being filtered using a 0.2 um
membrane [113]. Under high-resolution TEM, the morphology and
structure of different sized EVs can be observed [114]. Cryo-EM can
recognize the structure and morphology of EVs at low temperature
avoiding the side effects induced by dehydration and chemical fix-
atives. Using cryo-EM the EVs exhibited round morphology and
structure, which indicates that the cup-shaped structures of EVs
observed by other EM techniques are most probably induced by
dehydration of the vesicles [115]. Compared with the other micro-
scopic methods, AFM has a unique advantage of providing the sur-
face topography of these nanosized vesicles [116].

Dynamic light scattering (DLS) and nanoparticle tracking analy-
sis (NTA) are the two main types of size-based characterization for
EVs, which offer information on the size distribution of EVs. DLS
provides the hydrodynamic diameter of EVs by measuring the scat-
tered light emitting by these nanovesicles [79] and NTA is an opti-
cal particle tracking technique which can monitor the size
distribution and concentration of vesicles in real time [117]. Unlike
the bulk scattering of DLS, NTA can enable tracing of individual
vesicles, offering unique advantages in single EV characterization
[112].
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4. Analysis techniques for EVs

To better understand their composition and function, a variety
of techniques have been used to identify EVs. The assay of EV con-
tents is not only indicative of vesicle biogenesis but is also instruc-
tive for the liquid biopsy of various diseases which has attracted
increasing research interest over the last few years. The growing
demand for non-invasive liquid biopsy has led to the development
of novel advanced methods for EV detection. However, establishing
sensitive and reliable exosomes-based detection remains challeng-
ing due to their heterogeneity in size, the complexity of the bioflu-
ids and lack of standard characterization methods [118]. Increasing
efforts have been directed towards developing new sensitive
approaches for EV assays. These approaches depend on the analysis
of the protein and nucleic acid which carries important cellular
information from the parent cell. In this section, we will review
advances in various analytical technologies for EV detection, that
focus on the use of fluorescence and Raman-based assays.

4.1. Fluorescence approach

4.1.1. Protein analysis

Conventional protein analysis relies mainly on two bulk meth-
ods, Western blotting and enzyme-linked immunosorbent assay
(ELISA) [111]. Cell derived EVs contain abundant transmembrane
proteins such as EGFRs and adhesion proteins such as EpCAM.
The nanosized exosomes are enriched with tetraspanins that are
a superfamily of proteins with four transmembrane domains.
Therefore, tetraspanins (e.g. CD9, CD63, CD81 and CD82) are uti-
lized as specific surface proteins for exosome analysis with west-
ern blotting and ELISA. Intravesicular proteins of EVs including

membrane transport proteins (Annexins, flotillin, GTPases), heat
shock proteins (e.g. Hsp20, Hsp60 and Hsp70), proteins related to
the formation of MVB (TSG101, Alix), phospholipases, lipid-
associated membrane protein etc. can also be detected using con-
ventional protein analysis [70].

Fluorescence based approaches are extensively applied as
advanced detection methods for biomolecules, due to the advan-
tages of high sensitivity, high selectivity and fast response etc.
[119-123]. Therefore, various modern immuno-based protein anal-
ysis techniques have been developed, in combination with
fluorescence-based methods, to enable facile, rapid and sensitive
identification of EVs for clinical applications. For instance, Ochiya
et al. reported on an approach using photosensitizer-beads termed
Exoscreen to profile surface proteins of circulating EVs using an
amplified luminescent proximity homogeneous assay without
purification in serum (Fig. 6a). EVs from blood samples were cap-
tured by streptavidin-coated donor beads functionalized with a
biotinylated antibody, which were detected using acceptor beads
conjugated to a detection antibody (e.g. anti-CD9 and anti-63) that
recognized the target EVs. Under an excitation laser of 680 nm, the
donor beads could release singlet oxygen to excite the acceptor
beads at a distance 0f<200 nm and generate a detectable fluores-
cence emission at 615 nm. Therefore, this approach was able to
identify small EVs (diameter < 200 nm). Through the quantification
of CD147 and CD9 on circulating EVs in serum from colorectal can-
cer patients, colorectal cancer could be diagnosed, suggesting that
ExoScreen was suitable as an effective liquid biopsy technique
[124]. In another study, to avoid the time-consuming pre-
treatment of EV samples, Takeuchi et al. used molecular imprinting
to create exosome binding cavities on a gold substrate. After excep-
tional post-imprinting in-cavity modifications, exchangeable anti-
bodies and fluorescent reporter molecules were aligned inside
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exosome-binding cavities (Fig. 6b). Then by recording the
quenched fluorescence and increasing amounts of exosomes, this
platform facilitated the rapid and highly sensitive sensing of intact
exosomes and indicated great potential for discriminating prostate
cancer derived exosomes from normal controls [125]. Based on a
similar molecular printing strategy, antibody-conjugated sig-
nalling nanocavities were developed to achieve the size recogni-
tion and non-invasive detection of EVs. Various concentrations of
cell secreted EVs were quantified by measuring the fluorescent
images on the chip using an automated procedure. The system
was used to detect cancer related intact EVs in tears and differen-
tiated between healthy donors and breast cancer patients, clearly
indicating the potential of this technology for liquid biopsy and
early cancer diagnosis [126]. Lu et al. have reported on the multi-
plexed profiling of EVs secreted by single cells using spatially pat-
terned antibody barcodes on a microchamber array. They used two
different antibodies to recognize two antigens on each vesicle to
form a sandwich assembly, where captured EVs could be detected

11

of EV secretion from human oral squamous carcinoma cells sug-
gested that such antibody barcodes could be used for multiplexed
EV detection [127].

Aptamers are single-stranded oligonucleotides that can bind to
targets with high specificity and affinity. They are employed as
substitutes for antibodies in immunoaffinity detection and applica-
tions involving antibodies [128,129]. Therefore, fluorescence-
based aptasensors have been reported for EV detection through
the targeted binding of specific surface proteins of EVs [103,130].
Sun et al. developed an approach for profiling EV surface proteins
and the classification and early detection of cancers using a ther-
mophoretic aptasensor for the enrichment of EVs conjugated with
aptamers (CD63 and EpCAM aptamer). Diluted serum samples
were incubated with Cy5-conjugated aptamers (0.1 uM) to bind
to the target protein with high specificity and sensitivity on the
EV surface. Then a diluted serum sample in a microchamber was
heated using a 1,480 nm laser, which lead to enrichment of EVs
at the laser spot. The aptamer bound EVs generated an amplified
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b H Reconstructed exosome = 0
) I) 104 Dinding cavity ") E
g 002
»* gt g 9
004 b
.
Fluorescent T [%
Polymer reporter i ¢ . ®
matrix # 2 o
Au 00 20 40 60 80 100 120
‘ 1] ) Exosome conc. [ng/mL]
Extracellular w O ,. Uoo
sicle 2 &
Donor beads L 1‘;% 'nm ) Aeoeptor beads Eom B 0005
E €
%-002 % 001
§ 003 I g 001
ioth E I i E 020
Sample 5 pl Biotinylated Acceptor bead - oo Anti-cD9 aAnti-geT1 | £
(for example, serum) antibodies antibodies o ‘= antibody  antibody | &
PC3-secreted  Normal exosomes With anti-CD3 with anti-PSA without the
. . H antibod: ibod il i
Step1  Add samples and antibodies C) i) Sresomes R =
Single-cell Antibodies barcode Single cells release EVs Multipexed EVs
High throughput: suspension ITTHIIE ;r.-‘ profiling
> 96 samples E
(96-well plate) Plpeile é_\w Clamp # j;'__/Release Y I‘f
+ Donor beads
‘ Load cells into Place antibodies barcode Ovemight incubation
microchambers array glass slide on top & Immuno-sandwich detection

Data analysis

i)

ant|b0d|es barcode i |mage

Partial scan results
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[127]. Copyright 2019 National Academy of Sciences.
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dependent accumulation of EVs induced by localized laser heating
relied on the interplay of thermophoresis, diffusion and convec-
tion, while the thermophoretic effect on free aptamers or proteins
due to their small size was negligible. The fluorescence intensity of
concentrated aptamer bound EVs was associated with the level of
expression for the EVs target surface protein. Combined with linear
discriminant analysis, cancer detection and classification were pos-
sible using small serum volumes (<1 pL) [131]. Due to the high
charge, aptamers have a strong thermophoretic effect, which can
lower background signals and thus improves sensitivity [132].
Based on thermophoretic aptasensor strategy, Yang et al. also
reported a Cy5 labelled PD-L1 (programmed death-ligand 1) apta-
mer to recognise the exosomal PD-L1 which is a key element in
immunotherapy. Since the thermophoresis of the PD-L1 aptamer
induced by infrared laser differs clearly from the exosome-
aptamer complex as a result of binding-induced changes, the com-
plex persists while free aptamer tends to be depleted in the hot
spot. Compared to PD-L1 antibody, the newly developed PD-L1
aptamer, a short single strand DNA with smaller size, could avoid
the hindrance of antigen glycosylation and exhibited enhanced
binding to PD-L1 in cells (Fig. 7). Evaluation of the fluorescence
intensity of the retained exosome-aptamer complexes and the
depleted free aptamer at the laser hot spot, facilitated cancer diag-
nosis and prediction of the immunotherapy response [133].

Apart from bulk analysis, microfluidic platforms have been
widely used for developing biosensing systems owing to their
advantages of low sample consumption, integrated on-chip analy-
sis, and rapid response etc. [134-136]. EV assay combined with
functional nanostructures and microfluidic platforms can achieve
rapid immunobinding of vesicles and sensitive detection. Zeng
et al. developed a microfluidic chip with self-assembled 3D her-
ringbone nanopatterns for the detection of exosomes. The micro-
chip was constructed based on multiscale integration by
designed self-assembly combining micropatterning and 3D nanos-
tructured herringbone (nano-HB) mixer for flow manipulation and
molecular recognition. This structure could effectively promote
microscale mass transfer of bioparticles to improve binding speed
and efficiency; and permit drainage of the boundary layer of fluid
through the pores of the nanostructures. The nano-HB chip enabled
low LOD of 10 exosomes per UL by staining EVs with fluorescent
dye and quantitative detection of circulating exosomal markers
to detect ovarian cancer using only 2 pL of plasma, indicating the
potential for application in liquid biopsy-based cancer diagnosis
[137]. For integrated microfluidic chips, after enrichment of EVs,
the vesicles could be detected by subsequent functionalization,
such as labelling with fluorescent dyes [138]. For instance, an
immunomagnetic bead-based microfluidic platforms for exosome
isolation could achieve on-chip detection of exosomes from human
plasma using either chemi-luminescence detection following sand-
wich immunoassay [95] or multicolour fluorescence imaging after
labelling the exosomes with a fluorescent dye in the microchamber
for reliable cancer diagnosis [96]. Due to the high sensitivity,
microfluidic-based analysis has significant advantages when trans-
lating from the lab-based environment into real world diagnostic
applications [89].

4.1.2. Nucleic acid analysis

EVs carry proteins, as well as nucleic acids that are promising,
minimally invasive diagnostic biomarkers for diseases. These
nucleic acids include different forms of RNA and DNA, among
which messenger RNAs (mRNAs) are a large family of coding
RNA molecules that specify protein sequence information while
microRNAs (miRNAs) are a class of small, noncoding RNAs
[139,140]. Conventional analysis of nucleic acids is based on
extraction procedures (e.g. precipitation), followed by amplifica-
tion by polymerase chain reaction (PCR) and subsequent detection

using endpoint electrophoresis or real-time fluorescence measure-
ment based on a known target sequence of the exosome [111].

Studies have indicated that the level of exosomal miRNAs is cor-
related with disease development, owing to the intercellular com-
munication roles mediated by EVs. It has been shown that specific
EV encapsulated miRNAs are closely related to the phenotypes of
certain types of cancer. These genetic materials are transferred
by circulating exosomes to recipient cells and affect the cell
microenvironment, which then stimulates cancer development
[141]. Therefore, targeted, and sensitive detection of these miRNAs
could not only contribute to a better understanding of the patho-
logical roles of EVs, but in addition provide efficient tools for dis-
ease diagnosis [142]. Conventional quantitative reverse
transcription PCR (qRT-PCR) has disadvantages including limited
throughput, the requirement for a specific primer pair for each
reaction and sophisticated pre-treatment [143]. Therefore, new
approaches have been developed for the quantification of exoso-
mal miRNAs. For instance, Chen et al. developed a ratiometric flu-
orescent bioprobe based on DNA-labelled carbon dots (DNA-CDs)
and 5,7-dinitro-2-sulfo-acridone (DSA) for the detection of exoso-
mal miRNA. The bioprobe was initially nonfluorescent due to the
FRET effect between the carbon dots (CDs) and the DSA and exhib-
ited strong fluorescence when bound to the target miRNA-21.
Using the ratiometric fluorescence changes of CDs and DSA, it
was possible to detect exosomal miRNA-21 [144]. Inspired by the
infection mechanism of the virus, Zhang et al. developed a method
for the in situ detection of exosomal miRNAs without any extrac-
tion procedure using virus-mimicking fusogenic vesicles (Vir-FV)
(Fig. 8a). Fusogenic proteins on Vir-FVs could specifically target
exosomes using the sialic-acid-containing receptors, which
resulted in the efficient fusion of Vir-FVs and exosomes. The
molecular beacons encapsulated in Vir-FVs specifically hybridized
with the target miRNAs in the exosomes and generated a fluores-
cence signal. Using this approach to detect exosomal miR-21 it
was possible to distinguish breast cancer patients from healthy
controls, indicative of a potential diagnostic tool [145]. Lee et al.
reported a fluorescence quenching-recovery-based molecular bea-
con sensor for the visualization of neurogenic exosomal miR-193a
in cells. The fluorescent probe was constructed using a tightly
bound quenched dye labelled peptide nucleic acid to the surface
of graphene oxide. The subsequent recovery of the fluorescence
upon addition of target miRNA was then used for miRNA sensing
[146].

Based on a thermophoretic sensor in combination with nano-
flares, a system for the highly sensitive in situ detection of exoso-
mal miR-21 was developed, without complicated RNA extraction
or target amplification [147]. A fluorescence signal was observed
on DNA hybridization after transport of the incubated exosomes
to the target miRNAs. With the assistance of the thermophoretic
sensor for in situ detection of exosomal miRNAs, amplified fluores-
cence signals could be detected after the binding of exosomal miR-
NAs to nanoflares, which allowed the quantitative and direct
measurement of exosomal miRNAs at as low as 0.36 fM in 0.5 pL
serum samples. In addition, the selected exosomal biomarker
miR-375 was also demonstrated to accurately differentiate estro-
gen receptor-(ER) positive breast cancer at an early stage (stages
I, IT) with a high accuracy (Fig. 8b) [147]. To date, a variety of fluo-
rescent probes have been reported for the detection of exosomal
surface proteins and miRNAs separately, while a combined assay
of both specific biomarkers could provide disease information with
high accuracy. Therefore, it is particularly important to develop an
efficient method for the detection of multiple proteins and miRNAs
in a single exosomal reaction. Using nano-sized molecular beacons
and fluorescent dye-conjugated antibodies, exosomal miRNAs and
surface proteins were simultaneously detected in captured exo-



Y. Xing et al./ Coordination Chemistry Reviews 424 (2020) 213506

a ) Excitation Mghit ¥V IR laser on

Dichagic mirros

{
PD-L1

Noged oy

-y

Infrared laser

Dbjective

Cup-lllary; —{: b L L V W

PD-L1" Exosomes 2 e i
b) o
' - S /'( .

_

PO-L1 PD-LY PO-LT PD-L1

Glycosylation Deglycosylation Glycosylation Deglycosylation
MJEC Aptamer ] PD-L1 Antibody

C) XOSOM K562 Exosome
= = il : = = = i -
wel W MsC | gl sy Gl it eviond Rt Control prolel
| 1504 | - 2004
g | f | E 1801
2 | 100 * Bas |
o 1M ) F i 1004
- \ 1 | - ' a0 1‘
@ S 0 A 8 ] - -1 -
W e 1t 1 1 Wt 9 106
Flugrescence IHIEHSIW 1n (TR ]

T TET
Fluumc.anl:a Intensity ?a U, t il

i -

Fig. 7. a) Working mechanism of the exosomal PD-L1 quantification analysis. b) Fluorescence imaging of PD-L1 positive HCT116 cells treated with or without deglycosylation
by PNGase F and stained with DAPI (blue), the MJ5C aptamer (green) or a PD-L1 antibody (red). ¢) Flow cytometry assay and confocal imaging of A375 Exosome and K562

Exosome, showing the binding outcome of the MJ5C aptamer and PD-L1 antibody to PD-L1 positive) and negative exosome conjugated beads, respectively. Adapted with
permission from ref [133]. Copyright 2020 John Wiley and Sons.




14 Y. Xing et al./ Coordination Chemistry Reviews 424 (2020) 213506

,Y
>
AL
-
a!O)ﬁr

Blood Serum Exosome

.»ﬂgg

Neuraminidase Sialic acid receptor Plasmid HN protein F protein

MB miRNA
i, B [1) B "

o] & :
s i L
z lO"ﬁ ﬁ‘ 10% 3
] i [
S £
E 107 S 100 4
8 i 2
£ ] g
g 1077 §
g ] 5 107
E] 10'-% &
w

1 . 101 -

[ e e e o B
Normal Nor.-exo.
0 10" 102 10 10¢ 10° serum
ssc Tumor serum

Tum.-exo.

b) i) &

-
3% .j Cancer cell &
g AU Sox
L ®
g 3 -
NanoFlare - L
Cy5 reporter flare 35’

Recognition sequence 3-HS -5

‘f Exosome (EXO)

i

1480 nm laser

' . 10 min
- -

y
%

i) miR-375in cellline EXOs V) 100
|
s} —
5 =2
a -
- 250
5 § miR-375 AUC
s — ER+BC 096
o -- Stage |-l 0.94
- 0

MCF-7 1o

MDA-  SK-BR-3

50
MB-231 100 - Specificity (%)

Fig. 8. a) Schematic illustration of the fusion between the Vir-FVs and exosomes induced by HN and F protein. ii) Representative bivariate dot-plots of Vir-FVs showing the
difference between normal and tumour exosomes based on sensing of the tumour-associated miRNAs. iii) Fluorescence response of the fused vesicles from the serum of
healthy control and cancer patients (both n = 5) after incubating with Vir-FVs. Adapted with permission from ref [145]. Copyright 2019 John Wiley and Sons. b) i) Schematic
illustration of a thermophoretic sensor with nanoflares for in situ analysis of exosomal miRNAs. ii) Thermophoretic accumulation of nanoflare treated exosomes via localized
laser heating to amplify the fluorescence response. iii) Fluorescence images of exosomes released by different breast cancer cell lines by thermophoretic sensor implemented
with nanoflares. Scale bar, 50 pm. iv) Receiver operating characteristic analyses of exosomal miR-375 for differentiating ER + BC patients from HD, as well as for early
detection of ER + BC (stages I, II). Adapted with permission from ref [147]. Copyright 2020 American Chemical Society.

somes with high specificity, which was shown to be an efficient
liquid biopsy method for prostate cancer [148].

4.1.3. Lipid analysis

Lipids are essential molecular components of cells. The cell
membrane bilayers contain a variety of lipid classes such as sphin-
golipids and phosphatidylcholine. Since EVs are derived from cells,
they inherit the rich lipid contents from the paternal cells
[149,150]. The biogenesis of EVs is related to the lipid content,
however, EVs differ from the secreting cells in lipid composition.
This may be caused by a process that allows for the sorting of
specific lipid species into vesicles. Research has revealed that the
lipid content of secreted vesicles changes after culturing tumour
cells in an acidic environment, which mimics the deep core of
tumours [151]. Therefore, it will become important in the future
to be able to determine whether these changes reflect the changes
in the type of EVs secreted, or rather in the intracellular targeting
of the analysed components to these EVs [18]. Interest in the lipid
composition and the function of lipids in EVs is rapidly growing as
the role of lipids in vesicles is starting to become appreciated and
understood [152].

For lipid detection of EVs, different kinds of approaches have
been suggested to quantify the lipids in EVs, such as sulfovanilin
assay, fluorescent dyes that incorporate into the membrane bilay-
ers (e.g. dialkylcarbocyanins such as DiR), Fourier transform infra-
red spectroscopy or mass spectroscopy [153]. Although these

methods can discriminate EVs with different protein/lipid ratio,
they are not optimal for the quantification of the total amount of
lipids in EVs, as their quantitative aspects are not well understood.
For instance, the fluorescent dyes used to label lipid bilayers may
give different signals depending on the membrane composition
and lipid packing, and they may be distributed differently among
cellular membranes [154]. Based on recent progress of using a
Trp-BODIPY cyclic peptide to fluorescently label apoptotic vesicles
[155], we expect that efficient EV lipid analysis techniques using
various spectroscopic methods, imaging and other techniques will
be developed over time, due to the increase in research activity
towards the lipid composition of EVs.

4.2. Raman and SERS-based approaches

4.2.1. Label-free analysis of intact vesicles

Raman spectroscopy which analyzes the vibrational modes of
analytes via measuring the nonelastic scattering effect upon laser
irradiation has great potential in the optical analysis of EVs
[156,157]. Based on the signals derived from EVs themselves, spon-
taneous Raman spectroscopy provides a label free and non-
invasive approach to obtain the fingerprint vibrational spectra of
target molecules. It enables the acquisition of the global chemical
composition without employing an exogenous label and as such
provides a facial method to assess EV purity and composition. In
2009 the first attempts to obtain the Raman spectrum of EVs was
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reported, which provided the chemical composition of nano-sized
vesicles derived from Dictyostelium cells [158]. Soon afterwards,
spontaneous Raman spectroscopy was applied to the characteriza-
tion, as well as the analysis of EVs for diagnosis. For example, the
Raman signatures of urine derived EVs were obtained, which
offered a potential development of a diagnostic tool for urinary
system diseases [159]. The bulk characterization of EVs secreted
by different subtypes of MSC were performed and compared.
Raman spectroscopy can provide insight into the biochemical
structure of EVs, and is capable of distinguishing nanovesicles of
diverse origin, which facilitates the translation of EV research from
the laboratory to a clinical environment [160,161]. With the under-
standing of EVs biofunction, disease cell derived EVs can be
regarded as cancer biomarkers. For instance, a Raman optical twee-
zer was utilized to discriminate the EVs of prostate cancer cells
from healthy donors using their different and specific signatures
[162]. These studies illustrated the potential of using Raman spec-
troscopy to identify EVs as new biomarkers and achieve early stage
diagnosis of diseases [163].

Apart from the unique characteristics of Raman spectroscopy in
analysing EVs, it suffers from the limitation of weak signal inten-
sity induced by the low Raman scattering efficiency (only one in
107 scattered photons). Alternatively, SERS has attracted wide-
spread research interest for EVs analysis, owing to its ability to
enhance the Raman responses of analytes by up to 10'#-10'> when
in close proximity to plasmonic metallic (e.g. Au or Ag) nanostruc-
tures [157,164]. When used for analysing EVs, two main SERS
strategies are used: the first one is termed label-free detection
which is based on the use of plasmonic nanomaterials to obtain
an enhanced Raman signal of EVs; while in the second method,
uses additional specific Raman tag molecules which are bound to
the EVs to generate enhanced Raman signals facilitating the indi-
rect analysis of EVs [157]. From the initial study to obtain
enhanced Raman signals of exosomes, Ag nanostructures were
decorated on to a superhydrophobic surface, and the study pro-
vided useful information on the different contents of healthy and
tumour cells [165]. After confirming the feasibility of label-free
SERS analysis of EVs, various investigations using Ag as SERS sub-
strate have been reported. For instance, a thin silver film-coated
plasmonic nanobowl platform was fabricated to effectively capture
exosomes derived from ovarian cancer cells for SERS measurement
in order to provide biochemical data for both intact and ruptured
exosomes (Fig. 9a) [166]. A subsequent investigation improved
the specificity in capturing exosomes by utilizing an exosome
specific peptide bound to Ag NPs. The targeted SERS approach
resulted in the selective capture of exosomes and facilitated the
recognition of specific spectra of captured exosomes [167]. In order
to fabricate cost-effective SERS substrates that support point-of-
care analysis, normal recordable disks (CD-R and DVD-R) were dec-
orated with Ag and deployed in the label-free assay of exosomes
[168].

In the SERS measurement of EVs, their heterogeneous nature
can affect the analysis, generating different spectra and nonuni-
form data. Thus, the classification of heterogeneous Raman spectra
by reading the specific assignments is tough. Instead of using the
conventional method, principal component analysis (PCA) was
used to analyse the whole SERS spectra of EVs, evaluating the com-
mon patterns of EVs from the same origin. Using a statistical pat-
tern analysis, lung cancer cell secreted exosomes were clearly
discriminated from normal cell originating exosomes with high
sensitivity and specificity after the exosomes were deposited on
to a substrate with gold NPs (Au NPs) (Fig. 9b) [169]. The combina-
tion of SERS and PCA was also used to demonstrate the correlation
of non-small cell lung cancer (NSCLC) cell-derived exosomes with
potential protein markers for cancer diagnosis. Typically, Choi
et al. showed that the Raman patterns for cancerous exosomes

were extracted by PCA and unique peaks were clarified through
quantitative analysis of ratiometric mixtures of cancerous and nor-
mal exosomes. The Raman spectra of exosomal protein markers
(CD9, CD81, EpCAM, and EGFR), displayed unique peaks that corre-
lated well with dominant cancer markers verified by the highest
similarity of the Raman band (Fig. 9¢) [170]. In a recent study,
the same group demonstrated an early-stage liquid biopsy of lung
cancer by deep learning-integrated label-free SERS analysis of exo-
somes (Fig. 9d). The deep learning model was taught using the
SERS signals of exosomes derived from normal and lung cancer cell
lines resulting in a classification accuracy of 95%. In a group of 43
patients who displayed stage I and II cancer, 90.7% of patients using
the deep learning model had higher similarity to lung cancer cell
exosomes than for the healthy control [171]. Furthermore, princi-
pal component discriminant function analysis (PC-DFA) was used
in combination with SERS to identify tumour-specific spectral sig-
natures, which could be used to distinguish exosomes derived from
pancreatic cancer or normal pancreatic epithelial cell lines with
90% accuracy. Using a cell line trained PC-DFA algorithm, the SERS
spectra of exosomes isolated from pancreatic cancer patient serum
samples were analysed and the exosome spectral signatures could
be used for diagnosis [172]. Thus, label-free analysis of exosomes
by Raman spectroscopy and SERS, in conjunction with advanced
data processing algorithms have resulted in advantages for the dis-
crimination of cancerous EVs from normal ones, which will con-
tribute to the real-time early diagnosis of cancer.

4.2.2. SERS tag analysis

Recently, another methodology based on an indirect SERS
approach has developed rapidly [173]. SERS tags are composed of
noble metallic NPs decorated with specific Raman reporter mole-
cules, such as fluorescent dyes (e.g. nile blue, R6G) or aromatic thi-
ols/disulfides, which can generate amplified Raman signals
[174,175] Then, by conjugating specific recognition units, mainly
EV surface antibodies or aptamers, the SERS tags can be used to
capture EVs and facilitate their indirect detection [157].

Many SERS tags have been reported to detect tumour derived
EV providing the potential to develop sensitive liquid biopsy meth-
ods for cancer diagnosis. A SERS tag-based immunoassay has been
reported to detect tumour-derived exosomes using magnetic
nanobeads and SERS nanoprobes. The SERS nanoprobes are gold
core-silver shell nanorods (Au@Ag NRs) coated with Raman repor-
ter molecules and exosome-specific antibodies (anti-CD63 anti-
body). The fabrication of a magnetic nanobead requires the
coating of Fe304 NPs with a silica shell and then conjugated with
specific antibodies (anti-HER2). In the presence of target exosomes,
the SERS nanoprobes and magnetic nanobeads can capture the
exosomes through the formation of a sandwich-type immunocom-
plex, which can be precipitated using a magnet. Using this method,
the SERS tag-labelled detection method for tumour-secreted exo-
somes was demonstrated [176]. An integrated capture and analysis
system was developed using Fe;0,@TiO, NPs to enrich exosomes
and anti-PD-L1 antibody modified Au@Ag@MBA SERS tags were
added to tag the exosomal PD-L1 for quantification. This system
could capture and analyse exosomes within 40 min with a detec-
tion limit of 1 PD-L1* exosome/pL. Using the personalized SERS sig-
nal analysis of NSCLC patients using a 4 L clinical serum sample,
was readily achieved [177].

In addition to bulk analysis, the SERS-tag immunoassay can be
performed on miniaturized devices. For example, a small Au array
device with 2-mm wells and printed antibodies was fabricated to
capture exosomes (Fig. 10a). The detection of target proteins was
achieved by using gold nanorods labelled with Raman reporter
QSY21 as SERS tags, which displayed a LOD of 2000 exosomes/L. A
complete analysis of different surface proteins indicated that exo-
somes derived from various breast cancer cells provided distinct
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Fig. 9. a) Schematic diagram of the detection of exosomes using the nano bowl substrate and simulation of the electric field at different laser beam position. This simulation
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Chemistry. b) i) Schematic illustration of the detection of exosomes by SERS. ii) The SERS spectra obtained for cancer cell-derived exosomes (line B, Alveolar; line C, H522; line
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protein profiles compared to normal cells. Furthermore, exosomes
extracted from the plasma of HER2-positive breast cancer patients
exhibited high levels of specific surface proteins on exosomes e.g.
HER2 and EpCAM, indicating the diagnostic application of these
markers for breast cancer [178]. In another study, a
polydopamine-modified immunocapture substrates and an ultra-
thin polydopamine-encapsulated antibody-reporter-Ag(shell)-Au(
core) multilayer (PEARL) SERS nano-tag was fabricated to enable
the formation of a “chip-exosome-SERS tag” sandwich structure
for the detection of pancreatic cancer-derived exosomes (Fig. 10b).
In this assay, antibodies against various target surface proteins of
exosomes were individually encapsulated into the SERS tag. With
a typical spectral signal of the Raman reporter molecule, the quan-
titative analysis of exosomes was achieved with high sensitivity.
Moreover, by applying the migration inhibitory factor (MIF)
antibody-based SERS tag in a clinical serum sample, pancreatic can-
cer patients could be rapidly distinguished from healthy controls. In
addition, metastasized tumours were discriminated from

metastasis-free tumours with high sensitivity, apart from the differ-
ent stages of tumour node metastasis (a discriminatory sensitivity of
over 95% of P1-2 stages from the P3 stage). Thus, PEARL SERS
immunoassays offer a potential means for the classification, early
diagnosis, and metastasis monitoring of pancreatic cancer [179].
Numerous studies have proved the essential roles of miRNA in
tumour progression, indicating the potential of using miRNAs as
reliable cancer biomarkers [180]. MiRNAs in exosomes (exosomal
miRNAs) are highly stabile in body fluids due to the protection of
the exosomal lipid bilayer structure, and as such have been
regarded as an excellent source of biomarkers for the early stage
diagnosis and prognosis of cancer [181]. The previously reported
SERS biosensors for targeting miRNA can be categorized into two
main kinds: one is based on a SERS sandwich hybridization assay,
which used Au/Ag nanostructures as SERS nanoprobes functional-
ized with probe nucleic acid in order to recognize target miRNA
[182]; the other one was based on a SERS nanoprobe and duplex-
specific nuclease (DSN) signal amplification strategy [183]. In the
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former case, a uniform plasmonic gold nanopillar substrate was
fabricated for the specific and ultrasensitive determination of exo-
somal miRNAs, using a sandwich hybridization strategy between
the miRNAs and two short locked nucleic acid (LNA) probes
(Fig. 11a) [184]. Upon exposure to analyte solution and air drying,
the plasmonic gold nanopillars tilt towards each other due to cap-
illary force creating numerous hotspots inside the substrate,
thereby achieving the detection of target miRNAs which were
hybridized to specific LNA probes with single-nucleotide speci-
ficity. The proposed SERS sensor displayed wide dynamic range
(1 aM to 100 nM), ultralow detection limit, multiplex sensing capa-
bility and favourable miRNA recovery in serum. In addition, this
sensor allowed for the reliable observation of exosomal miRNA
expression patterns from breast cancer cell lines, and in addition
the discrimination of various cancer subtypes, which proved their
utility for cancer diagnosis by measuring exosomal miRNAs in
body fluids [184]. In the latter case of miRNA SERS probe, magnetic
concentration was often applied to effectively enhance the signals
generated by target miRNA. Due to the low abundance of miRNA,
DSN which could preferentially cleave DNA in DNA/RNA heterodu-
plexes while being inactive toward single-stranded DNA or single-
stranded RNA was used to achieve high sensitivity and signal
amplification [181]. For instance, a SERS tag was constructed,
which was composed of a signal reporter element AU@R6G@AgAuU
NPs (ARANPs), a recognition element (DNA capture probe targeting
exosomal miRNA, CP), a separation element (silica microbead,
SiMB) and a DSN to assist signal amplification. Upon binding of tar-
get miRNA, DNA in heteroduplexes can be specifically cleaved by
DSN resulting in the release of ARANPs from the surface of the
SiMB. However, the target miRNA remained intact and was then
involved in the next round of target-recycling and amplification.
Detection limits of 5 fM. were achieved by the combination of a
stable SERS intensity and signal amplification. The system was
used for detecting exosomal miRNAs from cancer patients and
demonstrated the point-of-care evaluation potential for clinical
analysis [181]. Another DSN-assisted dual-SERS biosensor based
on a Fe;0,@Ag-DNA-Au@Ag@DTNB (SERS tag) conjugates was
developed and applied for detecting exosomal miRNA-10b using
a SERS quenching strategy (Fig. 11b). Fe30,@Ag-DNA-SERS tags
core-satellite assemblies can result in intense Raman signals using
a dual-SERS enhancement by the combination of Au@Ag of the
SERS tag and Ag shell of Fes0,@Ag and particularly after magnetic
concentration. In the presence of a target miRNA, it can hybridize
with the complementary DNA probes. The incubation with DSN
enzyme induces the selective cleavage of DNA from DNA/miRNA
duplexes, therefore the SERS tag is separated from the Fe;0,@Ag
substrate and triggers the SERS signal quenching. The liberated
miRNA can then bind with additional DNA. With the proposed
SERS tag, single-base recognition with a detection limit of 1 aM
can be achieved in one step. Significantly, target microRNA in
plasma-derived exosome and residual supernatant plasma of blood
samples from pancreatic ductal adenocarcinoma (PDAC) could be
directly quantified using the method, (Fig. 11b) [185].

4.3. SPR technique

In addition to the widely applied fluorescence and SERS
approaches, surface plasmon resonance (SPR) approaches have been
extensively investigated. SPR real-time sensing and label-free, tech-
nique which detects molecular interactions taking place close to
certain metals (e.g. Au/Ag) surfaces by monitoring the changes in
refractive index caused by molecules interacting with the surface
[186]. Utilizing SPR in combination with antibody microarrays
specific to exosomal membrane proteins, exosomes can be quantita-
tively detected for potential diagnosis applications [ 187]. The size of
exosomes perfectly accommodates the surface plasmon wave

depth, which allows the detection of multiple exosome subpopula-
tions directly from blood. For instance, taking advantage of an anti-
body array on Au substrate, exosomes derived from neurons and
oligodendrocytes were isolated and detected with high sensitivity.
Furthermore, by applying a second antibody, the membrane compo-
nents of exosomes on each subpopulation can be quantified by the
SPR signal (Fig. 12a), which facilitates the determination of the
abundance of exosomes from different cellular origin [ 188]. Instead
of antibody, a sensitive SPR aptasensor has been developed for the
detection of exosomes with dual AuNP-assisted signal amplifica-
tion. The dual NP amplification was based on the controlled
hybridization of AuNPs to the aptamer linked AuNPs, which were
attached to the surface of the EVs stabilized on the Au film. The elec-
tronic coupling in these plasmonic nanostructures, as well as the
coupling effects between the Au film and AuNPs greatly enhanced
the observed SPR signal. This SPR aptasensor provided a low LOD
of 5 x 10% exosomes/mL and could differentiate the exosomes
derived from breast cancer cells from normal breast cells [189].

To facilitate label-free and high-throughput detection of
tumour-derived exosomes without pre-treatment, Lee et al. devel-
oped a nano-plasmonic exosome (nPLEX) sensor equipped with
periodic Au nanohole arrays on a microfluidic chip to achieve sen-
sitive exosome protein analyses using SPR assay [190]. The system
was based on optical transmission through periodic nanoholes
rather than total internal reflection. Improved detection sensitivity
was achieved since the depth of probing (<200 nm) matched the
size of the exosome. In the microchip, each Au nanoarray was func-
tionalized with antibodies to enable profiling of exosomal proteins
on the surface and in lysates. This approach not only offered
improved sensitivity over earlier methods, but also enabled
improved portability when combined with miniaturized optics.
Using nPLEX to analyse ascites samples from ovarian cancer
patients, it was shown that exosomes from ovarian cancer cells
can be detected by their expression of CD24 and EpCAM, indicating
the potential for disease diagnostics using exosomes [190]. Apart
from Au/Ag, titanium nitride (TiN) is an alternative plasmonic sup-
port material, which exhibited tuneable plasmonic properties in
the visible and near-infrared region. A biotinylated antibody-
functionalized TiN (BAF-TiN) based biosensor was developed for
the quantitative detection of exosomes isolated from human
glioma cell line through the binding of exosomal surface proteins.
This biosensor exhibited good biocompatibility, high stability and
favourable label-free sensing of exosomes [191].

4.4. Electrochemical techniques

Electrochemical sensing is regarded as an effective technique
that has great applicability in clinical settings due to fast response
times and high sensitivity via signal amplification with redox-
active reporters. Combined with magnetic beads, an integrated
magneto-electrochemical compact sensor device (iMEX) was
developed. EVs were captured by magnetic beads from plasma of
a patient, then labelled with HPR enzyme and then detected using
an electrochemical readout (Fig. 12b). The device consists of eight
channels which permitted parallel and high-throughput measure-
ments, resulting in a high sensitivity of < 10> vesicles from 10 uL
samples within 1 h. In addition, this miniaturized portable sensor
device exhibited excellent clinical potential through the analysis
of EVs of ovarian cancer patients [192]. Based on similar capture,
labelling and detection methods, an EV-based diagnostic platform
(integrated kidney exosome assay, iKEA) was developed for the
non-invasive urine-based analysis to evaluate kidney transplant
rejection [196].

In addition, electrochemical aptamer-based exosome assays
have been developed, to take advantage of aptamers in bioassays
[197]. Exposed CD63 proteins on the surface of exosomes could
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be caught by a CD63 aptamer functionalized substrate, e.g. elec-
trode or immunomagnetic beads. Subsequently, different signal
amplification strategies can be used to promote measurement
e.g. reduction of H,0, to generate an electrochemical signal [90].
For instance, Li et al reported a label free aptasensor to detect gas-
tric cancer derived exosomes by combining a hemin/G-quadruplex
system and rolling circle amplification. Firstly, gastric exosome
specific aptamer was attached to a primer sequence that is comple-
mentary to a G-quadruplex circular template. Then, target exo-
somes were captured by anti-CD 63 antibodies modified on a
gold electrode, which could trigger rolling circle amplification
and produce multiple G-quadruplex units (Fig. 12c¢). This horserad-
ish peroxidase mimicking DNAzyme could generate electrochemi-
cal signals by catalysing the reduction of H,O, [193]. In another
example, an electrochemical aptasensor has been developed for
the ultrasensitive detection of tumour exosomes based on click
chemistry and the DNA hybridization chain reaction for signal
amplification. Alkynyl-4-ONE was used to modify exosomes, fol-
lowed by conjugation with an azide-labelled DNA probe using a
copper (I)-catalysed click reaction. Using the addition of auxiliary
DNA, long self-assembled DNA concatemers were fashioned by
hybridization chain reaction for signal amplification. Reduction of
H,0, by horseradish peroxidase could generate a current, which
was used to quantify the exosomes [198]. In a catalytic molecular
machine-driven biosensing method, target exosomes were
enriched on anti-CD63-functionalized immunobeads and subse-
quently recognized by a DNA chain, which initiated a catalytic

molecular machine that relied on cascade toehold-mediated strand
displacement reaction (CTSDR). Afterwards, amplified electro-
chemical signals was generated and could be recorded for quanti-
tative sensing of exosomes [199].

4.5. Other methods

In addition to widely deployed fluorescence, SERS, SPR and
electrochemistry-based assay techniques, other approaches such
as field effect transistor (FET) [194], colorimetric sensing [200],
upconversion luminescence resonance energy transfer (LRET)-
based sensing [201], MS-based sensing, giant magnetoresistance
(GMR) biosensors [202] and electrogenerated chemiluminenscence
biosensors [195] have been developed to detect EVs. FET based
biosensors are regarded as promising label-free sensing tools for
various biomolecules. After interaction between biomolecules
and the sensing surface, microelectrical signals are generated,
amplified and detected. A reduced graphene oxide (RGO) FET
biosensor modified with CD63 in the sensing area was fabricated
and used for the label-free quantification of exosomes (Fig. 12d).
This method exhibited a LOD down to 33 particles/pL and the capa-
bility of differentiating exosomes derived from serum samples of
healthy control and prostate cancer patients [194]. A paper sup-
ported aptasensor using LRET from upconversion NPs (UCNPs) to
gold nanorods (Au NRs) was established for the detection of exo-
somes. In the presence of exosomes, the two parts of the aptamer
can combine with the CD63 protein on the surface of the exosomes
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and therefore reduce the distance between UCNPs and Au NRs,
facilitating LRET and promoting luminescence quenching. The
quenching of the luminescence of the UCNPs was linearly corre-
lated to the concentration of exosomes and enabled detection
and quantification, with a LOD of 1.1 x 10* particles/uL [201]. By
analysing exosomal proteins using matrix-assisted laser desorp-
tion/ionization combined with Fourier-transform ion cyclotron
resonance mass spectrometry, platelet factor 4 protein was found
to be a new exosomal biomarker in the serum of patients with dif-
ferent liver diseases [203]. Magnetic responsive probes based on
2D MoS,-Fe304 nanostructures were used to build an ultrasensi-
tive giant magnetoresistance biosensor for exosome detection.
When modified with an aptamer, the 2D magnetic hybrid nanos-
tructures enable both multidentate targeting and multi-magnetic
particle-based signal amplification, increasing the magnetic sensor
performance, and thus affording high selectivity and excellent
reproducibility with a detection limit of 100 exosomes per uL
[202]. In a recent study, an ultrasensitive electrogenerated chemi-
luminescence (ECL) biosensor was reported for the detection of
exosomes. The ECL biosensor was developed by in situ decoration
of AuNPs on aptamer modified MXenes (AuNPs-MXenes-Apt)
(Fig. 12e). Due to the large surface area of MXenes, this hybrid
biosensor presented efficient recognition of exosomes and high
ECL signal, resulting in high selectivity toward exosomes from dif-
ferent kinds of tumour cell lines, as well as human serum speci-
mens [195].

5. Single EV analysis
5.1. Exosome heterogeneity

Increasing evidence has indicated that EVs are heterogeneous
in origin, size, and molecular constituents. This intrinsic hetero-
geneity affects their in vivo function, and as such has attracted
significant attention [22]. Currently available methods focus
mainly on the bulk analysis of vesicles, which is not suitable for
understanding the exosome-to-exosome phenotypic heterogene-
ity and their accurate quantification. Therefore, powerful single
EV analysis technologies are required to understand the various
EV types and subpopulations, as well as providing information
on the heterogeneity of biomarker expression [204]. In this sec-
tion we will review recent progress for the evaluation of single
EVs, with the aim of unravelling the biogenesis, molecular com-
position, diversity, and future applications of EVs, including
fluorescence-based flow cytometry, fluorescence imaging, Raman
spectroscopy etc.

5.2. Fluorescence-based analysis

5.2.1. Flow cytometric analysis

Flow cytometry is a technique able to simultaneously quantify
and qualify huge numbers of small vesicles. However, conventional
flow cytometry cannot be employed to detect vesicles with sizes
smaller than 300 nm, and the lack of reference materials hinders
the validation of EV analysis protocols. Fortunately, high-
resolution flow cytometry uses the bright fluorescent labelling of
cell-derived vesicles and flow cytometric analysis of these vesicles,
facilitates fluorescence-based detection of single nanosized parti-
cles with standardized quantification and multiparameter charac-
terization. This method can be used in nanobiology to investigate
the basic aspects of cell-derived vesicles. While many potential
clinical applications exist including a comprehensive analysis of
vesicle-based biomarkers in body fluids and quality control analy-
sis of vesicles for use as therapeutic agents [205]. This technology

has been used to detect the specific proteins on individual vesicles
and resulted in the phenotyping of individual exosomes and iden-
tification of exosome subsets produced by dendritic cells undergo-
ing different modes of activation [206].

Combined with imaging techniques, imaging flow cytometry
(IFCM) is a multiparametric technique that enables visualization
and direct quantification of images obtained. The method has been
reported to sensitively detect blood-derived particles/vesicles with
diameters above 200 nm, however, its potential for the detection of
single EVs needs to be further explored. Using fluorescently
labelled EVs (e.g. CD63eGFP EVs) as a biological reference material,
the IFCM acquisition and analysis parameters could be optimized
for the detection of single EVs [207]. In a detailed analysis, EVs
are stained with a robust immunofluorescence protocol, and the
unbound excessive antibodies are removed before IFCM analysis.
The suitability of commercially available fluorophore-conjugated
antibodies for single EVs detection has been validated using correl-
ative light- and electronmicroscopy (CLEM). IFCM was used to
analyse the tetraspanin (CD9, CD63, CD81) proteins on EVs from
human and murine cell cultures as well as plasma samples. The
results indicated that this technique could permit the detection
and precise quantification of EV subpopulations secreted from
malignant gliomas as well as other cancer types, suggesting a
robust technique for future characterization and isolation of
tumour specific EV populations, which are highly desired for clin-
ically relevant applications [208]. Nano-flow cytometry provides
high resolution below 100 nm, through a combined implementa-
tion of fluorescence triggering, narrow laser beam, sensitive detec-
tors, and instrumental configuration. Therefore, it has been used to
quantify the heterogeneous distribution of EV cargo across the
entire secretome of cancer cells. In combination with structured
illumination (SIM) and AFM, the architecture of EV populations
can be reconstructed and the changes under the conditions of
malignant transformation and targeted therapy-induced stress
can be uncovered (Fig. 13a) [209].

5.2.2. Fluorescence imaging-based analysis

To achieve the in situ analysis of the contents of nanosized exo-
somes in clinical samples, recent progresses in fluorescent imaging
e.g. fluorescence super-resolution microscopy, total internal reflec-
tion fluorescence (TIRF) microscopy has made these technologies
suitable for observing single NPs, e.g. exosomes. The TIRF assay
allows imaging of single NPs via monitoring the fluorescence of
particles excited by total internal reflection and quantifying them
using the fluorescence intensity [213]. Therefore, a TIRF-based
single-vesicle imaging platform was applied for the in situ analysis
of single exosomes. DNAzyme-based fluorescent probes were con-
structed due to their capability for signal amplification and flexibil-
ity in structure design. After penetrating exosomes, DNAzyme
probes could specifically bind with target miRNAs and be detected
by TIRF microscopy. With a penetration depth of about 100-
300 nm, TIRF imaging assay could realize the direct quantification
of exosomal miRNAs in serum samples. Therefore, it was possible
to quantify the target miRNA content of whole exosomes at the
single-vesicle level with a high signal-to-noise ratio and yield the
precise stoichiometry of miRNAs and exosomes [214]. Most fluo-
rescence microscopic strategies are greatly limited by the imaging
channels due to the broad excitation and emission spectra of fluo-
rophores. To tackle this problem, DNA points accumulation for
imaging in nanoscale topography (DNA-PAINT) provides a facile
approach to achieve successive detection of multiple targets
through the transient interaction between two complementary
DNA strands. The continuous fluorescence on and off in the focus
plane induced by the binding events of DNA strands can be
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detected by TIRF microscopy (Fig. 13b). A quantitative analysis
platform was developed to facilitate sequential quantification
analysis of multiple exosomal surface biomarkers at the single-
exosome level using DNA-PAINT and a machine learning algorithm
was used for analysis, in order to achieve multiplexed profiling of
single exosomes. The profiling of four exosomal surface biomarkers
(HER2, GPC-1, EpCAM, EGFR) were evaluated as part of a proof of
concept study in order to identify exosomes from pancreatic cancer
and breast cancer-derived blood samples with high accuracy
(Fig. 13b) [210].

When used for single-EV analysis, microfluidic platforms pro-
vide many advantages including ultrasmall volume, small particle
manipulation etc. For instance, Weissleder et al. immobilized EVs,
on an integrated microfluidic platform for on-chip immuno-
staining and fluorescence imaging (Fig. 13c). Multiple rounds of
imaging cycles were carried out for different target markers. Mul-
tidimensional data analysis was subsequently used to characterize
groups of EV. This method permitted multiplexed protein profiling
of individual vesicles and the successful analysis of heterogeneous
biomarkers from EVs [211]. A droplet-based single-exosome-
counting enzyme-linked immunoassay (droplet digital ExoELISA)
approach for the digital qualification of single exosomes was devel-
oped by Zheng et al. The exosomes were immobilized on magnetic
microbeads through sandwich ELISA complexes tagged with an
enzymatic reporter. The as constructed beads were then isolated
and encapsulated, while ensuring just a single bead was captured
per droplet (Fig. 13d). With this approach, a LOD down to 10
enzyme-labelled exosome complexes per microliter (~10717 M)
was achieved. In addition, the quantitative detection of exosomes
in plasma samples from breast cancer patients was demonstrated
[212]. Furthermore, an aptamer and A-DNA-mediated approach
was reported for the simultaneous separation and analysis of indi-
vidual EVs in a microfluidic system which was designed for
viscoelastic-based size-selective separation of EVs [87]. In order
to detect EV subpopulations, Dil-labelled EVs were incubated with
Cy5-conjugated HER2 (human epidermal growth factor receptor 2)
aptamer and FAM-conjugated EpCAM aptamer before sorting. Tar-
get EV surface proteins could be efficiently recognized using small
aptamers (2-3 nm in size), facilitating aptamer-based single EV
analysis with high signal-to-noise ratios [215].

5.3. Raman microspectroscopy and SERS

Raman spectroscopy is regarded as a promising non-destructive
technique for exosome characterization owing to the high effi-
ciency in obtaining the chemical composition of nanovesicles. For
single EV analysis, laser trapping technology termed as laser twee-
zer Raman microscopy or Raman tweezers microspectroscopy
(RTM) is suitable due to its capability to characterize single parti-
cles. The RTM strategy integrates laser trapping with Raman prob-
ing techniques. It uses the same laser radiation to achieve both
optical trapping of the target particles and excitation for Raman
probing of the content of the particles. Therefore, RTM is capable
of trapping single vesicles at the laser’s focal point using a tightly
focused laser beam and providing the global chemical composition
of single EVs without using any exogenous label [159]. The inabil-
ity of RTM to characterize nanosized biomolecules was demon-
strated using experiments on liposomes, exosomes derived from
human urine and rat hepatocytes etc. Strong intra-sample
biomolecular heterogeneity of the individual trapped EVs was pro-
vided directly from the Raman spectra, demonstrating the promis-
ing use of RTM for single EV research (Fig. 14a) [216]. Using this
method, the Raman spectra of individual exosomes derived from
several cell lines were analysed. Using PCA, it was possible to rec-
ognize the subpopulations of exosomes. Comparison of the spectral
differences between various exosome subpopulations revealed

that the main chemical differences between the various subpopu-
lations was the membranes content of the EVs’. These results on
the analysis of exosome variability at the single vesicle level are
important to illuminate the role of exosome subtypes with respect
to their phenotype and ultimate biological function [217]. Addi-
tionally, combined with a microfluidic platform, the immunocap-
ture of EVs and the characterization at the single EV level in
terms of size, distribution, and chemical fingerprint using multi-
modal analysis was achieved using multimodal characterization
with Raman spectroscopy, SEM, and AFM [218].

To obtain enhanced Raman signals from single EVs, a surface
functionalization strategy was used, which was based on the elec-
trostatic adsorption of 4-dimethylaminopyridine (a cationic coat-
ing) and 10 nm AuNP on to the anionic surface of EVs in order to
form an irregularly shaped nanoshell around the EVs. This
nanocoating allows the production of an enhanced Raman signal
whilst keeping a colloidal suspension of the individual vesicles
(Fig. 14b). Combined with partial least squares discriminant anal-
ysis of the Raman spectra, EVs from different origin could be distin-
guished based on their SERS fingerprints [219]. Furthermore, by
combing fluorescence and Raman spectroscopy, multispectral opti-
cal tweezers were developed to investigate single vesicles for
molecular fingerprinting of EV subpopulations. This technique pro-
vided a tool for the sensitive measurement of Raman chemical
composition, together with discrimination using antibody fluores-
cence labelling [221].

5.4. Other techniques

Apart from fluorescence and Raman spectroscopic-based tech-
niques, other approaches such as interferometric plasmonic imag-
ing and resonance-enhanced atomic force microscopic IR
spectroscopy (AFM-IR) assays have been developed for single vesi-
cle analysis. In this section we will describe some recent research
developments. Interferometric plasmonic microscopy (iPM) is a
label-free approach capable of imaging single exosomes. Therefore,
the real-time adsorption of exosomes onto Au surfaces was moni-
tored, and individual exosomes were easily distinguishable as
bright spots. When integrated with fluorescent microscopy, the
fluorescent images were recorded after decorating the lipid mem-
brane of exosomes with DilC18 dye, which corresponded well with
the iPM images (Fig. 14c). Compared with conventional plasmonic
assays that measure the light intensity induced by a large number
of exosomes, iPM offers single-exosome sensitivity. Therefore, the
dynamic interaction between exosomes and antibodies was moni-
tored, together with the tracking of intermediate adsorption beha-
viour of exosomes on an antibody-coated surface (Fig. 14c). It was
anticipated that this method could be used to explore exosome-
antibody binding kinetics and contribute to potential clinical exo-
some analysis [220]. The AFM-IR approach is also a label-free tech-
nique which can be used to investigate the structural composition
of single EVs with nanoscale resolution. EVs isolated from cell cul-
ture medium are incubated on a suitable substrate, then, nano-IR
spectra and nano-IR images are collected by the AFM-IR instru-
ment. This approach can uncover the heterogeneity across individ-
ual EVs, within the same population and between different
populations, as well as detecting lipids, proteins and nucleic acids
within individual EVs. It is anticipated that the improved under-
standing of EV composition and structure through AFM-IR will
contribute to the understanding of EV biology [222]. A proximity
dependent barcoding assay was used to evaluate the surface pro-
teins of individual exosomes using next-generation sequencing
and antibody DNA conjugates. Following the validation of the
method using artificial streptavidin-oligonucleotide complexes,
the variable composition of surface proteins on individual exo-
somes originating from human body fluids or cell culture media
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Fig. 14. a) i) Image of an optical trap applied in RTM. ii) Cryo-TEM images of exosomes from rat hepatocytes. iii) Raman spectra of three independent vesicle groups from the
same sample of rat hepatocytes. Adapted with permission from ref [216]. Copyright 2019 The Royal Society of Chemistry. b) i) Schematic illustration of the SERS
measurements of AuNP coated ELVs. Each spectrum is derived from another vesicle by moving the laser to a different spatial location (e.g., 1, 2, 3). The presence of a gold
coated ELV was verified by a scattering signal (location 2). Scale bar = 10 um. ii) SERS spectrum of RBC-released ELVs coated with AuNP. Red arrows illustrate peaks arising
from the DMAP AuNP coating. Green arrows show presumed ELV related peaks. Adapted with permission from ref [219]. Copyright 2016 John Wiley and Sons. c). i) and ii)
showed the iPM and fluorescent images of exosomes. iii) Real-time iPM signals of an exosome binding to antibodies or that underwent Brownian motion. Adapted with

permission from ref [220]. Copyright 2018 National Academy of Sciences.

were determined. Exosomes derived from various sources were
characterized by comparing specific combinations of surface pro-
teins and their abundance, facilitating the independent quantifica-
tion of exosomes in mixed samples as markers for tissue-specific
disease development [223].

6. Application in diagnostics and therapeutics

EVs deliver cargos that reflect the physiological status of the cell
and tissue, modulate pathophysiological processes, initiate dis-
eases and affect their progression and response to treatment.

Therefore, as a direct result the detailed investigation into EVs
function has revealed their great potential as biomarkers for the
diagnostics of various diseases [224]. Furthermore, it is becoming
evident that these vesicles are involved in many pathological pro-
cesses, providing opportunities for therapeutic applications, e.g.
drug delivery [225].

6.1. Diagnosis and prognosis

EVs isolated from bodily fluid of patients differ from those of
normal controls. Therefore, disease derived EVs have been evalu-
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ated using various approaches to achieve early accurate diagnosis
and improved prognosis of different diseases using their valuable
contents including proteins, nucleic acids and lipids (Table 3).
The protein and nucleic acid contents of EVs have been thoroughly
evaluated as biomarkers for disease diagnosis and prognosis [226].
For instance, compared to control patients, unique protein species
were detected in EVs obtained from urine samples of patients with
kidney injury [227]. In addition, lipids have been associated with

specific diseases [153]. Therefore, the lipid contents on EVs are
regarded as effective biomarkers for liquid biopsy [68,228].
Cancer cell derived EVs contain different miRNAs and proteins
that are absent in non-malignant cells, and such nanovesicles can
be used as tumour biomarkers [229,230]. While EVs with specific
surface proteins and nucleic acids could be regarded as diagnostic
indicators for different kinds of cancer, such as liver cancer, lung
cancer and ovarian cancer etc. [231]. In a recent study, the state

Table 3
Representative studies using EV cargos as biomarkers for different diseases.
Disease type Sample type EV biomarkers EV Enrichment technique  Detection technique Refs
Lung cancer Plasma Protein  EpCAM; IGF-1R Immunomagnetic Chemifluorescence- [95]
enrichment in microfluid based immunoassays
chip
Plasma Protein  EGFR T790M Isolation kit qPCR [235]
Plasma Protein  CD151, CD171, and tetraspanin 8 Immunoaffinity Fluorescence [236]
microscopy
Breast cancer Blood Protein  CA-125, EpCAM, CD24 Immunomagnetic Fluorescence [96]
enrichment in microfluid microscopy
chip
Serum Nucleic  miR-375 Thermophoretic Fluorescence [147]
acid accumulation of nanoflare-  microscopy
treated exosomes
Plasma Protein  Developmental endothelial locus-1 protein Differential centrifugation ELISA [237]
Prostate cancer Serum Nucleic  miR-200c, miR-605, miR-135a* miR-433, miR-106a Exosome precipitation Scano-miR assay [238]
acid solution
Urine Protein  Prostate-enriched proteins (ACPP, PSA, PSMA, TGM4)  Ultracentrifugation LC-MS [239]
Urine Lipid Phospholipid Reversed-phase Hyphenate microLC- [234]
chromatography Q-TOF-MS
Colorectal Serum Nucleic  miR-19a Ultracentrifugation Quantitative real- [142]
cancer acid time RT-PCR
Gastric cancer Plasma Nulceic  Long intergenic non-protein-coding RNA 152 Ultracentrifugation qRT-PCR [240]
acid
Liver cancer Serum Nulceic  miR-718 Isolation kit microarray analysis [241]
acid
Serum Nulceic  miR-21 Total Exosome Isolation Real-time qRT-PCR [242]
acid Reagent
Ovarian cancer Ascite Protein  CD24; EpCAM Immunocapture in Surface plasmon [190]
microfluidic chip resonance
Plasma Protein  CD24; EpCAM FR Immunocapture in Fluorescence [137]
microfluidic chip microscopy
Serum Nulceic  miR-21, miR-141, miR-184, miR-193b, miR-200a, miR- Modified magnetic MicroRNA [243]
acid 200c, miR-200b, miR-203, miR-205, miR-214 activated cell
Pancreatic Serum Protein  Glypican-1 Ultracentrifugation ELISA [244]
cancer
Plasma Protein ~ Macrophage migration inhibitory factor Ultracentrifugation Immunofluorescence [245]
Plasma Protein  EGFR, EPCAM, MUC1, GPC1, and WNT2 Ultracentrifugation Nanoplasmonic [246]
sensor
Bladder cancer Urine Protein  Apolipoproteins. Ultracentrifugation Dot blot and western ~ [247]
blot
Nucleic  miR-146a, miR-194 and let-7c Ultracentrifugation Reverse transcription
acid & real-time qPCR
Glioblastoma Serum Protein  EGFR Microbead-based Flow cytometry [12]
multiforme enrichment analysis
Nucleic  PTTG1 mRNA, NLGN3 mRNA Ultracentrifugation Real-time PCR
acid
Serum/Plasma  Nucleic ~ EGFRvIII mutant mRNA Immunocapture in PCR [91]
acid microfluidic chip
Nasopharyngeal  Serum Nucleic  hsa-miR-24-3p, hsa-miR-891a, hsa-miR-106a-5p, hsa-  Ultracentrifugation microRNA chip array [248]
carcinoma acid miR-20a-5p, and hsa-miR-1908 assay
Alzheimer Cerebrospinal ~ Protein ~ AT270 Sucrose gradient ELISA [249]
disease fluid fractionation
Parkinson Plasma Protein  o-synuclein Immunomagnetic Mass spectrometry [250]
disease enrichment
Acute kidney Urine Protein  Fetuin-A Differential centrifugation Mass spectrometry [251]
injury
Urine Protein  Transcription factor 3 Differential centrifugation Western blot [252]
Acute heart Serum Nucleic  MiR-92b-5p Ultracentrifugation Quantitative reverse-  [253]
failure acid transcript PCR
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of protein phosphorylation could be a key to understanding cellu-
lar physiology such as early-stage cancer. Patients diagnosed with
breast cancer exhibit significantly higher levels of phosphoproteins
in plasma EVs than healthy controls, providing a feasible way for
cancer screening and monitoring [232]. Glioma is one of the most
common malignant primary brain tumours of the central nervous
system. The analysis of EGFR in serum EVs, exhibited a high corre-
lation with the malignancy of glioma. As a result, EGFR was iden-
tified as an effective diagnostic marker of glioma [12]. In
addition, plasma prostasome microvesicles secreted by prostate
acinar cells could be biomarkers of prostate cancer [231].

Several groups have reported on the progress of using EV lipids
as biomarkers for diseases [153,233,234]. Research on EVs offers
many new opportunities for liquid biopsy which importantly is a
minimal invasive diagnostic technology. Therefore, in combination
with various advanced technologies, such as microfluidic strategy,
“point-of-care” diagnosis of various diseases is achievable [89].

6.2. Therapeutic application

EVs are vehicles that transport functional biomolecules
between cells to enable intercellular communication. Therefore,
the development of new therapeutic strategies based on EVs has
been intensively investigated to help treat diseases. On one hand,
therapies that utilize the inherent biological functions of EVs to
mimic natural repair processes have been developed, given their
innate therapeutic capability in immune modulation and tissue
repair. While on another hand, drug delivery methodologies that
use EVs as vectors to deliver therapeutic units to the repair site
have been extensively investigated [254]. In this regard, both as
secreted and engineered EVs are emerging as important therapeu-
tic transporters for drug delivery. EVs are highly versatile for either

surface engineering or cargo encapsulation. They are considered to
exert therapeutic function towards numerous membrane defect-
related diseases, and the entities attached to the vesicle surface
can enhance the targeting ability of EV’s, exhibit increased expres-
sion levels and trigger antigen immunogenicity [5,255]. In general,
there are two distinct approaches that can be classified as the
direct use of native EVs for therapy and use of engineered EVs
for cargo delivery (drug, protein and nucleic acid) to treat diseases
and achieve different therapeutic effects [256]. In this section, we
will describe emerging EV-based therapeutic applications
(Fig. 15), highlighting advances made in the development of state
of the art therapeutic EVs.

6.2.1. Native EVs for therapy

It has been well recognized that stem cells hold great promise
for treating several diseases. For example, MSC are particularly effi-
cient for the treatment of autoimmune and neurodegenerative dis-
eases. However, MSC-based treatments cannot fully reach their
potential as therapeutics due to their large size. Fortunately, EVs
generated by these cells have been demonstrated to modulate
the immune system and possess therapeutic effect, indicating their
ability for the development of cell-free therapeutics. For example, a
number of studies have demonstrated that EVs derived from MSC
exhibit beneficial paracrine effects in models of kidney injury,
myocardial infraction, and skeletal muscle repair. The paracrine
effect depends on the transfer of bioactive lipids, proteins, growth
factors and genetic materials to recipient cells using EVs and
reduces the potential safety concerns related to direct stem cell
transplantation [257-260]. These MSC-derived EVs mediate the
same functions as their parent cells and exhibit superior bioactive
properties. Thus, they have been intensively evaluated for their
innate therapeutic application in clinical models [26].
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Msc-secreted small EVs contain many potent signalling mole-
cules that play crucial roles in tissue regeneration such as cytoki-
nes and microRNA. To improve the low patency rates of vascular
grafts in patients a MSC-derived EV-functionalized vascular graft
was constructed and applied to an in vivo model the system inhib-
ited thrombosis and calcification and enhanced patency of the vas-
cular grafts. The fabrication of vascular grafts with
immunomodulatory role could provide an effective approach to
improve vascular function and performance vital for cardiovascu-
lar regenerative medicine [261]. The treatment of multiple sclero-
sis which is an inflammatory disease of the central nervous system
exosomes both derived from native MSC (Native-Exo) or MSC acti-
vated by IFNy (IFNy-Exo) have been evaluated in a mouse model.
IFNY, a pleiotropic cytokine involved in the onset orchestration
and resolution of adaptive immune and autoimmune responses
has been reported to promote the immunosuppressive effects of
MSCs. These results indicated that both native-Exo and IFNy-Exo
could ameliorate diseases while IFNy-Exo exhibited higher effect.
RNA sequencing results indicated that IFNy-Exo contained anti-
inflammatory RNAs and harboured multiple anti-inflammatory
and neuroprotective proteins facilitating sustained clinical recov-
ery and reduced neuroinflammation in the mouse. Therefore they
could serve as cell-free therapies in creating a tolerogenic immune
response as therapies for central nervous system and autoimmune
disorders [262]. Recently it has been reported that small EVs
obtained from human MSCs could prevent group 2 innate lym-
phoid cell-dominant allergic airway inflammation through deliv-
ery of miR-146a-5p as cargo [263]. Gao reported that cell
paracrine secretions that bear the functions of microenvironment
regulation could be delivered by MSC-secreted exosomes. In com-
bination with a new implantation strategy that uses immobilized
exosomes in a peptide -modified adhesive hydrogel the functional
vesicle matrix exhibited positive treatment effects on the disease
[264].

In addition, another type of stem cell, perivascular stem cells
(PSCs) have been highlighted for their therapeutic ability. The vas-
cular wall is a source of progenitor cells that can induce skeletal
repair, primarily by the paracrine mechanisms. It has been demon-
strated that human PSCs derived EVs possess the same pro-
migratory, pro-osteogenic and mitogenic properties of their parent
cells, which are dependent on the surface-associated tetraspanins.
Therefore, PSC-EVs facilitate the same tissue repair effects of
perivascular stem cells and provide an ’off-the-shelf substitute
for bone tissue regeneration [265]. Apart from stem cells, some
other cell species can secret EVs with innate therapeutic effect.
For instance, EVs derived from human dermal fibroblasts exhibited
anti-skin-aging abilities. The vesicles were collected and then
introduced to a photoaging mouse model using a needle-free injec-
tor. The treatment resulted in a high level of tissue inhibition of
metalloproteinases-1, collagen synthesis capability and antiaging
effects [266]. In a recent study, lung spheroid cell secreted exo-
somes (LSC-Exo) were used to treat different models of lung injury
and fibrosis. Due to their innate therapeutic capability, LSC-Exo
could attenuate lung fibrosis by re-establishing normal alveolar
structure and decreased both collagen accumulation and myofi-
broblast proliferation. Of note, LSC-Exo exhibited superior effects
compared to MSC derived exosomes for treatment, indicating the
great innate therapeutic potential of these vesicles for lung regen-
eration [267].

6.2.2. Engineered EVs for cargo delivery

EVs can be engineered either by surface modification or cargo
encapsulation, which could improve their function in therapeutic
applications [268,269]. In addition, tumour derived EVs can breach
the blood — brain barrier (BBB) in vivo, and thus facilitates the
development of drug delivery approaches for therapeutic cargoes

across the BBB for the treatment of a variety of brain diseases
[11]. There are two different approaches to develop EV-based
delivery systems: transfection of parent cells and exogenous load-
ing of various therapeutic entities. A wide range of exogenous car-
gos have been encapsulated into EVs such as therapeutic drugs,
proteins, RNA and functional NPs, using various methods including
surfactant permeabilization, electroporation, sonication, freeze—
thaw cycles, hypotonic dialysis, extrusion and cell-mediated pack-
aging [270-272] As such EVs are emerging as potential natural
drug delivery vehicles with many advantages in the drug delivery
workflow including drug loading, intrinsic cell targeting , ability to
cross natural barriers and in vivo stability during circulation [229].
The biogenesis of EVs offers unique opportunities for the loading of
cargos to secreted vesicles by delivering these therapeutic factors
to a cell [254]. Such cargo loaded EVs have exhibited encouraging
therapeutic effects in various diseases such as many kinds of can-
cers [273,274] and neurodegenerative diseases [254]. The most
commonly applied strategies for exogenous loading of therapeutic
moieties, include direct membrane fusion, encapsulation and engi-
neering of parental cells to obtain EVs containing the desired cargo.

a. Therapeutic drug delivery

Benefiting from their specific structure and intrinsic biochemi-
cal properties, EVs can serve as stable drug delivery platforms for
chemotherapy. Following from the seminal work by Zhang et al.
in 2010, where they reported the enhanced anti-inflammatory
effect of using exosomes to deliver curcumin to target inflamma-
tory cells, EVs have been intensively investigated to encapsulate
various therapeutic drugs for disease treatment [275]. For instance,
exosomes modified by targeting ligands loaded with a chemother-
apeutics doxorubicin (DOX) via electroporation exhibited excellent
potential for cancer treatments [273,276]. While, a micelle-aided
method has been used to efficiently load the low-toxicity anti-
cancer agent imperialine into intact EVs to treat non-small cell
lung cancer [277]. Based on the preferential recruitment of macro-
phages by breast cancer, macrophage-derived exosomes could pro-
vide a potential drug delivery platform for breast cancer-targeted
therapies. As such, Wu et al., developed optimized docking NPs
prepared via nanoprecipitation and composed of a laurate func-
tionalized platinum Pt (IV) prodrug (Pt(lau)), human serum albu-
min (HSA), and lecithin [278]. The authors isolated the exosomes
spontaneously secreted by murine RAW 264.7 cells (Rex) to encap-
sulate the NPs by sonication and ultracentrifugation (Fig. 16a).
When compared with free cisplatin, the nanoassembly NPs/Rex
facilitated breast-cancer-targeted Pt delivery due to the tumour-
homing ability of the macrophage-secreted exosomes. In addition,
NPs/Rex displayed prolonged blood circulation, smart organ trop-
ism, and enhanced biocompatibility, as well as robust Pt
chemotherapy for breast cancer cells in orthotopic tumours of fat
pads and metastatic nodules in lungs [278]. In another example,
Bi,Se; nanodots and DOX co-embedded microparticles (Bi,Ses/
DOX@MPs) were fabricated using ultraviolet light irradiation-
induced budding of parent cells which were preloaded with Bi,Ses
nanodots and DOX using electroporation. The drug-loaded
microparticles (microvesicles) exhibited dual-modal imaging
capacity and outstanding tumour suppression effects due to their
excellent photothermal performance and tumour targeting ability
[279]. By using cancer-derived exosomes to load and deliver ultra-
thin palladium catalyst to cells, localized prodrug activation could
be achieved. This is anticipated to promote the development of
new targeted therapy modality, namely exosome-directed catalyst
prodrug therapy for the treatment of cancers [280].

The above studies are based on direct loading of drugs to EVs.
For indirect approaches, EVs carrying drugs could be obtained by
secretion of parent cells. For instance, RAW macrophages were
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Fig. 16. a) Schematic illustration of the Pt(lau)HSA NP-loaded exosome platform (NPs/Rex) for efficient chemotherapy of breast cancer. Adapted with permission from ref
[278]. Copyright 2019 American Chemical Society. b) Schematic of the design of FA-AuUNR@RGD-DOX-Exos and their antitumor effect under NIR irradiation. The therapeutic
efficiency of FA-AuUNR@RGD-DOX-Exos was evaluated in a tumour-bearing mouse model. (Bottom) Schematic of FA-AuUNR@RGD-DOX-Exos as an effective nanoplatform for
targeted delivery and chemo-photothermal synergistic tumour therapy. Adapted with permission from ref [281]. Copyright 2018 John Wiley and Sons.

incubated with dexamethasone (DEX) and the microvesicles inflamed kidney and exhibited excellent ability to suppress renal
loaded with DEX are isolated from the supernatant by centrifuga- inflammation and fibrosis without apparent glucocorticoid adverse
tion. MV-DEX could efficiently deliver dexamethasone to the effects [282]. Liu et al. reported the labelling of donor cells with
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dual ligands (biotin and avidin) in the phospholipid membrane
able to encapsulate drugs in the cytosol in order to obtain secreted
exosomes with the desired dual ligands and drugs, which exhibited
excellent targeting for tumour cells and efficient receptor-
mediated cellular uptake [93]. Using a similar cell labelling strat-
egy, the same group generated exosomes modified with arginyl-
glycyl-aspartic acid (RGD) and sulfhydryl group which were encap-
sulated with DOX and functionalized with Au nanorods. After mod-
ifying another tumour-specific targeting ligand (folic acid, FA), the
obtained exosomes (FA-AuNR@RGD-Exos) accumulated at the
tumour site due to the dual ligand-mediated endocytosis
(Fig. 16b). AuNRs could then induce localized hyperthermia under
NIR irradiation, resulting in photothermal activity and enhanced
drug release by impacting the permeability of the exosome mem-
brane. Therefore, the designed exosome assembly provided a func-
tional platform for the photothermal chemotherapeutic treatment
of tumours [281]. In another study, tumour cells incubated with
porous silicon NPs (PSiNPs) loaded with DOX were used to gener-
ate exosome-sheathed DOX (DOX@E-PSiNPs) by exocytosis of cells.
The biocompatible DOX@E-PSiNPs exhibited increased tumour
accumulation, extravasation from blood vessels and deep tumour
penetration of parenchyma. Moreover, DOX@E-PSiNPs possess sig-
nificant cellular uptake and cytotoxicity with both cancer stem
cells (CSCs) and bulk cancer cells regardless of their origin [283].
In a similar manner, extrussion of cells with DOX, resulted in the
enrichment of encapsulated DOX EVs (EVdox), which were then
applied for the fabrication of an EV-supported popcorn-like nanos-
tructure using self-grown AuNPs surrounding the EVdox. This
nanoplatform retained the photothermal transduction from gold
nanoparticle assemblies and cytotoxicity of DOX and exhibited
enhanced antitumor efficacy and reduced side effects in tumour-
bearing mouse models [284].

b. Therapeutic protein delivery

Over the past several decades, various cell membrane proteins
have been studied in preclinical and clinical studies as targets for
therapeutic formulations [285]. Such proteins must be expressed
and purified in systems close to the native conformation. There-
fore, EVs released from most cells are an ideal platform for
membrane-associated therapeutic protein delivery [24]. Natural
EVs contain a variety of membrane and cytosol proteins, offering
a significant number of binding sites for specific targeting/homing
ligands in targeted therapy or combined with exogenous therapeu-
tic proteins for efficient protein delivery [16]. In brief, therapeutic
proteins can be delivered by membrane fusion or fusogenic EVs to
elicit nonimmune and immune responses. Protein cargo loading
can be achieved by engineering the EV surface using the fusion
of the moiety of interest. Combined with aptamers or chemical
antibodies, molecularly targeted exosomes can be as assembled
as smart engineered nanovesicles for precision medicine [286].
For instance, based on the natural capability of BBB breaching by
EVs, macrophage derived EVs have been used to bind a brain-
derived neurotrophic factor on the membrane by electrostatic
and polysaccharide interactions to form a BDNF-EV complex. The
application of this system to mice models facilitated the successful
delivery of proteins using EVs to inflamed brains [287]. The
anchoring of a propeptide to the surface of exosomes through fus-
ing the inhibitory domain of myostatin propeptide into the second
extracellular loop of CD63, resulted in the targeted delivery of
propeptide to damaged muscle, and resulted in a promising
approach to accelerated muscle regeneration and growth [288].
In another study, a biomimetic nanoparticle platform was con-
structed by caging guest proteins in a matrix of metal-organic
frameworks (MOFs) and then decorating the NPs onto the EVs by
membrane binding (Fig. 17a). This EV-like nanoparticle could pro-

tect proteins against protease digestion, evade clearance by the
immune system, target homotypic tumour sites and promote
tumour cell uptake, followed by autonomous release of the guest
protein after internalization. Based on these biomimetic NPs, intra-
cellular delivery of the bioactive therapeutic protein gelonin signif-
icantly inhibits tumour growth in vivo and increased therapeutic
efficacy 14-fold [289]. Recently, Choi et al. reported a new tool
for the intracellular delivery of target proteins via optically rever-
sible protein-protein interactions (Fig. 17b). A photoreceptor cryp-
tochrome 2 (CRY2) and CRY-interacting protein (CIBN) bound via
blue light-dependent phosphorylation was used in the experiment.
Under blue light illumination, the transient docking of CRY2-
conjugated cargo proteins binding to CIBN which was conjugated
with exosomal CD9 protein, inducing the generation of exosomes
with the desired cargo proteins after endogenous biogenesis. Upon
removal of the blue light, the cargo proteins are detached from the
CD9-conjugated CIBN, enabling release of the exosomes into the
intraluminal space and efficient delivery to the cytosolic compart-
ment of targeted cells [290]. This study provided a new method for
loading protein cargos through fusion with membrane proteins
upon regulation by external physical stimulus. To facilitate diverse
surface functionalization of exsomes, an oligonucleotide tethers
strategy was developed by Das et al. In their work, an
immunomodulatory protein, FasL was used to modify the surface
of exosomes, which exhibited spatial induction of apoptosis in
tumour cells and suppressed proliferation of alloreactive T cells
[291]. Taking advantage of the specific features of the phospholipid
bilayers of exosomes to decorate functional moieties, membrane
protein engineering could be used to fabricate on-demand
nanoplatforms with the desired physicochemical/biological char-
acteristics, such as improved physiological stability, enhanced tar-
geting ability, as well as multifunctionality [16,292].

In addition, fusogenic vesicles provide an efficient approach to
control the function of membrane proteins and the effective
delivery of membrane proteins, as well as cytosol proteins to tar-
get cells [293]. For example, Yang and co-workers have developed
a fusogenic exosome platform using the viral fusogen, vascular
stomatitis virus (VSV)-G protein which was capable of fusing with
the cell membrane at acidic pH. The authors have shown that the
fusogenic exosomes could efficiently deliver glucose transporter-4
(GLUT4-GFP) or GFP fused CD63 (CD63-GFP) to cell membranes
and mediate the transfer of GLUT4 to mouse muscle membranes
in vitro and in vivo, resulting in an increased glucose uptake for
the recipient cells. This study confirmed the potential of using
the fusogenic exosome platform for delivering membrane pro-
teins [294].

Other investigations have shown that EVs can induce an
immune response by presenting parent cell signalling proteins or
tumour antigens to immune cells [276]. In addition, EVs express
tumour-specific antigens that display strong antigen immuno-
genicity and can be used to develop cancer vaccines [295]. For
example, dendritic cell derived exosomes bearing membrane pro-
tein, MHC-I, complexed with tumour-derived peptides could be
used to induce anti-tumour immune responses [296]. In addition,
the surface expression of other antigens e.g. ICAM-1 and NKG2D
ligand could activate T cells and NK cells, resulting in an immune
response [297,298]. While, a well-recognized therapy for haemato-
logical and non-haematological malignancies has been developed
based on the acute toxic chimeric antigen receptor (CAR) which
is expressed by genetically engineered T cells and displays target
specificity due to antigen-recognition regions. Similarly, EVs,
mostly in the form of exosomes released by CAR-T cells carry
CAR on their surface. The CAR-containing exosomes express a high
level of cytotoxic molecules (e.g. granzyme B) and can be used in
tumour treatments to induce rapid and durable clinical responses.
The results of tumour treatment in a preclinical model indicated
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that EVs exhibited superior antitumor effect but inferior toxicity to
CAR-T cells, suggestive of a potential therapeutic approach [299].
For cancer immunotherapy using a tumour antigen vaccination
combined with an adjuvant, it is particularly difficult to identify
a specific tumour antigen and efficient delivery of the antigen to
receipt cells. Takakura et al. proposed an efficient exosome-based
tumour antigens-adjuvant co-delivery system using genetically
engineered tumour cell-derived exosomes containing endogenous
tumour antigens and immunostimulatory CpG DNA. The results
demonstrated the efficient delivery of tumour antigens and CpG
DNA, which successfully activated DC cells for tumour treatment
[300]. Another important consideration in immunotherapy is the
targeted delivery of therapeutic proteins with low immunogenicity
and system toxicity to achieve optimal tumour treatment. Gaertner
et al. developed a new immunotherapeutic approach for adjuvant

treatment of chronic lympho-cytic leukaemia (CLL) based on engi-
neered EVs carrying proteins and antigens of human viruses. The
results indicated that engineered EVs were able to target patients’
malignant cells and render these cells immunogenic to allogeneic
and autologous cells, thus providing an attractive tool for the adju-
vant treatment of CLL [272].

c. Nucleic acid delivery

RNA-based therapeutics has been recognized as promising in
disease treatments. Both in vitro and in vivo delivery of nucleic
acids plays a vital role in emerging gene therapy. Natural EVs are
rich in nucleic acids, such as miRNAs, mRNAs and DNA etc. Thus,
they are a suitable and rational vehicle for the delivery of nucleic
acids. In addition, recent studies have demonstrated that mRNA-
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loaded lipid NPs could undergo endocytosis and packaging into
EVs, and as such could protect the exogenous mRNA during
in vivo delivery [301]. A significant amount of research has been
devoted towards the engineering of EVs for RNA loading. For
instance, Wood et al. reported the pioneering study on the delivery
of RNA by EVs. The authors used dendritic cells derived exosomes
which were engineered with targeting proteins loaded with exoge-
nous siRNA by electroporation. Intravenous injection of the engi-
neered EVs resulted in the delivery of siRNA to the brain and
exhibited the excellent therapeutic potential of exosome-
mediated siRNA delivery for brain diseases, e.g. Alzheimer’s disease
[302]. Through the construction of a fusion protein in which the
exosomal membrane protein CD9 was fused with RNA binding pro-
tein, Yuan et al. engineered exosomes for RNA loading. The CD9
protein was fused with HuR an RNA binding protein that interacts
with miR-155 with a relatively high affinity. Subsequently, exo-
somes carrying miR-155 were enriched with fused CD9-HuR and
then secreted by parental cells and miR-155 was delivered to the
receipt cells. This study provided a novel strategy for enhanced
RNA cargo encapsulation into engineered exosomes for delivery
to recipient cells (Fig. 18a) [303]. Based on the experimental results
that MSC-Exo could penetrate the BBB and homed into the injured
spinal cord region, Levenberg et al. used MSC derived exosomes
loaded with phosphatase and tensin homolog small interfering
RNA (ExoPTEN) to treat spinal cord injury. They demonstrated that
ExoPTEN could not only promote robust axonal outgrowth of DRG
neurons in vitro, but also achieve improved neovascularization and
therapeutic efficacy in rats with spinal cord injury (Fig. 18b) [304].

In order to improve the efficacy of gene therapy, the loading
efficiency of RNAs into EVs needs to be considered. In a recent
study, protonation of EVs to create a pH gradient across the EV
membrane was shown to enhance vesicle loading of a nucleic acid
cargo, specifically small interfering RNA (siRNA), microRNA
(miRNA), and single-stranded DNA (ssDNA). Cellular uptake of
EVs was not impaired by the loading process, nor was any signifi-
cant EV-induced toxicity observed in mice [305]. In addition, tak-
ing advantage of the development of RNA nanotechnology, the
effective reprogramming of native EVs for RNA delivery was possi-
ble. For example, the positioning of arrow-shaped RNA was altered
to control ligand display on EV membranes for specific cell target-
ing, or to regulate intracellular trafficking of siRNA or miRNA. The
placement of membrane anchoring cholesterol at the tail of the
arrow resulted in the display of RNA aptamer or folate on the outer
surface of EVs. However, placing the cholesterol at the arrowhead
induced the partial loading of RNA nanoparticles into EVs. Using
the RNA ligand for specific targeting and extracellular vesicles for
efficient membrane fusion, the resulting EVs were able to specifi-
cally deliver siRNA to cells, and halt tumour growth in prostate,
breast and colorectal cancer models [306].

To generate targeted nucleic acid or enable their targeted deliv-
ery, cellular engineering is required. Through transfection of cells
with an expression vector, targeted exosomes could be generated
with exosomal protein fused with a peptide ligand, which could
then be applied for tissue-specific nucleic acid delivery [307]. For
instance, Kuroda and co-workers have determined that targeting
ability was achieved by engineering the donor cells to express
the transmembrane domain of platelet-derived growth factor
receptor fused to the GE11 peptide. The modified exosomes
derived from cells could then successfully deliver miRNA to
EGFR-expressing cancer tissues. In addition, intravenously injected
exosomes targeting EGFR were capable of delivering let-7a specif-
ically to xenograft breast cancer cells in a mice model, indicating
that the exosomes targeted EGFR-expressing cells could provide
a platform for miRNA replacement therapies for the treatment of
many cancers [308]. In another study, vesicles carrying suicide
gene mRNAs and proteins were obtained from transfected parental

cells. The vesicles were then injected into Schwannoma tumours
from an orthotropic mouse model. Combined with systemic pro-
drug treatments, the vesicles resulted in successful tumour treat-
ment [309]. With regards to the RNA loading of exosomes,
analytical methods to sort exosomes and their sub-populations,
and the influence of exosomal proteins and lipids on the recipient
cells need to be further evaluated. Further studies on these aspects
of exosome biology will enable advancements of the field and
could result in the clinical translation of exosome-based gene ther-
apy [310].

d. Functional nanoparticle delivery

Recently, the following methods have emerged as successful
approaches for tumour treatment; photodynamic therapy (PDT)
which is based on reactive oxygen species (ROS) produced by pho-
tosensitizers under light irradiation [311], photothermal therapy
(PTT), which is induced by the photothermal effect of photother-
mal transduction agents (PTAs) [312] and sonodynamic therapy
(SDT), relying on the sonosensitizer triggered generation of ROS
via ultrasound [313]. With the growing interest in cancer therapy
using PDT, PTT and SDT, the development and efficient transfer
of novel nanomaterial-based photosensitizers, PTAs and sonosensi-
tizers have been intensively investigated [314], which has inspired
the construction of EV-based nanoplatforms to deliver functional
NPs e.g. photosensitizers. Li et al. have developed multifunctional
chimeric peptide engineered exosomes (ChiP-Exo) for use as
plasma membrane and nucleus targeting photosensitizer delivery.
The plasma membrane targeted PDT of Chip-Exo could directly
destroy the membrane structure and kill the cells. Combined with
dual-stage light strategy, Chip-Exo could be delivered to the cyto-
sol and penetrated the nuclei and generated ROS in situ to destroy
the nuclei for an improved synergetic PDT, resulting in an
improved therapeutic effect on the inhibition of tumour growth
with minimized system toxicity [315]. In a recent study, Tang
et al. prepared a tumour-exocytosed exosome hybrid using electro-
poration, which transported photosensitizers with aggregation-
induced emission properties to facilitate efficient tumour penetra-
tion and PDT [316]. To improve the limited therapeutic efficiency
of PTT, small fluorescent vanadium carbide quantum dots (V,C
QDs) were modified with TAT peptides and packaged into exo-
somes engineered with cell targeting RDG peptide as photothermal
agents to obtain cancer cell membrane and nucleus dual-targeting
system (V,C-PEG-TAT@Ex-RGD). Upon laser irradiation at
1064 nm, the resulting NPs could induce cell necrosis at low tem-
perature (Fig. 19a). In vivo anticancer treatment proved that the
exosome-based NPs exhibited good biocompatibility, long circula-
tion time, and endosomal escape ability, which could target the cell
and enter the nucleus to realize low-temperature PTT with
advanced tumour destruction efficiency [317]. The development
of nanosensitizers with good biosafety and high sono-activatable
efficiency is critical for efficient SDT-based cancer therapy. Wang
et al. reported a functionalized smart nanosonosensitizer by load-
ing sinoporphyrin sodium (DVDMS), an excellent porphyrin sensi-
tizer with potential therapeutic and imaging applications, onto
homotypic tumour cell-derived exosomes. The synthesized EXO-
DVDMS was utilized for the controlled ultrasound-responsive
release and enhanced SDT. In addition, the exosomal formulation
provided a functionalized nanostructure, and aided simultaneous
imaging and inhibition of tumour metastasis, which was 3-fold
and 10-fold better than that of free form, resulting in a promising
nanoplatform for activated cancer theranostics [318].

In order to construct on-demand engineered EVs, microfluidic-
based strategies have been developed to readily engineer EVs for
any desired application. For instance, a streamlined microfluidic
cell culture platform was used to integrate harvesting, antigenic
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Chemical Society.

modifications, and the photo-release of intact, surface engineered
exosomes. The surface engineered antigenic exosomes were
enriched in real-time from the on-chip culture of leukocytes sepa-
rated from human blood, resulting in enhanced cellular uptake
which have lead to advances in cancer immunotherapy [320].
Sun et al. have reported a microfluidic sonication approach to gen-
erate biomimetic NPs such as exosome membrane (EM)-coated
poly(lactic-co-glycolic acid) (PLGA) NPs, encapsulated with imag-
ing agents (Fig. 19b). The EM could lower nonspecific uptake and
enhance tumour targeting, whereas the PLGA cores loaded with
imaging agents could support the rigid core-shell nanostructures.

Furthermore, cellular uptake and in vivo experiments indicated
that the tumour cell-derived EM-coated PLGA NPs consisting of
endosomal and plasma membrane proteins exhibited superior
homotypic targeting capability. This study provided a controllable
microfluidic-based approach for fabricating exosome-based drug
delivery system in a facial and efficient manner [319].

6.2.3. Challenges and considerations for EV-based therapy

So far, there have only been a few human clinical trials where
the immune cell-derived EVs have been used as cancer vaccines,
and in those examples the tumour-specific antigens are carried
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on the vesicles [229]. To the best of our knowledge, research
towards using EVs as state of the art delivery vehicles for therapeu-
tic drugs, nucleic acids and functional nanoparticles etc. have only
been reported in advanced preclinical studies using animals as
models, e.g. mice [267,279] or rats [304]. Practical therapeutic
applications of EVs have been limited due the major challenge of
producing EVs of a clinical grade. For drug delivery, there is a lack
of methods for scalable EV isolation and efficient drug loading.
When translating into practical application, a large quantity of cells
is required to generate enough EVs for in vitro assays and in vivo
animal models. Furthermore, when using for clinical treatments
in human patients, a scaling up in the production of EVs is required
[321]. The function and mechanisms regarding the application of
EVs in cancer treatment need to be completely understood. As dis-
cussed above, recent research has focused on EVs as natural NPs for
therapeutic applications, especially engineered EVs that provide
attractive tools for the advancement of novel therapeutic interven-
tions, such as vaccinations, cancer immunotherapies, or targeted
drug delivery. Therefore, by engineering the surface and cargo of
EVs through chemical and biological approaches, scientists hope
to enable the favourable characteristics whilst removing any unfa-
vourable properties. However, the efficient engineering of EVs
without negatively impacting their function remains challenging.
Manipulating parent cells is complex and time-consuming, whilst
direct functionalization of surface proteins of EVs sometimes suf-
fers from low specificity and low efficiency [268]. In addition, the
application of such engineered EVs requires the precise evaluation
of the interaction of the EVs with cells in order to determine their
uptake routes and intracellular routing [322]. In particular, for drug
delivery systems, the intrinsic safety and toxicity of EVs are critical.
Importantly studies have demonstrated that EVs have minimal
hepatotoxicity, which is important since NPs accumulate in the
liver [323]. There remains several key biological factors that must
be considered when using EVs for in vivo drug delivery including
the interaction between the EVs and the receipt cell, and a deep
understanding of the mode of action for both active and non-
active components of the drug loaded EVs in vivo from a pharma-
cological perspective. [254,324]. Therefore, systematic evaluations
and optimizations of EV-based therapies are required to improve
the translation of engineered EVs into clinical applications as a
new class of drug delivery systems [322].

7. Summary and future perspectives

EVs carry diverse cellular constituents (proteins, lipids, genetic
agents) from their parent cells and convey information between
cells to regulate the phenotype and function of the recipient cells.
Due to their physiological and pathological function and the abun-
dance in various body fluids, studies on EVs to enable non-invasive
liquid biopsy and disease therapies have grown logarithmically
over the past a few years. As reviewed in this article, advanced
techniques based on fluorescence, SERS, SPR etc., nanomaterials
and microfluidic platforms have been developed for EV analysis.
Compared to conventional methods, these techniques exhibited
advantages in simplification of production, higher sensitivity for
the analysis of EVs and portability in sensing platforms for point-
of-care applications. With the progressive insight into EV biogene-
sis and analysis, EVs are becoming increasingly important in dis-
ease diagnosis as non-invasive circulating biomarkers and in
disease therapeutics as nanodrug carriers. Despite the growing
knowledge of EVs and progress in EV analysis and application,
research on EVs is still in its infancy. Based on the research pro-
gresses and the remaining challenges in EV-related research, we
describe what we consider to be key issues for future development.

Firstly, analysis of a particularly important vesicle component,
the lipid, including the composition and function, will lead to
new techniques for analysis and application in disease diagnosis.
Compared to the available information on proteins and nucleic
acids, knowledge on the lipid content is still limited. Yet lipids
are essential molecular components of cells, as integral units of
the cell membrane bilayers. To date research has shown that the
lipid composition of EVs differs from the parental cells, however,
the underlining sorting mechanisms is still unknown. In addition,
the lipid composition of vesicles could be altered when culturing
tumour cells in an acidic environment, mimicking the deep core
of tumours. In addition, relationships between the lipid metabo-
lism and central nervous system disorders has been demonstrated
[152]. Further research in these areas would be particularly helpful
to obtain insight into EV biogenesis and intracellular interactions
[18]. Recently, it has been shown that the analysis of EV lipid con-
tent as a circulating biomarker could facilitate the diagnosis of dis-
eases, such as blade cancer, Alzheimer’s, and Parkinson’s disease.
Therefore, with the importance of lipids in vesicles starting to
emerge, we anticipate an increasing number of studies based on
lipid related EVs.

Secondly, emerging research interest have focused on investi-
gating the roles of EVs in prokaryotes including parasites and bac-
teria. While, several studies have evaluated the biogenesis and
types of vesicles related to parasites and bacteria, the area is still
largely unexplored. Parasites exist everywhere, with a large num-
ber of notorious ones causing diseases in plants, animals and
human beings. Scientists have made great effort to study parasites
and made progress in understanding the pathological roles of EVs
in affecting parasite-host interaction over recent years, which is
particularly important in understanding parasite pathogenesis.
However, there is still much to be understood including the nature
of the cell machinery for the release and uptake of EVs, the mode of
EVs transport to the destination, and whether blocking parasitic-
EV secretion can influence disease progression etc. [53]. Further
investigation on these issues will be helpful for developing novel
strategies in diagnostics, intervention and effective control of par-
asite related diseases. In addition, bacteria can induce infectious
diseases in humans and animals, and are harmful to the environ-
ment. Therefore, the important physiological roles of membrane
vesicles may encourage future research into the ecological role
and abundance of different vesicle types in the environment [57].
Recently, the innate immune mechanisms of host cells against
the virulence of toxins induced from bacteria was investigated,
which raised great interest in evaluating the interaction between
bacteria toxin, exosomes and host cells [325]. Therefore, we envi-
sion that further insight into bacteria secreted EVs will contribute
to the understanding of bacteria-induced diseases and related
fields.

Thirdly, advanced techniques are required for single EV analysis
due to the heterogeneity of EVs, which would be useful for under-
standing the heterogeneous biogenesis and molecular composition
of different EVs by single EV profiling. To date, several approaches
have been proposed for single EV analysis. Studies have demon-
strated multiplexed single EV profiling using various strategies,
for instance, flow cytometry, Raman tweezers, fluorescence micro-
scopy (e.g. TIRF, confocal fluorescence microscopy) in combination
with data processing are efficient in obtaining useful information.
In addition, microfluidic systems provide suitable platforms for
analysing these nanoscale vesicles. Nevertheless, it is still challeng-
ing to easily, rapidly and sensitively analyse single EV for clinical
application due to the small size of exosomes and low instrumental
sensitivity. The analysis of individual EVs could reveal the unique
molecular information of EVs derived from specific cells, which
will further promote the potential clinical application of these vesi-
cles, therefore, future research efforts are desired for the develop-
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ment of strategies that can meet the requirements for practical
applications.

Fourthly, standardization of EV purification and analysis tech-
niques, as well as specimen handling, appropriate normative con-
trols are desired for further research on EV biochemistry and
applications. The potential of these vehicles as biomarkers of dis-
ease and therapeutic targets have emerged prominently in the field
of oncology. However, there remain many unsolved questions
regarding EV biochemistry, for instance, the incomplete under-
standing of EV subtypes, the delivered cargo, and mechanisms of
intercellular shuttling. Therefore, apart from the progress achieved
in EV research, standardized isolation and analysis methods, and
procedures for EVs are required to establish and guide EV-based
diagnosis (liquid biopsy) or drug delivery [69].

Finally, combinatorial therapeutics will exert their role in
achieving improved therapeutic outcomes. Over the past several
decades, tremendous effort has been made towards the EV-based
treatment of diseases, whilst more efficient therapy still needs to
be developed to improve treatment outcomes. Such as taking
advantage of EVs innate cargo loading capability, MSC-derived
EVs could be loaded with drugs, which can achieve synergetic
effects for specific diseases. In addition, by taking advantage of
the rapid developments in nanotechnology, EVs carrying therapeu-
tic drugs could be linked with functional nanoparticles to realize
the destruction of tumour cells by chemotherapy, phototherapies,
PDT or sonodynamic therapy, resulting in greatly enhanced thera-
peutic effect on diseases.
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