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Introduction
Extracellular vesicles (EV) are nanometer-scale membranous 
particles that can carry and deliver a wide range of cargo, 
from proteins to genetic material. Investigations into these 
nanometer vesicles have intensified after the discovery 
that extracellular vesicles act as conduits of intercellular 
messages that can influence the activity of neighboring 
cells, both in normal physiological processes as well as 
pathophysiology. Furthermore, extracellular vesicles have 
shown significant promise as biomarkers to diagnose 
disease states. In this article collection, we present a 
series of reviews, research articles, and protocols on the 
fundamentals of EV biology, isolation, and the use of flow 
cytometry and imaging for characterization to serve as an 
educational resource for these small but mighty vesicles.

First, Couch et al (2021) presents a broad overview to 
the field of EV biology, summarizing key research and 
the emergence of the extracellular vesicle research 
community. In the review, the current state of the field 
as well as unresolved research questions are presented 
and discussed. The next review by De Sousa et al (2022) 
provides a thorough evaluation of various EV isolation 
methods and characterization techniques, as well as a 
discussion of the challenges of using EVs as biomarkers and 
therapeutic delivery vehicles. These techniques are essential 
knowledge for any EV biologist, whether in a research or 
clinical setting, because a complete understanding of the 
role of EVs requires isolation prior to characterization. 

For EV characterization, flow cytometry has become one 
of the primary techniques used. A number of additional 
controls and optimizations are required to reliably and 
accurately report EV characterization data using flow 
cytometry, from sample injection rates to fluorescent 
detection limits. In Gorgun et al (2019), they detail a protocol 
and updated technical guidelines for researchers to follow to 
isolate and characterize of EVs from mesenchymal stromal 
cells (MSCs) using flow cytometry. Extracellular vesicles 
are increasingly of interest as biomarkers of disease and 
disease progression, especially for cancer. For solid tumors 
in particular, their use as an early indicator of disease onset 
and as a diagnostic tool has been heavily investigated. 
Li et al (2018) assess the use of micro-bead assisted flow 
cytometry as a method for the detection and molecular 
phenotyping of EVs in patient serum. They found that 
using this methodology they can obtain robust and reliable 
identification and characterization of EVs from breast cancer 
serum samples. Lastly, Han et al (2020) investigates a recent 
advancement in the ability to distinguish different types 

of EVs. Using total internal reflection (TIRF) microscopy 
to analyze tetraspanin colocalization, they identify 
different EV populations through direct visualization of 
differential marker expression at single vesicle resolution. 

In summary, this article collection will educate the reader 
as to the current state of knowledge and ongoing research 
into extracellular vesicles. As isolation and characterization 
methods advance, understanding how extracellular 
vesicles function as integral components of intercellular 
signaling pathways will lead us to greater biological 
insights and potential therapeutics for human diseases.

By Jeremy Petravicz, PhD, Senior Editor,  
Current Protocols
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Abstract
Extracellular vesicles (EVs) are small cargo-bearing vesicles released by cells into
the extracellular space. The field of EVs has grown exponentially over the past two
decades; this growth follows the realisation that EVs are not simply a waste disposal
system as had originally been suggested by some, but also a complex cell-to-cell com-
munication mechanism. Indeed, EVs have been shown to transfer functional cargo
between cells and can influence several biological processes. These small biological
particles are also deregulated in disease. As we approach the 75th anniversary of the
first experiments inwhich EVswere unknowingly isolated, it seems right to take stock
and look back on how the field started, and has since exploded into its current state.
Herewe review the early experiments, summarise key findings that have propelled the
field, describe the growth of an organised EV community, discuss the current state of
the field, and identify key challenges that need to be addressed.
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ectosome, exosome, extracellular vesicle, microparticle, microvesicle
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 THE EARLY EXPERIMENTS

The experiments in which EVs were specifically identified as biological entities, with enzymatic and functional potential, began
during the 1980s and 1990s. Prior to this period there are numerous studies that hint at potential structures thatwould subsequently
be described as EVs, or that describe experiments in which we can retrospectively speculate may have involved the activity of
EVs. In this sense the story of the origins of EV research arguably begins with the studies of coagulation.
As a topic this dates back to the mid-1600s and is covered in excellent reviews elsewhere (Hargett & Bauer, 2013; Quick, 1966).

For the purposes of this article we will start with Chargaff and West and their studies on blood clotting, performed in New
York in the 1940s. West was a clinician, with an on-going interest in anaemia and haemophilia, and Chargaff was a biochemist.
Chargaff had begun a series of papers in 1936 in the Journal of Biological Chemistry entitled Studies on the Chemistry of Blood
Coagulation and made an observation in paper XIX of the series – Cell Structure and the Problem of Blood Coagulation – which
can be interpreted as the beginning of the field of EV biology. When spinning down blood to establish a centrifugation protocol
to separate clotting factors from cells, Chargaff observed that “the addition of the high speed sediment to the supernatant plasma
brought about a very considerable shortening of the clotting time” (Chargaff, 1945). Enigmatically he went on to say “this will be
discussed in detail on a later occasion”; that later occasion turned out to be his paper published with Randolph West in 1946 on
The Biological Significance of the Thromboplastic Protein of Blood. Here they discovered a ‘particulate fraction’ which sedimented
at 31,000 g and had high clotting potential, as well as a ‘thromboplastic protein’. The authors suggested that this fraction “probably
includes, in addition to the thromboplastic agent, a variety of minute breakdown products of blood corpuscles” (Chargaff & West,
1946). However, it would be some years before these were specifically identified as EVs.
In fact, 17 years would pass until Peter Wolf described a “material in minute particulate form, sedimentable by high-speed

centrifugation and originating from platelets, but distinguishable from intact platelets” which we now know as the EV fraction.
Wolf published electron microscopy images of these particles, which he described as ‘platelet dust’ (Wolf, 1967). Following this,
in 1971, Neville Crawford published further images of these vesicles—which were now being described as ‘microparticles’—
obtained from platelet-free plasma. Crawford also showed they contained lipid and carried cargo including ATP and contractile
proteins (Crawford, 1971). These pioneering experiments with platelets were the first to describe the presence and coarse structure
of such cell-free components and hinted at their potential biological importance.
Between the mid-1960s and early 1980s other early electron microscopy studies described structures consistent with the sub-

micron size of EVs. In the summer of 1966, Sun described vesicle-like structures released fromalveolar cells into the alveolar space
(Sun, 1966). In the late 1960s, H. Clarke Anderson and Ermanno Bonucci described ‘matrix vesicles’. These small membrane-
bound vesicles of different sizes are embedded in the matrix of hypertrophic cartilage and could potentially play a role in bone
mineralisation (Anderson, 1969; Bonucci, 1967). Nunez et al., and Gershon (1974) described the presence of small (1-10 nm)
extracellular vesicles in the bat thyroid gland during arousal from hibernation (Nunez et al., 1974). In fact, this paper was one
of the first to describe the presence of multivesicular bodies (MVBs) close to the apical membrane. The authors proposed that
“fusion of the outer or limiting membrane of the multivesicular body with the apical plasma membrane might lead to the release
of the vesicles contained within the structure into the luminal space” (Nunez et al., 1974). Indeed, we now define a subtype of
EV, commonly called the exosome or small EV, as being formed when the endosomal MVB structure fuses with the plasma
membrane, leading to the release of the intraluminal vesicles (for an illustration of the different types of EVs see Figure 1).
In addition to these experiments where vesicles were found in a happenstance manner, others were specifically looking for

vesicles. Between 1950 and 1970 there were several researchers who were hoping to prove that viruses caused diseases beyond
infection, specifically that they caused cancer. In looking for ‘virus-like particles’ in biofluids they often came across particulate
matter (Levine et al., 1967; Seman et al., 1971) but could not identify anything they thought might actually be viral in nature
(Dmochowski et al., 1968; Haguenau, 1959; Levine et al., 1967). Moreover, the particles seemed to be present in control fluids as
well as those from cancer patients (Fawcett, 1956; Lunger et al., 1964; Prince &Adams, 1966). By themid-1960s the consensus was
that it was unlikely that particles found in biofluids were attributable to viruses but were rather an artefact of separation (Prince
& Adams, 1966). Finally, in 1975 Dalton published a paper studying fractions of filtered and unfiltered foetal bovine serum and
demonstrated that the sera held similar particles to an epithelial cell line. He put an end to the reign of the virus-like particle
by saying that ‘to call structures with the morphology of normally occurring vesicles of multivesicular bodies and of microvesicles
associated with epithelial cells “virus-like” is unwarranted’ (Dalton, 1975).
Studies in other organisms suggested that vesicular structures extruded from cells were not unique to mammals. A study of

Ochromonas danica, a flagellated alga, revealed the presence of a range of vesicles that could be visualised budding from cells and
isolated by centrifugation (Aaronson et al., 1971). Preparations including EVs released by the yeastCandida tropicaliswere shown
to decrease growth of other cultures of yeast (Chigaleichik et al., 1977). Different kinds of vesicles were shown to be released by
Corynebacterium, some of which were shown to induce cell agglutination (Vysotskii et al., 1977); Acinetobacter, which were seen
to release phospholipid-rich EVs (Käppeli & Finnerty, 1979); and the gram negative bacteria, Escherichia coli, which was shown
to produce EVs containing lipopolysaccharide complexes (Käppeli & Finnerty, 1979). Whilst these studies began to unravel the
ultrastructure of cells and the potential existence of EVs the research had yet to gain the momentum to unite as a cohesive field.
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F IGURE  The primary routes of extracellular vesicle
biogenesis. Exosomes are released from cells when a
multivesicular body (which is formed when an early
endosome matures and inwardly buds to form
intraluminal vesicles) fuses with the plasma membrane.
Ectosomes (more commonly called microvesicles and
microparticles) are formed when the plasma membrane
buds outwardly and pinches off. Cargo can be loaded into
both intraluminal vesicles (which are released as
exosomes) and ectosomes. Other types of vesicles such as
apoptotic bodies (not shown) can be released by dying
cells.

 THE START OF SOMETHING BIG SMALL

The early 1980s mark the start of the era of expansion and more specific understanding in EV research. Whilst the significant
explosion of papers, theories, arguments about nomenclature and EV-related societies wouldn’t begin for another 20 years or
so, the cohesion began here. Two seminal and complementary papers published by the Johnstone and Stahl laboratories made a
watertight case for the release of intraluminal vesicles from the cell, and defined them as exosomes (Harding et al., 1983; Pan &
Johnstone, 1983).Whilst these papers are now considered seminal and the origins of our field, Rose herself felt the discovery to be
happenstance, saying they had an ‘Alice in Blunderland approach which led to the discovery of exosomes’ (Johnstone, 2005). Both
laboratories were using reticulocyte maturation as a model; Stahl’s group to investigate membrane trafficking, and Johnstone’s
lab to study the biochemistry of the plasma membrane. Their work showed that during reticulocyte maturation the transferrin
receptor was lost via the release of vesicles. Cliff Harding, then an MD/PhD in the Stahl laboratory, produced some stunning
EM images demonstrating that these vesicles were released from the lumen of MVBs upon fusion with the plasma membrane.
Conceptually, the Harding et al. (1983) paper revealed the existence of a novel intracellular sorting and trafficking pathway, now
referred to as the exosome secretion pathway. Although Trams et al., and Heine (1981) originally coined the term ‘exosome’ to
describe EVs shed from the surface of the cell (Trams et al., 1981), Rose Johnstone applied the name to those vesicles specifically
released following fusion of MVBs with the plasma membrane and in this context the name caught on (Johnstone et al., 1987;
Witwer & Théry, 2019).
As well as defining one of the hallmarks of EV vernacular, an early lecture by Rose Johnstone may have been responsible for

the global opinion of EVs as just ‘waste disposal mechanisms’ for the ensuing decade. In 1991 she gave the Jeanne Manery-Fisher
Memorial Lecture which she titled ‘Maturation of reticulocytes: formation of exosomes as a mechanism for shedding membrane
proteins’ which was primarily based on her paper from the same year where she suggested that exosomes were a ‘major route for
externalization of obsolete membrane proteins’ (Johnstone et al., 1991). This paper demonstrated the presence of the transferrin
receptor on exosomes, and the presence of the nucleoside transporter. The authors demonstrated that different cellular stresses
resulted in the internalization and shedding of these membrane components at different times. Whilst they did not speculate on
the mechanisms of this, the message that this was a way for the cells to shed ‘obsolete’ proteins stuck in the minds of researchers
for some years to come.
Despite this, these early studies laid the foundation for the explosion of interest that followed over the next 35 years. In terms of

the period between these seminal papers and the start of themassive expansion in EV research at themillennium, form seemed to
come before function. Articles on platelet derived microparticles, microvesicles and exosomes dominated, with some important
early advances in the understanding of the fundamental nature of EVs. These early studies demonstrated lateral diffusion of lipids
and proteins in vesicle membranes (Gawrisch et al., 1986) and the presence and function of flippases (Vidal et al., 1989). Studies
revealed glimpses of the iconic components of EVs we know today such as Rab, ARF (Vidal & Stahl, 1993) and the tetraspanins
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(Escola et al., 1998). As early as 1986 there were concerns about storage of blood and its effects on the EV population (George
et al., 1986). In addition to work on mammalian EVs, a wealth of knowledge was developed about bacterial EVs in studies from
Liverpool on Porphyromonas gingivalis (Kay et al., 1990; Smalley & Birss, 1987; Smalley et al., 1988, 1989). These last papers
demonstrated not only the presence of bacterial EVs but the interaction of these EVs with mammalian cells in the body (Kay
et al., 1990).
During the 1980s and 1990s several articles reported the quantification of EVs, demonstrating altered EV numbers in disease.

The phenomenon started around 1993 with a paper on elevated microparticles in transient brain ischemia and other infarctions
(Lee et al., 1993), but goes on to be explored in diseases such as angina (Singh et al., 1995) and Crohn’s (Powell et al., 1996). Papers
describing the physical and biochemical characteristics of EVs also began to emerge. Rose Johnstone’s 1989 paper demonstrated
exosomes released from reticulocytes are enzymatically active (Johnstone et al., 1989). Membrane vesiculation was shown to be
a potentially protective mechanism to prevent cell lysis (Iida et al., 1991), and a way of specifically exposing phosphatidyl serine
to enhance clotting (Chang et al., 1993). It was also revealed that other active enzymes could exist in EVs (Fourcade et al., 1995).
Outside the field of platelet biology, it was discovered that EVs from immune cells are capable of presenting antigen (Raposo
et al., 1996). This last paper, in particular, was a watershed moment that caught the imagination of many and helped to catalyse
increased interest in the field of EVs. It showed that EVs had the potential to be harnessed as anti-tumoral vaccines; indeed,
this study led the Amigorena lab to investigate whether dendritic cells secrete EVs that, when loaded with tumor peptides, can
eradicate tumours (Zitvogel et al., 1998), and led to clinical trials over the next decade (Escudier et al., 2005). Importantly, it
showed that EVs could play functional roles in biological processes. Taken together, these ideas that EVs could have physiological
roles, that they could be used as biomarkers, and that they could have therapeutic applications, led to the explosion of interest in
EVs in the early 21st century.

 A ROSE BY ANYOTHER NAME

In 2018 Roy and colleagues performed a systematic survey of all the papers published in the field since 2000, demonstrating the
exponential growth of the field since themillennium (Roy et al., 2018). This included not only thousands of papers but also patent
applications and grant funding. The specific search criteria to isolate key papers for this current review identified 1017 articles
published in the 15 years between 1985 and 2000, and more than four times that number in the 10 years to 2010. The issue, still
plaguing the field today, although vastly improving (Witwer & Théry, 2019), was the issue of nomenclature (Box 1) (Gould &
Raposo, 2013;Witwer & Théry, 2019). Of the> 4000 papers from 2000 to 2010 the most popular search termwas ‘microparticles’.
This proves challenging as a search criterium because not only can it refer to platelet microparticles, but also microparticles of
iron oxide (frequently used as an imaging agent) and synthetic microparticles for drug delivery. Sifting out the relevant papers
remained challenging. During this period ‘exosomes’ remained more popular than ‘microvesicles’ or ‘ectosomes’ (respectively
945, 664 and 261 papers; though it should also be noted that the term ‘exosome’ also describes RNA-processing machinery). The
term ‘extracellular vesicles’ was barely seen at all with a mere 31 papers.
In the decade following the year 2000 the first reviews began to be published in the field of EV biology (Denzer et al., 2000;

Schartz et al., 2002). The growing community of researchers started to explore the nature of EVs in more depth, investigating
the proteome of EVs from various cell types (Bard et al., 2004; Théry et al., 2001; Wubbolts et al., 2003) as well as the lipidome
(Subra et al., 2007). Cytokines were shown to be shed via EVs (Mackenzie et al., 2001) and EVs derived from immune cells were
found to play a key role in the function of the immune system (Skokos et al., 2003; Van Niel, 2003). The increased interest in
tumor-derived EVs (Wolfers et al., 2001), combined with new knowledge of the role of EVs in the immune system, led to their
potential as anti-tumor therapy (Chaput et al., 2003). As the decade winds down, the real expansion in EV research began. Papers
began to demonstrate the functional effects of EVs in vivo, protecting animal models from disease (Colino & Snapper, 2007).
The functional transfer of nucleic acids was demonstrated (Ratajczak et al., 2006; Skog et al., 2008; Valadi et al., 2007), and a
report that plant cells can use EVs as a means of communication was also published (An et al., 2007). The increased interest in
EV-based therapy was merged with burgeoning interest in stem cells as therapy, and 2009 saw the emergence of a plethora of
papers on mesenchymal stem cell (MSC)-derived vesicles (Bruno et al., 2009), further increasing the therapeutic opportunities
afforded by EVs.
Some key EVmilestones from 1940 to 2010 are summarised in Figure 2. From 2010 to today the expansion of the field has been

enormous. EVs have been shown to be involved in numerous biological processes across many species, and they contribute to a
plethora of diseases when deregulated. It would be unfair to pick out individual contributions to this latest decade of work as it
has become so diverse and specialised, and the reader is directed to more recent reviews (Mathieu et al., 2019; Raposo & Stahl,
2019; Welsh et al., 2020).

The early 2000s also saw the first organized EV meetings take place, and the regular meetings of the International Society for
Extracellular Vesicles (ISEV) now have thousands of participants working in a multitude of disciplines from all over the world.
Now came the time to organize these disparate researchers and bring them together with a common purpose.
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BOX  – EV NOMENCLATURE

In the early years of the field, a variety of terms were used to describe the structures that were observed, including
‘extracellular microvesicles’, ‘microparticles, ‘pequenas particulas’ (small particles), and ‘virus-like particles’. The term
‘exosome’ was first used in the context of EVs by Trams et al (Trams et al., 1981) to describe vesicles that are produced
directly by outward budding at the plasmamembrane. Later, Rose Johnstone used the term ‘exosome’ to describe vesicles
released following the fusion of MVBs with the plasma membrane (Johnstone et al., 1987), and this has become ISEV’s
recommended term for this type of vesicle (Théry et al., 2018). As the field grew, and understanding of the variety of
biogenesis pathways increased, it became clear that distinct and precise nomenclature was required (Gould & Raposo,
2013). It was suggested that the catch-all term ‘extracellular vesicles’ should be used to describe non-replicating structures
that are delimited by a lipid bilayer (György et al., 2011), and this was formalised into the current recommendations
within theMISEV guidelines (Théry et al., 2018). Confusion in nomenclature can arise due to the assignment of arbitrary
size ranges for different types of vesicle; in fact, the proposed names for different types of EVs are based on biogenesis
pathways (Théry et al., 2018) (see also figure 1). The range of terms used to describe the different types of EV continues
to grow, and authors should clearly define what type of EV they are referring to (Théry et al., 2018; Witwer & Théry,
2019). The issue of EV nomenclature has caused controversy over the years, and not all researchers agree with current
recommendations (Witwer & Théry, 2019). The use of the term ‘exosome’ as a general term for EVs continues to pervade
the literature (Roy et al., 2018), despite the fact thatmost (if not all) EV samples contain a heterogeneousmixture of vesicle
types (Van Deun et al., 2017). This prevalence for the term ‘exosomes’ to describe EVs may be due to the anecdotally
reported perception of exosomes as a more ‘desirable’ term, particularly in the context of industrial applications of EVs
(Witwer & Théry, 2019). Similarly, the terms ectocytosis (Stein & Luzio, 1991), proposed to design specifically release of
EVs from the plasma membrane, and ectosomes for such EVs (Cocucci &Meldolesi, 2015; Hess et al., 1999), are still less
commonly used than the term ‘microvesicles’ for plasma membrane-derived vesicles. It is therefore important that the
field continues to discuss the best way to describe these exciting extracellular voyagers, and clear reporting is crucial to
reduce confusion in nomenclature.

F IGURE  Timeline of selected milestones in the EV field

 BRINGING ORDER TO THE CHAOS

The first international meeting for EVs (called exosomes at the time) was organised by Rose Johnstone and held in Montreal
in 2005 (Couzin, 2005). An international meeting in 2010 in Oxford focused on advances in methodologies for measuring EVs
(including new biophysical approaches such as Nanoparticle Tracking Analysis (Dragovic et al., 2011), which led to the publi-
cation of the first book on EVs (Harrison et al., 2014). A seminal moment came at a vibrant (and oversubscribed) international
meeting organised by Clotilde Théry and Graça Raposo, held in Paris in 2011. At this meeting of over 200 attendees, Jan Löt-
vall (who fortunately was allowed to attend despite a late registration!) proposed the formation of an International Society to
represent the interests of the field. Following extensive consultations with members of the community, the International Soci-
ety for Extracellular Vesicles (ISEV) was formed in 2011. The first ISEV meeting was held in 2012, in Gothenburg, Sweden,
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and attracted more than 400 participants and was also oversubscribed. Subsequent ISEV annual meetings in Boston (2013),
Rotterdam (2014, 2016), Washington (2015), Toronto (2017), Barcelona (2018) and Kyoto (2019) saw rapid growth in attendee
numbers with over 1000 attendees recorded for the last 2 years. With the eruption of a global pandemic in 2020, the ISEV
meeting went virtual, holding its first international online conference to great success. The society also organises and supports
a variety of other focused workshops and surveys that lead to ‘position papers’ (Hill et al., 2013; Lener et al., 2015; Mateescu
et al., 2017; Russell et al., 2019; Witwer et al., 2013), survey outputs (Gardiner et al., 2016; Soekmadji et al., 2018), and meeting
reports (Araldi et al., 2012; Clayton et al., 2018; Hu et al., 2017; Soares et al., 2017), many of which are published in the soci-
ety’s ‘Journal of Extracellular Vesicles’ (JEV) (Lötvall et al., 2012). These have played an important role in helping to collate
and focus the efforts of the field. This is perhaps best exemplified by the publication of ‘Minimal Information for Studies of
EVs’ (MISEV) guidelines in 2014 (Lötvall et al., 2014), which has been more recently reviewed, in 2018 (Théry et al., 2018).
ISEV has therefore provided an effective platform for researchers around the world to come together and share their work
on EVs.
As the EV field expands, so too does the number of researchers in each country. This has led to the formation of numerous

‘National Societies’ or local networks who conduct their own local meetings and support EV research within their own countries.
For a field where for many years there was considerable scepticism about whether EVs were just cellular debris, local support
networks capable of validating findings and sharing new ideas, reagents, models and techniques, are crucial. These networks
began in theUS in 2012 with the American Society for Exosomes andMicrovesicles and expanded from there; the Grupo Español
de Innovación e Invesigación en Vesículas Extracelulares (in 2012), the UK, French and German Societies for EVs (in 2018), are
but a few of the many national groups working together with the common goal of forwarding EV research. These National
Societies help to coordinate national meetings and support regional networks of EV researchers, providing opportunities for
newcomers to the field to network with established labs. Together with ISEV they provide an important support mechanism in
the rich research ecosystem for the field.
ISEVhas also strived to produce educationalmaterial for those new to the EVfield. This includes the production of two popular

and free Massive Open Online Courses (Lässer et al., 2016), the production of a 3D animated video on EV function, and posters
on the basics of EVs (Nieuwland et al., 2018). This not only helps give new researchers perspective on the field, but also helps
with some of the challenges and disputes the field has had, and continues to have, regarding standardization and nomenclature.

 CHALLENGES

The proliferation of EV research around the world has propelled the field forwards at an ever-increasing pace, but this brings with
it a different set of problems. The EVfield, as with sciencemore generally,may suffer from a lack of reproducibility (Begley&Ellis,
2012; Neuhaus et al., 2017). This is exacerbated by the relatively young state of the field and the ‘hype’, which drives accelerated
publication of ‘exciting’ new findings. The technical challenges and position papers from ISEV and other international groups
have been outlined comprehensively elsewhere (Ramirez et al., 2018). Below are some of the major issues the field continues to
contend with.

 STANDARDISATION AND REPORTING

There is no universal agreement on many aspects of methodology in EV research, including the best methodology for enrich-
ment, and protocols vary between laboratories (Gardiner et al., 2016). In the 1990s the International Society on Thrombosis and
Haemostasis (ISTH) vascular biology subcommittee (SSC) initiated the discussion and early standardization efforts of micropar-
ticle measurements. The SSC has continued to publish important articles on pre-analytical variables, inter-laboratory studies
and standardization of flow cytometry. On-going standardization and collaboration between the ISTH SSC, ISAC (Interna-
tional society for advancement of cytometry) and ISEV continue. A recent consortium-effort to catalogue EV research revealed
a total of 1,742 experiments with 190 different isolation methods and 1,038 unique protocols to isolate EVs (Van Deun et al.,
2017). While it is too early to pronounce which methodology is ‘right or wrong’, the heterogeneity in approach and frequent
lack of complete reporting make comparing and interpreting the results of different studies more difficult and reaching gen-
eral conclusions more challenging. This is further compounded by a lack of experimental reference materials and controls
that can be reliably used to standardise experiments between labs. Initiatives such as EV-TRACK (Van Deun et al., 2017),
the MISEV guidelines (Théry et al., 2018), EV databases (Kalra et al., 2012; Simpson et al., 2012), attempts to generate refer-
ence materials (Welsh et al., 2020). ISEV taskforces and ISEV workshops on ‘Rigour and Reproducibility’ aim to address these
issues, but transparency in reporting and standardisation of methodology remain two of the greatest challenges for this nascent
field.
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 TECHNICAL CHALLENGES

There are many technical challenges associated with working on EVs which are detailed well elsewhere (Ramirez et al., 2018).
Briefly, there are several techniques available for isolating EVs; they all have pros and cons, and the best choice depends on
the intended downstream applications, the type of EV of interest, and level of homogeneity required (Gardiner et al., 2016).
However, there is still a need to develop improved methodology to enrich higher yields, with greater homogeneity, faster time,
and lower cost. The challenge is because the fluids that EVs are enriched from are typically complexmatrices containingmultiple
contaminants, often of similar size and/or density (Ramirez et al., 2018). Improved tools are also required for characterising and
quantifying EVs. A key problemhere is the relatively small size ofmost EVs, whichmakes specifically counting and characterising
EVs a challenge, and there is currently no perfect instrument for quantifying and characterisingEVs.Another issue is their relative
paucity of material when isolating EVs. To obtain sufficient material for testing using most ‘bulk methods’ (in which material
from multiple vesicles is aggregated for testing), such as Western blotting, a lot of EVs are required. More sensitive methods are
therefore required to make EV characterisation less onerous on laboratories. ‘Single-EV’ methodology must be developed and
improved to allow a greater range of experiments to be performed and new insights generated into EV biology. Finally, improved
in vivo methods are required for studying the biology of EVs. These challenges, amongst many others, are being addressed by
multiple labs around the world, and as these technical issues are addressed our ability to test hypotheses about EV function will
improve.

 UNANSWERED BIOLOGICAL QUESTIONS

There are some areas of EV biology where more is known, and some where almost nothing is known (Soekmadji et al., 2018).
One area that needs addressing is the lack of suitable markers for specifically identifying different types of EVs. Some excel-
lent work has been done to address this (Jeppesen et al., 2019; Kowal et al., 2016; Zhang et al., 2018). However, due in most
part to the overlap in EV biogenesis mechanisms and the overlap in size and density of different EV types, it has proven dif-
ficult to generate reliable markers for different EV subtypes. Despite this, several laboratories have shown that different sub-
types of EVs may exist, with different cargo, release mechanisms, and different functions (Goberdhan et al., 2019; Willms
et al., 2016; Yeung et al., 2018). Better understanding of these subpopulations is a key goal for EV research over the coming
decade. Another area in need of further work is EV uptake, and in particular, how EVs functionally deliver cargo to recipi-
ent cells (Mulcahy et al., 2014; Russell et al., 2019). This is thought to be a fairly low-efficiency process, and it is understood
that a significant number of EVs go to the lysosome, where they presumably are destroyed (Russell et al., 2019). The devel-
opment of novel in vitro and in vivo systems for modelling EV transfer and cargo release is therefore another priority for
the field. An increased understanding of cargo delivery would not only help us to understand EV biology, but it would help
us to engineer vesicles specifically to avoid lysosomal destruction, resulting in the rapid emergence of strong EV therapeutic
platforms.

 CONCLUSIONS AND FUTURE PERSPECTIVES

Since the early electron microscopy and biochemistry studies from the 1940s through to the 1980s, the EV field has rapidly
progressed. The range of functions that have been assigned to EV grows by the week. The reasons for this increased interest are
manifold. The idea that these small messengers can carry cargo from one cell and deliver it for functional use by another cell is
a highly attractive one that has captured the imagination. The results of many studies confirm the work of early pioneers in the
field, indicating an important functional role for EVs in cell-to-cell communication. Their roles inmany biological processes, and
their deregulation in disease have fuelled further interest. EVs have been found in every biological fluid tested thus far (Carollo
et al., 2019; Garcia-Contreras et al., 2017; Jansen & Li, 2017; Lee et al., 2019; Li et al., 2019; Meng et al., 2019; O’farrell & Yang,
2019) so perhaps the greatest translational prospect for them lies in their diagnostic, prognostic and therapeutic abilities (Box 2).
They have the potential to be modified for the delivery of therapeutic cargo in the treatment of different disorders (Clemmens
& Lambert, 2018; Melling et al., 2019; Wiklander et al., 2019). Both their therapeutic and diagnostic potential stems from their
ability to protect cargo in circulation, and their functionality as natural cell-to-cell transporters of multiple complex biological
cargo.
In the coming years we expect the increase in EV research observed over the past two decades to continue. This will carry on

yielding incremental improvements in our knowledge of EV biology, and the translational benefits will follow.
◦◦
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BOX  EVS IN DIAGNOSTICS AND THERAPEUTICS

∙ The growth of the EV field has been accompanied by a growth in patents to use EVs as diagnostic markers, and
therapeutic delivery vehicles. Between 2000 and 2020 there were> 500 patents filed in the US which included any of
the various terms for EVs (Roy et al., 2018). As a more specific example of their use, between 2000–2020> 30 clinical
trials specified using EVs, either as diagnostic tools or as therapeutics, mainly in the field of cancer biology.

∙ There are two major ways that EVs might be useful as biomarkers for disease. Firstly in the acute setting as diagnostic
markers, to determine whether someone has had an ischemic or a haemorrhagic stroke for example. And secondly
in the prognostic setting, to help determine the course of a disease such as cancer, or the responsiveness of a patient
to, for example, anti-depressant therapy. The first CLIA/FDA approved diagnostic test using EVs is the EPI ExoDx
platform, a rule-out test for prostate cancer which uses gene expression to determine whether patients are positive for
cancer-specific markers (Mckiernan et al., 2018).

∙ The potential for EVs as therapeutics is vast. EVs can potentially be engineered to deliver specific therapeutics, includ-
ing proteins and RNA. Non-engineered EVs, for example those produced from MSCs, also have the potential to be
used in a therapeutic context. The first clinical trials using EVs as therapeutics used autologous EVs derived from
patient dendritic cells and demonstrated that EVs are capable of boosting the immune response to lung cancer in
both phase I and phase II/III studies (Besse et al., 2016; Escudier et al., 2005; Morse et al., 2005). Several more trials
have since been established studying the potential of several types of EVs, from autologous EVs to plant-derived EVs
in diseases from cancer to stroke (Nassar et al., 2016; Wiklander et al., 2019). While challenges remain, the potential
of EVs in diagnostic and therapeutic is beginning to be unlocked and there is much excitement for the translational
applications of EVs in the coming decades.
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Abstract

Extracellular vesicles (EVs) are a unique and heterogeneous class of lipid bilayer

nanoparticles secreted by most cells. EVs are regarded as important mediators of

intercellular communication in both prokaryotic and eukaryotic cells due to their

ability to transfer proteins, lipids and nucleic acids to recipient cells. In addition to

their physiological role, EVs are recognized as modulators in pathological pro-

cesses such as cancer, infectious diseases, and neurodegenerative disorders, pro-

viding new potential targets for diagnosis and therapeutic intervention. For a

complete understanding of EVs as a universal cellular biological system and its

translational applications, optimal techniques for their isolation and characteriza-

tion are required. Here, we review recent progress in those techniques, from isola-

tion methods to characterization techniques. With interest in therapeutic

applications of EVs growing, we address fundamental points of EV-related cell

biology, such as cellular uptake mechanisms and their biodistribution in tissues as

well as challenges to their application as drug carriers or biomarkers for less

invasive diagnosis or as immunogens.
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1 | INTRODUCTION

Extracellular vesicles (EVs) are lipid bilayer vesicles released in an evolutionary conserved manner by cells, from prokaryotes
to higher eukaryotes and plants (Stotz et al., 2022; Y�añez-M�o et al., 2015). This review will focus on exosomes and

Received: 16 March 2022 Revised: 23 June 2022 Accepted: 30 June 2022

DOI: 10.1002/wnan.1835

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2022 The Authors. WIREs Nanomedicine and Nanobiotechnology published by Wiley Periodicals LLC.

WIREs Nanomed Nanobiotechnol. 2022;e1835. wires.wiley.com/nanomed

https://doi.org/10.1002/wnan.1835		  17

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fwnan.1835&domain=pdf&date_stamp=2022-07-27
https://orcid.org/0000-0002-1418-0669
https://orcid.org/0000-0002-7200-0363
mailto:dan.stratton@open.ac.uk
mailto:j.inal@londonmet.ac.uk


microvesicles (MVs), two subgroups of EVs, as therapeutic applications of apoptotic bodies (large EVs [lEVs]) are still in their
infancy (T. K. Phan et al., 2020). The biogenesis of exosomes involves endocytosis and formation of multivesicular bodies
(MVBs) containing intraluminal vesicles (ILVs) formed by the internal budding of the endosomal membrane. ILVs can be
degraded by fusion of MVBs with lysosomes or secreted into the extracellular space by fusion of MVBs with the plasma
membrane (PM). From then on, these vesicles are considered “exosomes,” having a diameter that varies from 30 to 200 nm.
The protein topology in exosomes remains the same as in the PM of the releasing cell. On the other hand, MVs are released
directly into the extracellular matrix through the external budding of the PM and are heterogeneous in size, ranging from
100 nm to 1 μm (Kalra et al., 2016; Van Niel et al., 2018). Biogenesis pathways for budding MVs are still being elucidated
(Catalano & O'Driscoll, 2019; Kholia et al., 2015; Sedgwick & D'Souza-Schorey, 2018). The overlap of physical characteristics
(such as size) between MVs and exosomes, added to the lack of specific markers that differentiate them, has made it chal-
lenging to study these two populations individually. Therefore, the International Society for Extracellular Vesicles (ISEV)
advocates the use of the generic term “extracellular vesicle” (EV), unless authors can establish specific markers of subcellular
origin that are reliable in their experimental models or can name them based on operational terms for the EV subtypes they
refer to, such as the use of lEVs (which would mostly correspond to MVs) and small EVs (sEVs, mostly exosomes).

The first function attributed to exosomes following their discovery (Harding et al., 1983; Pan et al., 1985) was the elimina-
tion of unwanted cellular proteins (Johnstone et al., 1987). Currently, exosomes and MVs are implicated with a variety of
biological processes, including tissue remodeling, transport of intercellular material, metabolic regulation, protein removal
and trafficking, among others (Iraci et al., 2016). Although their physiological role in homeostasis is recognized, the main
interest has been to investigate EV participation in pathological conditions, such as cancer (M. P. Bebelman et al., 2018),
autoimmune diseases (Antwi-Baffour et al., 2010; J. Tian et al., 2020), infections (Antwi-Baffour et al., 2019; Caobi
et al., 2020; Cestari et al., 2012; De Sousa et al., 2022; Evans-Osses et al., 2017; Joffe et al., 2016; Rodrigues et al., 2018; Rossi
et al., 2021), and neurodegenerative disorders (Lange et al., 2017; Xiao et al., 2021).

These functions are performed by transferring encoded information and bioactive molecules in the form of cyto-
kines, lipids, genetic material, proteins, peptides, and other macromolecular elements to recipient cells (van Niel
et al., 2018). EVs are stable structures, their contents being protected from degradation processes. They are easily taken
up by many cell types and can act locally or circulate through various body fluids, including blood and lymph, resulting
in a systemic response (Mathieu et al., 2019). They have been shown to display homing capacity (Cesi et al., 2016), are
able to cross the blood–brain barrier (Morad et al., 2019), and are nonimmunogenic (Cestari et al., 2012; Villa
et al., 2019). These characteristics make EVs very attractive acellular, biocompatible agents for drug delivery, immune
mediation, cancer therapy and even for regenerative medicine (Fais et al., 2016). Furthermore, EVs may provide a
means for minimally invasive diagnostics and therapeutics. Attesting to the interest in these vesicles, there are currently
a number of studies appraising their various clinical uses (C. Choi, 2022; T. H. Phan et al., 2022).

2 | METHODS FOR THE ISOLATION OF EVs

EVs can be studied both in vitro and in vivo, and are found in many biofluids (blood, milk, saliva, urine, amniotic fluid,
semen, cerebrospinal fluid, ascites) (Bano et al., 2021), demonstrating their role in cellular communication between
distant body compartments.

The specific method used to isolate EVs greatly influences the yield and purity of isolated samples. Numerically, it
is generally accepted that freshly acquired and processed samples yield higher numbers of vesicles, but this is not
always possible. In addition, EV isolation is complicated not only by their nanosize but also by contaminants which
may be co-isolated with EVs (including cellular debris and interfering components: lipoproteins, protein complexes,
aggregates) (Ramirez et al., 2018). Importantly, it has been shown that different isolation methods greatly impact the
downstream analyses of EV cargo and physicochemical properties (S. Sharma et al., 2020; van Deun et al., 2014). The
scientific community, mainly led by ISEV, has made efforts to standardize good practices for obtaining and
characterizing EVs (Lötvall et al., 2014; Théry et al., 2018).

2.1 | Ultracentrifugation-based methods for EV isolation

Historically, ultracentrifugation protocols are the most widely used methods for EV isolation, both from cell culture
media and body fluids. In fact, it is estimated that this method accounts for 81% of all EV isolations (Gardiner
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et al., 2016), as ultracentrifugation requires very little technical expertise, is an affordable technique over time and obvi-
ates the need for expensive and mechanistically unclear commercial EV isolation kits (X. Zhang et al., 2020). The pro-
cess separates EVs from the other materials present in the sample based on their volume and physical properties using
differential sequential centrifugation cycles at 4�C with forces of up to 120,000g applied directly to samples, there being
little or no need for pretreatment of samples. Isolated EVs can be stored at 4�C until further analysis and should be used
as soon as possible thereafter. Looking forward, EV analysis directly from samples, without the need to isolate them
first, is an obvious goal.

Simple differential ultracentrifugation is a suitable method for concentrating EVs, but improvements to the tech-
nique have been introduced in order to obtain preparations of higher purity. In particular, buoyant density centrifuga-
tion methods (also known as isopycnic separation and zone centrifugation) adjusted to the specific density of EVs
(1.13–1.19 g/ml) are often used to separate them from potential co-isolated contaminants (Szatanek et al., 2015). This
method yields single EV banding at their characteristic density zone, making collection of the vesicles simple. To
achieve separation based on EV density (rather than weight), either a cushion or a gradient method can be used, report-
edly with little effect on the number of vesicles collected (Yamashita et al., 2016). For both methods, solutions of
sucrose or iodixanol are the most commonly used, but the use of iodixanol offers several advantages over sucrose solu-
tions. Iodixanol is less viscous and thus easier to handle, metabolically inert and non-toxic to cells and due to its lower
osmolality is a better preservative of EV integrity and functionality ( K. Li, Wong, et al., 2018).

In comparison to ultracentrifugation, density gradient centrifugation has been shown to produce preparations with
higher purity and yield (Duong et al., 2019; van Deun et al., 2014); however, this method is labor-intensive, time-consuming,
and not suitable for high-throughput applications. Furthermore, the method is more suitable for large sample volumes than
for the processing of clinical samples. Importantly, it has also been observed that EVs isolated by ultracentrifugation show
impaired functionality (Mol et al., 2017) or form aggregates (Linares et al., 2015), potentially linked to the damaging forces
exerted on the vesicles during centrifugation at high speed.

2.2 | Size exclusion-based EV isolation

EVs can be isolated according to size and one of the most popular methods by which to do this is ultrafiltration (also
termed microfiltration). This technique employs simple membrane filters with specific size exclusion limits (using pore
diameters of 0.1, 0.22, or 0.45 μm in general), through which EVs in suspension are filtered (Grant et al., 2011) or in
combination with other EV isolation methodologies (Stam et al., 2021), providing a fast and inexpensive method for
separating EVs from bigger elements (Konoshenko et al., 2018). In our opinion, the term ultrafiltration should be con-
fined to use of pore sizes below 0.1 μm, which are more commonly used to remove viruses. The EV preparations
resulting from ultrafiltration consist of free-standing single particles, not aggregates, which is favorable for downstream
analysis. Additionally, ultrafiltration greatly reduces the likelihood of rupturing EVs, since the vesicles are not subject
to the same forces and pressure required by ultracentrifugation methods; this likely explains why ultrafiltration
recovers significantly more EVs than ultracentrifugation (Grant et al., 2011; Lobb et al., 2015; Yu et al., 2018). However,
EV preparations obtained by ultrafiltration are often contaminated with molecules of a diameter similar to that of EVs,
rendering the method less adequate for downstream proteomic analysis if used alone (Inal et al., 2013). To counter this,
and due to the ease of combining ultrafiltration with ultracentrifugation, these two methods are often used together
(Parimon et al., 2018; Y. Xu, Qin, et al., 2017).

Hydrostatic filtration dialysis techniques have likewise been used for processing larger sample volumes, as an alter-
native to direct ultrafiltration. This method has been shown to produce preparations that are enriched in EVs by up to
100 times when compared to ultracentrifugation-based techniques and is less labor-intensive and cheaper (Musante
et al., 2014, 2017; R. Xu, Simpson, & Greening, 2017).

Size-exclusion chromatography is becoming increasingly popular to isolate EVs by fractionation, resulting in prepa-
rations of high purity (Benedikter et al., 2017; Lozano-Ramos et al., 2015). With this method, samples are filtered
through a porous stationary phase; sample components with small hydrodynamic radii are able to pass faster through
the pores and are thus eluted quickly, while those components with larger radii are excluded from entering the pores.
Again, this method has been used in combination with ultracentrifugation (On�odi et al., 2018; Rood et al., 2010) and/or
ultrafiltration (Benedikter et al., 2017; Nordin et al., 2015), with the added benefit of having a relatively low cost and
short isolation time. Although generally accepted as a good method for EV isolation, concerns related to vesicle defor-
mation and rupture have been raised, but these problems can be minimized by selecting the appropriate stationary
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fractionation column and the use of gravity alone to perform the chromatography separation. Accordingly, it has been
shown that size-exclusion chromatography can produce a high yield isolation while preserving biophysical and func-
tional properties of the isolated vesicles (Foers et al., 2018; G�amez-Valero et al., 2016; Hirschberg et al., 2021; Mol
et al., 2017).

Asymmetrical flow field-flow fractionation (AF4) systems may represent an improvement to size-exclusion chroma-
tography. While both methods work on the principle of size exclusion, the AF4 technique makes a parabolic flow run
along a porous rectangular axis channel, carrying the sample and distributing particulate components based on their
diffusivity: smaller particles diffuse further and are eluted earlier than larger ones (B. Wu et al., 2020). Successful EV
isolations were obtained with this technique showing that it requires a smaller volume of starting material than in con-
ventional chromatography and is able to produce EV preparations of high purity (Kang et al., 2008).

2.3 | EV isolation by precipitation

Another alternative to ultracentrifugation is the use of precipitation methods. This technique, allows vesicle aggre-
gates to be easily formed upon the addition to the sample of water-excluding polymers such as polyethylene glycol
(PEG) (García-Romero et al., 2019; Weng et al., 2016) or lectins (Samsonov et al., 2016; Shtam et al., 2017) which
force less soluble components out of solution allowing them to be subsequently precipitated by low-speed centrifu-
gation (Deregibus et al., 2016; Niu et al., 2017; Serrano-Pertierra et al., 2019). Alternatively, the protein organic sol-
vent precipitation (PROSPR) method (Gallart-Palau et al., 2015), and the commercially available Total Exosome
Isolation Reagent (ThermoFisher Scientific) have been proposed as inexpensive and quick protocols for EV isola-
tion. This approach uses organic solvents to remove unwanted soluble proteins from complex biological fluids such
as plasma, leaving behind a supernatant enriched in double-membrane vesicles in suspension; the vesicles can eas-
ily be collected and separated by centrifugation. This approach reportedly produces high-purity vesicle preparations
suitable for downstream proteomic analysis, as serum albumin and other highly abundant plasma proteins are
removed with the hydrophilic phase (Gallart-Palau et al., 2015). The precipitation of EVs in culture supernatants
with sodium acetate has also been shown to be a simple and inexpensive method. When isolated by this “salting-
out” technique, EVs are reportedly indistinguishable from those purified by ultracentrifugation (Brownlee
et al., 2014).

Precipitation is an inexpensive method for EV isolation, with the added advantages of being easy to use, not requir-
ing any specialized equipment, and being scalable for large sample sizes (Ludwig et al., 2018). However, the likelihood
of co-precipitating non-EV material (such as protein aggregates, polymeric materials, other vesicles, or lipoparticles) is
high. For this reason, several currently available commercial kits which rely on this method for EV isolation have intro-
duced preisolation and postisolation steps aimed at minimizing contamination with subcellular particles and polymeric
materials. Nevertheless, there are conflicting studies suggesting that those co-purified molecules may not have a nega-
tive impact on the functional properties of isolated EV samples (Ludwig et al., 2018) and others suggesting that
precipitation methods may be particularly detrimental to the biological activity of EVs (Baranyai et al., 2015), especially
considering the potential cytotoxic effect and reduced viability observed in some cell lines following treatment with
vesicles isolated using PEG and/or PROSPR precipitation (G�amez-Valero et al., 2016).

2.4 | Immunoaffinity capture-based EV isolation methods

Although a rigorous definition of specific EV markers remains unclear, specific immunoaffinity techniques have been
developed to take advantage of the presence of certain surface proteins and receptors (Brambilla et al., 2021; Brett
et al., 2017; Ostenfeld et al., 2016; J. M. Wang et al., 2021). These techniques can easily complement other isolation
methods, while offering increased efficiency, specificity and integrity in the recovery of EVs from complex and viscous
fluids (Zarovni et al., 2015). Moreover, immunoaffinity methods are easy and fast to execute, and compatible with rou-
tine laboratory equipment. Immunoaffinity capture assays may, however, be negatively affected by antibody availability
and the presence of these markers in the whole population (Gandham et al., 2020; Greening et al., 2015). Ideally, bio-
markers should be solely or mainly expressed on the surface of the EVs and should also be fully membrane-bound
(without soluble variants) (P. Li et al., 2017). It may also be necessary to have a combination of markers to increase the
chance of isolating a specific subpopulation of EVs.
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Immunoaffinity assays aimed at isolating EVs can employ submicron-sized antibody-coated magnetic beads to
increase the specificity, sensitivity, and yield of the isolation. This improvement is a consequence of the larger surface
area, no sample volume limitations, and a near-homogeneous capturing process (S. Chen, Shiesh, et al., 2020; Z. Chen,
Yang, et al., 2020; Liangsupree et al., 2021; Zarovni et al., 2015). To apply this method of isolation, the immuno-
magnetic beads are first coated with antibodies against the EV-associated surface molecules; next, they are incubated
with the sample, forming EV-magnetic bead complexes. Finally, the application of a magnetic field induces the move-
ment of the complexes and separates them from the sample (Liangsupree et al., 2021). With this strategy, Zarovni et al.
(2015) improved the recovery rate of vesicles from plasma samples by 10- to 15-fold, when compared to ultracentrifuga-
tion. Another study combined ultracentrifugation, ultrafiltration, and magnetic immunoaffinity capture to isolate EVs,
resulting in a high-yield homogenous population of EVs that subsequently underwent a successful proteomic analysis
(Mathivanan et al., 2010).

This approach therefore has obvious advantages: it is specific to the point of extracting subpopulations of EVs based
on the expression of target markers; it ensures the integrity of the extracted EVs irrespective of vesicle size; it is rela-
tively easy and quick to perform. However, it has been argued that this method cannot be applied to all sample types or
all downstream analyses, as: (a) it is difficult to elute the EVs from the magnetic beads and (b) the non-neutral pH and
nonphysiological salt concentrations applied by this method may affect the biological activity of the EVs. A solution to
the problem of eluting the EVs from the magnetic beads has been proposed (Nakai et al., 2016; Yoshida et al., 2017), by
exploring the specific interaction between Tim4, an EV binding molecule, and phosphatidylserine molecules naturally
present on the surface of EVs. The binding of these two molecules is Ca2+-dependent, and intact EVs can easily be
detached from Tim4 with the addition of Ca2+ chelators to yield high purity preparations. The authors have further-
more suggested that this approach can be adapted to ELISA and flow cytometry assays (Nakai et al., 2016). To further
enhance the capacity of immunoaffinity assays for the isolation of EVs, several groups are developing exciting and com-
prehensive methods that couple magnetic immunocapture with mass spectrometry (MS; Ueda et al., 2014), multiplex
bead-based platforms (Koliha et al., 2016), on-chip devices (Kang et al., 2020), nanowires (Dong et al., 2019; Lim, Choi,
Lee, Han, et al., 2019), nanoplasmon-enhanced scattering and dark field microscopy (Wan et al., 2019), as well as
surface-enhanced Raman scattering (Kwizera et al., 2018), among others. These may prove powerful techniques to
expand EV research and its clinical applications, including point-of-care testing for diagnostics.

2.5 | EV isolation based on microfluidic technologies

Microfluidic systems can be defined as integrated systems possessing two or more devices assembled into parallel
autonomous operation. Usually, one or more devices are units composed of a network of microchannels, which can be
interconnected, and are able to handle small volumes of media (Gholizadeh et al., 2017; Narayanamurthy et al., 2020).
Because of this ability, microfluidic devices can often reproduce complex analytical processes on a microscale, with high
accuracy and specificity. Additional specialized elements can then be added for facilitating fluid movement or expan-
ding the number of available analyses (Guo et al., 2018).

Microfluidic-based technologies are used for a myriad of applications, and have more recently been applied to EV
research. These methods tap into both the physical and biochemical properties of EVs at microscales and usually com-
bine high throughput with molecular detection capacity (Z. Chen, Yang, et al., 2020; Iliescu et al., 2019). Just recently,
microfluidic analysis using as little as 2 μl of plasma (with no further processing) successfully detected tumor-associated
biomarkers in a subpopulation of EVs (P. Zhang et al., 2019), attesting to the potentially ultrasensitive power of
microfluidics-based technologies.

At present, EV isolation methods that are based on microfluidics are classified into three categories: size-based,
immunoaffinity-based, or dynamic. Moreover, size-based EV separation devices include nanofilters, nanoarrays, and
nanoporous membranes (Iliescu et al., 2019). The latter has been shown to constitute a simple strategy to isolate vesi-
cles from whole blood samples. A study by Davies et al. (2012) showed that EVs can be isolated directly from whole
blood filtered through a nanoporous membrane into a microfluidic device using electrophoresis to force the vesicles
through the membrane, thus increasing the efficiency of the isolation. A similar design by Rho et al. (2013), using nega-
tive pressure instead of an electrical current to drive the blood in the microfluidic circuit, proved to be less specific and
less sensitive.

Nanofilter and nanoarray systems have been used in conjunction with unique mechanisms developed around
microfluidic systems, aiming to address the issues of sample volume, reagent consumption, overall cost, and processing
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time that often surround EV isolation protocols. These mechanisms include acoustic manipulation (K. Lee et al., 2015;
M. Wu et al., 2017); nanowire-based traps (Lim, Choi, Lee, Kim, et al., 2019; Z. Wang et al., 2013); nano-sized determin-
istic lateral displacement (J. T. Smith et al., 2018); viscoelastic flow (Liu et al., 2017); and microscale nuclear magnetic
resonance (Shao et al., 2012).

Despite the potential of microfluidics-based technologies to isolate and analyze EVs and EV components in an inte-
grated and user-friendly manner (Bernstein et al., 2021), there are still some problems to be resolved, namely those con-
cerning the viscosity of some biological samples (which can block the microfluidic channels) and the small sample
volumes used (which can be detrimental in cases where the target protein or biomarker is expressed in low
concentrations).

2.6 | Commercial kits for EV isolation

Several companies have developed quick and easy EV isolation kits in order to minimize the limitations of time and
sample volume of the conventional methods; however, the reliability and specificity of these kits vary and they are not
always the most economical solution. Generally, commercial kits for EV isolation/analysis tend to be relatively expen-
sive, with the added constraint of only allowing analysis of a small number of samples.

Enderle et al. (2015) compared the RNA yield of EVs isolated using conventional ultracentrifugation and the com-
mercial ExoRNeasy Serum/Plasma Maxi Kit (QIAGEN, Germany), which is an immunoaffinity kit. Results showed no
difference in the concentration of intact vesicles recovered by the two methods, and the RNA yield obtained was also
equivalent. Balaj et al. (2015) compared the recovery rate and RNA yield of EVs isolated by a protocol developed in-
house (using heparinized agarose) against conventional ultracentrifugation, and also against the ExoQuick™-ТС com-
mercial kit (System Bioscience) which is a polymeric precipitation kit. Results showed that the vesicles isolated using
heparinized agarose were morphologically similar to those obtained by standard ultracentrifugation and the RNA con-
tent did not significantly differ between the three methods. Paolini et al. (2016) tested the purity and biological function
of EVs isolated by simple and gradient ultracentrifugation against those isolated by the commercial one-step precipita-
tion kit Exo PK (Invitrogen). Their results showed that the preparations obtained by gradient centrifugation were of
higher purity and biological activity.

In summary, while commercially available kits represent an attractive alternative for the quick and less labor-
intensive isolation of EVs, problems concerning their present lack of specificity will need to be addressed before they
can be routinely used.

2.7 | Other methods and future perspectives for EV isolation

Due to the explosion of interest in the study and application of EVs as novel therapeutic targets, biomarkers and nano-
sized biocompatible drug carriers, among other uses (Bazzan et al., 2021), innovative advances in the development of
techniques for the isolation of these vesicles are frequently being reported in the literature. For example, a strategy for
the specific isolation of EVs from relatively small volumes of human serum has recently been proposed which takes
advantage of the naturally reversible, high affinity binding between titanium oxide and the phosphate groups on the
surface of the lipid bilayer of EVs (Gao et al., 2019). This protocol produced a high-purity isolation with good recovery
of EVs which could then either be eluted to obtain intact EVs or directly lysed for downstream proteomic analysis.

3 | CURRENT METHODS FOR THE CHARACTERIZATION OF EVs

After isolation, EVs are often characterized by size, concentration, presence of protein markers, protein concen-
tration, and other components. However, not all types of characterization are necessarily included in all studies
and data obtained by different methods can differ significantly. These factors, associated with the lack of suffi-
cient methodological information, make it difficult to compare different studies within the field (Théry
et al., 2018).

As with other groups, we believe that existing EV isolation techniques, the majority of which are used in basic
research, will become more efficient when they begin to be used in clinical applications (Gowen et al., 2020; Inal, 2020;
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O. Wiklander et al., 2019), particularly if isolation techniques are coupled with integrated multiplexed analysis able to
perform EV analyses. This still remains a major challenge as, despite the great advances in EV isolation methodology,
techniques that allow efficient, quick and cost-effective detection, quantification, and characterization/analysis of EVs
are lagging behind. Accordingly, EV characterization is still a matter of debate and remains a challenge, no consensus,
for example, yet being reached about EV-specific markers.

The methodologies used to characterize EVs by quantity/abundance, size, or content/composition vary according to
the subsequent analyses. Figure 1 outlines a flow of the study of EVs, from isolation to their characterization by various
approaches. Interestingly, much work has been dedicated to comparing different methodologies, reinforcing the impor-
tance of technical knowledge of the instruments, awareness of analytical variables, and recognition of instrument set-
tings when analyzing EV populations (Akers et al., 2016; Erdbrügger & Lannigan, 2016). In this section, we will
consider the most used techniques and their potential application in characterizing EVs (Gardiner et al., 2016) in terms
of physical and biochemical characteristics. As the methods are not specific for EV subtypes (MVs or exosomes), the
term “EVs” will be used to cover all populations. In addition, these methods are not exclusive to the analysis of EVs,
but adapted for this field, meaning there is a large scope for optimization to enable adequate evaluation of EVs.

3.1 | Single EV analysis

The characterization of EVs with their small size and low refractive index makes detection by light scattering methods,
such as conventional flow cytometry difficult. In addition, they are heterogeneous in size, and there may be interference
from lipoproteins and protein aggregates of similar size. The antigen density in EVs is often low and a very large
amount of EVs may be required to be detectable by techniques such as ELISA and western blotting. Thus, single-
particle analysis can help further delineate heterogeneous and complex populations of EVs into subgroups better
defined by physicochemical and molecular characteristics. The main single-particle analysis techniques in the field of
EVs are nanoparticle tracking analysis (NTA), microscopy (electron microscopy [EM], cryo-EM, atomic force micros-
copy, and high-resolution microscopy), resistive pulse sensing, high-resolution flow cytometry, and Raman
spectroscopy (Chiang & Chen, 2019).

FIGURE 1 Schematic representation of the workflow for isolation and characterization of EVs, with the most used methods in each

step. AFM, atomic force microscopy; EM, electron microscopy; MS, mass spectrometry; NMR, nuclear magnetic resonance; NTA,

nanoparticle tracking analysis; WB, Western blotting. Image created using BioRender (https://app.biorender.com/)

DE SOUSA ET AL.

		  23

https://app.biorender.com/


3.1.1 | Nanoparticle tracking analysis

NTA is one of the most used methods in EV research, as it provides parameters of concentration and particle size. This
technique combines laser light scattering microscopy with a camera, which allows the visualization and recording of
nanoparticles in solution. In this system, vesicles of about 30–1 μm are driven by a flow and the NTA software tracks
the Brownian motion of individual particles and calculates their size and total concentration. This technique has been
particularly important to assess the release of subpopulations of EVs, generally categorized into lEVs and sEVs, respec-
tively (Crescitelli et al., 2020; Durcin et al., 2017; Gavinho et al., 2020; Théry et al., 2018; Yekula et al., 2020).

The NanoSight instrument incorporates a laser and camera for detecting fluorescent particles. This property has been
exploited to determine the phenotype of vesicle subpopulations according to their labeling with specific antibodies or fluores-
cent markers (Desgeorges et al., 2020; Dragovic et al., 2011; Thane et al., 2019). Furthermore, Baldwin et al. (2017) showed
that it is possible to use this fluorescence property of NTA to determine the content of miR-21 targets contained in lung
cancer-derived EVs and their stoichiometry in relation to the total EV population. The assay was designed using a mixture
of tumor cell-derived EVs that fuse with cationic lipoplex nanoparticles, the latter containing (encapsulated) fluorescently
labeled microRNAs (miRNA)-specific molecular beacons. These are fluorophore quenched oligonucleotide hybridization
probes whose fluorescence is restored upon binding to a target nucleic acid sequence. After mixing the EVs with the particles
carrying the molecular beacons, a combination of light scattering and fluorescence nanoparticle tracking was used to identify
the proportion of the total EV population that contained the target miRNA transcripts. This type of experiment opens new
avenues for the identification of specific targets carried by vesicles and presents a more sensitive alternative than cytometry,
which loses sensitivity with vesicles below 100 nm, such as most exosomes (Pasalic et al., 2016).

3.1.2 | Microscopy techniques for EV imaging

EV imaging helps researchers to understand physical properties of EVs, their morphology, mechanism of release and
uptake, and enables detection of biomarkers expressed on the EV surface (Fertig et al., 2014; Han et al., 2021; Höög &
Lötvall, 2015; Morelli et al., 2004; Sorrells et al., 2021; Szempruch et al., 2016). EM, for example, played a key role in
the first descriptions of the presence of MVBs inside cells (Harding et al., 1983) and has still been used in the field of
EV investigation due to the images of high resolution (ranging from 1 to 3 nm for transmission electron microscopy
(TEM) and approximately 5 nm for scanning EM). In addition, using immunogold-labeling, TEM can further reveal EV
proteins, which can help in the understanding of the role of these vesicles (Marcilla et al., 2012; Shi et al., 2019).

The electron microscope has, however, its drawbacks, which include loss of material during extensive sample prepa-
ration, lack of multiparametric phenotyping and low throughput capacity. In the field of EVs, one of the problems of
this methodology is the possible alteration in morphology, particularly of exosomes during preparation, resulting in the
characteristic “cup-shape” (Lobb et al., 2015). This has been suggested to be an artifact caused by sample dehydration,
since cryo-EM results have shown that EVs have a perfectly spherical structure in aqueous solution (Conde-Vancells
et al., 2008; Kadiu et al., 2012). Indeed, the preparative steps of chemical fixation, dehydration, observation under vac-
uum, and electron beam radiation damage could all interfere with an important feature of EVs. Some alternatives have
been proposed, including the use of protein-rich material (such as matrigel or albumin) or some inert polysaccharides
(such as agarose or methylcellulose) to protect against material loss and keep the EVs preserved during the fixation pro-
cesses. In addition, some groups have used negatively stained whole mount preparation, in which EVs are adsorbed
onto a metal grid, chemically fixed and negatively stained prior to observation (Ramirez et al., 2018).

As a result, there has been a great advance in microscopy techniques that are being explored for the visualization of
EVs, such as cryo-EM, electron tomography EM, atomic force microscopy (AFM), confocal microscopy, and super reso-
lution microscopy, each with their own resolving power and specific advantages and disadvantages (reviewed by Chuo
et al., 2018).

Cryo-EM does not use staining or chemical fixation procedures and samples are directly applied onto an EM grid,
vitrified and visualized. In this preparation, water is transformed into a glass-like state without the formation of ice
crystals. Cryo-immobilizing allows biological structures to be preserved in their native hydrated state, thus avoiding
artifacts commonly caused by conventional fixation. Cryo-EM also allows 3D tomographic data collection thus enabling
the spatial visualization of more complex structures (Höög & Lötvall, 2015; Votteler et al., 2016; Yang et al., 2020;
Yuana et al., 2013). Similar to conventional TEM, cryo-EM can be combined with immunogold labeling, providing data
on the presence of certain molecules carried by EVs (Brisson et al., 2017; Goughnour et al., 2020).
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AFM uses a microscopic physical probe to scan through the surface of specimens and detects the morphology of
the sample in three-dimensional space, obtaining information from the very weak interaction between the probe
and the sample surface. By recording the probe position during the scan, AFM generates topographic images of the
samples with a resolution limit around 1 nm, which allows imaging of most EVs (Bairamukov et al., 2021; Kim
et al., 2019).

The term super resolution microscopy refers to an assortment of various imaging approaches including single-
molecule localization microscopy, which encompasses both stochastic optical reconstruction microscopy and photo-
activated localization microscopy. In conventional fluorescence microscopy, every fluorophore in a sample is activated,
meaning that closely grouped fluorescence emitters cannot be resolved due to overlapping point-spread functions.
Single-molecule localization microscopy exploits the temporal gap between activation-deactivation cycles of nearby
molecules to detect their spatial separation (F. Colombo et al., 2021). As a result, it is possible to reconstruct the position
of each emitter with a spatial resolution of ≤20 nm by combining thousands of frames (Rust et al., 2006). It was shown
that different fluorescent dyes or conjugated antibodies can provide a good definition of EVs using this technique
(C. Chen et al., 2016; Nizamudeen et al., 2018; Skovronova et al., 2021). This methodology shows a great sensitivity for
EVs, where cancer-specific markers can be detected on single EVs isolated from body fluids, a very difficult detection
by conventional techniques.

3.1.3 | EV concentration, size, and charge by resistive pulse sensing

Tunable resistive pulse sensing (TRPS) provides reliable and fast particle-by-particle measurement of EV size and con-
centration distribution. In TRPS, a tunable submicron-sized pore separates two fluid chambers, one containing the sam-
ple to be analyzed, the other an electrolyte solution. By applying a voltage across the membrane, a flow of ions is
induced. Once a particle moves through the nanopore, the flow of ions is altered resulting in a brief “resistive pulse”
which is recorded by the instrument. When a particle passes through the pore causing a change in voltage, the magni-
tude of this pulse is proportional to the volume of the particle traversing the pore, and the blockade rate is directly
related to the particle concentration (Maas et al., 2017; Vogel et al., 2016).

An adaptation of this technique is microfluidic resistive pulse sensing (MRPS). MRPS differentiates itself from TRPS
in that MRPS uses cartridges that have rigid, precalibrated pores made of polydimethylsiloxane, while TRPS uses sens-
ing pores of polyurethane that can be stretched to tune the pore size. MRPS allows control flow of samples through the
constriction using controlled pressure (Cimorelli et al., 2021). Some protocols are already available for measuring EVs
using variations of the resistive pulse sensing technique (Coumans et al., 2014; Maas et al., 2014; Vogel et al., 2016) with
equipment available on the market, for example, IZON qNano (Izon Science Ltd) and nCS1™ instrument
(Spectradyne LLC).

3.1.4 | Single EV analysis by flow cytometry

One method for high-throughput multi-parametric analysis and quantification of EVs is flow cytometry. Flow cyto-
metry is a technology that records both the scattering and fluorescence signals generated by individual particles as they
are illuminated by a laser beam while passing through a nozzle. The intensity of detected light is reported as forward
light scatter and side light scatter (SLS). The quantity of light scattered forward is proportional to the diameter, while
SLS indicates morphology and inner anatomy of EVs (Lannigan & Erdbruegger, 2017; Lucchetti et al., 2020). One of the
great advantages of flow cytometry is the ability to analyze multiple labels on individual particles and to identify various
types and subsets. Despite its wide application, some limiting factors make it difficult to use in the field of EVs. These
include the small size of EVs, resulting in a low sensitivity to discriminate them using most popular flow cytometry
equipment (or even to discriminate them from background signals). This low fluorescence being emitted by labeled
EVs is due to the low number of antigens per particle and limited feasibility of post-stain washing to reduce background
fluorescence (Inglis et al., 2015; Lannigan & Erdbruegger, 2017). Therefore, the correct application of cytometry often
requires special equipment or at least specific components for the detection of small particles, such as beads. Despite
this, some studies have brought solutions to these problems and optimized systems and protocols can elevate the
detection limit, as commented later in this article under future directions (D. Choi et al., 2019; Görgens et al., 2019;
Morales-Kastresana et al., 2017; Nolan & Duggan, 2018; Y. Tian et al., 2018).
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3.1.5 | EV purity and composition by Raman spectroscopy

Vibrational spectroscopies, and in particular Raman spectroscopy are attractive tools for the study of EVs providing an over-
all biochemical characterization without labeling or targeting any previously known marker at the single-particle level (K.
Lee, Fraser, et al., 2018; Morasso et al., 2020). A source of high-intensity light is applied to the sample, and incident photons
are scattered by molecules. The frequency and intensity of scattered radiations reveal the quality and quantity of the sample,
respectively (Butler et al., 2016). An interesting study showed that, by means of Raman spectroscopy, a fingerprint of the
amyloid-beta (Aβ) peptide (one of the hallmarks of Alzheimer's disease) was present in the cargo of sEVs derived from a cell
culture model and from midbrain organoids. These findings open a positive path for the investigation of EVs in the identifi-
cation of biomarkers of neurological disorders, such as toxic proteins (Imanbekova et al., 2021).

One approach that has been used in the field of nanoparticles is laser Tweezer Raman spectroscopy, which com-
bines optical trapping with Raman probing. Optical tweezers consist of using a diffraction limited beam to stably trap a
particle in three dimensions creating a net force that brings them to the axial center of the incident laser (Enciso-
Martinez et al., 2020). This technique has already been used to characterize EVs in several biological models (Kruglik
et al., 2019; Z. J. Smith et al., 2015; Tatischeff et al., 2012).

3.2 | Characterization of EV content

3.2.1 | Protein content of EVs

Proteins present in EVs may provide clues about biological functions and their effects in cell communication. There-
fore, many groups have chosen to characterize EVs from the point of view of proteins. Initially, a basic method can be
applied to quantify the total protein content, such as the Coomassie Brilliant Blue G-250 assay (also called Bradford
assay) or the bicinchoninic acid assay (Théry et al., 2018). Both rely on quantification of proteins by absorbance mea-
surement of a colored complex between a reagent and the protein, based on a calibration curve of known concentra-
tions. EV total protein dosage data can be associated with other applied characterization methods, providing interesting
correlations such as the protein per nanoparticle ratio (De Sousa et al., 2022). It is important to emphasize that prob-
lems in the purification of EVs will impact the amount of proteins dosed, since contaminants can be measured and gen-
erate a bias. In addition, it must be ensured that the EVs are broken (by the action of detergents or freeze–thaw cycles)
prior to dosing in order to have a total value of proteins both inside and in the membrane of the vesicles.

The search for EV markers is extensive, but fails to differentiate subpopulations of particles. Some of the markers
that had been suggested in past years (such as HSP70, flotillin-1, TSG101, CD63) are not present in every/each vesicle
or can be found in both sEV and lEV (M. Colombo et al., 2013; Crescitelli et al., 2020; Kowal et al., 2016; Yoshioka
et al., 2013). Due to this, there is no single protein or combination of proteins that can be recommended as universal
EVs markers. The demonstration of the enrichment of molecules present in EVs and absence (or depletion) of putative
contaminants is a good alternative in the biochemical characterization of EVs. The lack of specific markers brings a
change in the naming of EVs: unless authors can establish specific markers of subcellular origin that are reliable in
their experimental systems, authors should consider using “operational terms” for EV subtypes, as referred to earlier in
this review (Théry et al., 2018).

Proteomics technologies have provided a significant contribution to the field of EVs, allowing the creation of large-
scale profiling of proteins secreted through EVs, which can be confirmed later with other methodologies, such as west-
ern blotting. Several works have used proteomics to identify differences in the EVs of biological samples from patients
and to quantify the presence of some peptides compared to healthy individuals. Notably, one study showed that EVs
derived from the serum of breast cancer patients can differentiate the molecular subtypes of breast cancer (such as
triple-negative or HER2) using a proteomic approach (Rontogianni et al., 2019). This shows the prospect of their use as
non-invasive biopsies for diagnosis and management of cancer patients.

3.2.2 | RNA content of EVs

The presence of RNA inside EVs has attracted the attention of researchers since these nucleic acids are protected
from degradation in the extracellular environment and can be delivered intact to recipient cells (Hinger et al., 2018;
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O'Brien et al., 2020), even between different species (or kingdoms) (Stanton, 2021). These RNA populations include
various protein-coding transcripts (mRNAs) and many types of noncoding RNAs, including miRNAs, long noncod-
ing RNAs, circular RNAs, small nucleolar RNAs, small nuclear RNAs, transfer RNAs, ribosomal RNAs, and piwi-
interacting RNAs (O'Brien et al., 2020). Many groups have been dedicated to understanding the mechanisms of this
RNA packing/loading within EVs and the differences in RNA profiles between different cell types or conditions (Ge
et al., 2019; Y. Li et al., 2019). The RNA content varies greatly according to the physiological state of the cells and
differs substantially from the cellular RNA content (in types of RNA and relative concentrations of specific RNA
sequences) (Baglio et al., 2015; Bayer-Santos et al., 2014; Guduric-Fuchs et al., 2012; Skog et al., 2008). Some data-
base and community-contributed catalogues of molecules identified in EVs have emerged in the past years, such as
Vesiclepedia (Kalra et al., 2012), Exocarta (Mathivanan & Simpson, 2009), exRNA (Murillo et al., 2019), and
ExoRBase (Lai et al., 2022).

Some difficulties arise in establishing the functionality of RNA in EVs. Firstly, overexpression systems that increase
the amounts of a particular RNA in EVs can result in supraphysiological levels of the RNA in the source cells, affecting
their physiological behavior (O'Brien et al., 2020). Also, contaminating EVs, such as those present in fetal bovine serum,
can also carry RNA and confuse interpretations. To avoid the contamination with non-intravesicular RNAs, ISEV
recommends performing a proteinase and RNAse treatment before RNA extraction. In the same way as for other char-
acterization approaches, the methodology of isolation of EVs can influence the purity of the material found and the
RNA content.

The RNA content of EVs has been studied extensively using high-throughput RNA-Seq and is commonly validated
using reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) analysis (Everaert et al., 2019). One of
the difficulties of working with EV-derived RNA is the low yield of material, which is often below the detection limit of
the most common quantification techniques, such as fluorimetry. This can be overcome by vacuum concentrating all
the RNA extracted from EVs prior to analysis.

There is a concerted effort to find diagnostic and prognostic markers based on the detection of mRNAs in EVs.
Detection of these biomarkers in biofluids in different disorders will avoid more invasive tests (Castellanos-Rizaldos
et al., 2018; Cha et al., 2020; de Gonzalo-Calvo et al., 2016). In fact, these advances are already present in the clinic
today, for example, for the prognostic evaluation of prostate tumors with urine samples (Bio-Test Prostate Techne
ExoDx; Tutrone et al., 2020).

3.2.3 | Lipid content of EVs

Lipids are relevant components of EVs, constituting a significant fraction of the total EV volume (especially in
sEVs), considering a membrane thickness of about 5 nm (Kreimer et al., 2015). Lipids in EVs form a protective bar-
rier for their cargo and can carry markers derived from their cell of origin. They also participate in membrane
fusion events and biomolecule delivery. Hundreds of lipid varieties have been identified in EVs in several reports;
cholesterol, phosphatidylcholine, phosphatidylserine, and sphingomyelin derivatives are among the most com-
monly detected (Brzozowski et al., 2018; Haraszti et al., 2016; Llorente et al., 2013; Skotland et al., 2020). EVs tend
to have a higher lipid:protein ratio and a different lipid content than their parent cells (Haraszti et al., 2016;
Llorente et al., 2013; Lydic et al., 2015; Skotland et al., 2019; Sun et al., 2019; Subra et al., 2007). The description of
both the relative and the absolute values of lipid classes in different EVs provides interesting information about
the composition of these particles and can be explored through quantitative lipidomics (S. Chen et al., 2019; Sun
et al., 2019). There are several reports describing how to perform quantitative lipidomic studies and the rec-
ommended extraction methods. Also, there are some methods used for total quantification of lipids in EVs (such as
sulfo-phospho-vanillin assay [SPVA], fluorescent dyes that incorporate into membrane bilayers or Fourier trans-
form infrared spectroscopy), but they have their limitations in sensitivity for detection of some types of lipids
(Théry et al., 2018).

Brzozowski et al. (2018) identified differences in the relative abundance of lipid species in EVs derived from three
prostate cell lines (one non-tumorigenic, one tumorigenic and another metastatic) by the approach of quantitation of
molecular lipid species by target lipidomics. Other work also found differences in the lipid composition of EVs derived
from different breast cancer cell lines and showed that the contents differed from their cell of origin (Nishida-Aoki,
Izumi, et al., 2020).
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3.2.4 | Metabolite content of EVs

Metabolites are a type of small molecule (with a molecular weight <2 kDa) being the downstream products of various
biological reactions. They can be steroid hormones, amino acids, metabolic intermediates of nutrient and lipid anabo-
lism, among other molecular species. Despite participating in almost all cellular processes, these are the least studied
components of EVs to date.

Two main analytical methodologies are mostly applied for characterizing metabolites in EVs: nuclear magnetic reso-
nance (NMR) spectroscopy and high-resolution MS. Čuperlovi�c-Culf et al. (2020) evaluated the metabolome of sEVs
derived from different glioblastoma cells by NMR spectroscopy. A clear difference was seen between the metabolic pro-
files of the cells when comparing EVs and conditioned media. Another study performed a metabolomic analysis of EVs
derived from pancreatic cancer cells (PANC-1) cultured under different oxygen concentrations, as hypoxia contributes
to the malignant behavior of these cells (Hayasaka et al., 2021). This work also showed that the metabolite profile of
the EVs were different in relation to the cell of origin. A total of 140 hydrophilic metabolites were detected in sEVs and
it was observed that the metabolomic profile of sEVs changed under hypoxic stress and that there was an increase in
the metabolites involved in angiogenesis.

4 | FUNCTIONAL ASSAYS AND BIOLOGICAL CHARACTERIZATION OF
EVs TOWARD DEVELOPING EVs AS THERAPEUTICS

Although the physical and biochemical characterization of EVs is important, only functional assays can provide
answers about the real role of EVs in biological systems. The study of EVs can take place both in vitro and in vivo and
has been explored in different areas of knowledge from basic cell biology to immunology, pathology, among others.
Certain questions can guide the definition of an appropriate model to test hypotheses about EVs: (i) What is the origin
of EVs and what is the secretion stimulus? (ii) What are the approximate physiological amounts of secreted EVs?
(iii) Which EV populations are being evaluated (e.g., only lEVs, only sEVs or only EVs containing a certain epitope)?
(iv) Which tests can provide answers about the role of EVs in this biological model?

In most cases, the EVs are studied within limited conditions and the results cannot always be extrapolated to other
models. Also, it is important to emphasize the need for adequate controls for each experiment using, for example, EVs
from healthy cells or cells not exposed to treatments. Figure 2 shows the long path from the characterization of EVs
toward their translational application.

4.1 | Assays to ascertain functional capacity of EVs, toward developing EV-based
therapies

4.1.1 | Biological responses modulated by EVs

In the EV field, there are a range of biological assays which have been used to understand the function of EVs and their
suitability for therapeutic use (Nguyen et al., 2020). These include assays for inducing transformation and differentia-
tion in cells (Ansa-Addo et al., 2010; Ismail et al., 2013), change in permissiveness to infection by pathogens, cell migra-
tion, and changes in cytokine release or triggering of secondary signals. It is further recommended that these trials be
performed on progressive doses of EVs to show dose dependence.

4.1.2 | Cellular uptake of EVs

Cells appear to take up EVs by a variety of pathways, including clathrin-dependent endocytosis, caveolin-mediated
endocytosis, macropinocytosis, phagocytosis, and direct fusion to PM (Mulcahy et al., 2014). Indeed, it seems likely that
a heterogeneous population of EVs may gain entry into a cell via more than one route. The analysis of the capture of
fluorescently labeled EVs in the presence of a series of drugs that inhibit these internalization pathways can clarify the
EV uptake mechanism and also monitor their intracellular trafficking after entry (Lange et al., 2016).
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4.1.3 | In vivo biodistribution of EVs

Understanding the in vivo fate of EVs is of utmost importance for future therapeutic applications. Using different
approaches, it was shown that the biodistribution of EVs was influenced by the route of administration and the origin
of the EVs (Gupta et al., 2020; Nishida-Aoki, Tominaga, et al., 2020; Royo et al., 2019; O. P. Wiklander et al., 2015).
Using EVs fluorescently labeled with DiR (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindotricarbocyanine Iodide) or CD63-
EGFP-labeled EVs, O. P. Wiklander et al. (2015) showed that 24 h after EV injection, the main sites with detected fluo-
rescence were the liver, spleen, lungs, and gastrointestinal tract. This study also evaluated the targeting of EVs derived
from cells transfected with the fusion protein LAMP2b-RVG which targets the Rabies virus glycoprotein (RVG) peptide
to the EV membrane (RVG-coupled species are more readily addressed to the brain, due to the presence of nicotinic
acetylcholine receptor). The DiR-labeled EVs were injected intravenously into the animals and, interestingly, the RVG-
EVs displayed a significantly increased signal in the brain compared to the non-RVG (mock) EV group. This work has
also shown that there is a propensity for tumor tissues to capture injected EVs, possibly due to the high vascularization

FIGURE 2 Steps toward the translational application of extracellular vesicles (EVs), from basic research to market arrival. Image

created using BioRender (https://app.biorender.com/)
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of the tumor and the permeability of the vasculature in the region(Wiklander et al., 2015). This opens a possibility for
anti-tumor therapies delivered by EVs, especially if optimized using different cell sources and target inclusion.

Royo et al. (2019) showed that EVs derived from proliferative liver cells accumulate mainly in the liver and lungs in
mice after a short period (15 min). After treating the EVs with neuraminidase (an enzyme that digests the terminal
sialic acid residues of glycoproteins), their accumulation in the lungs was greater than that of untreated EVs. Further-
more, when the EVs were injected through the hock, the neuraminidase-treated vesicles distributed better to the axil-
lary lymph nodes than the untreated EVs.

4.1.4 | EVs as a drug delivery system

EVs have features that qualify them as a potential drug delivery system, some of which have been previously described.
These include that EVs carry and protect a wide range of biomolecules and are able to deliver them to recipient cells;
they are distributed through the circulation with a certain stability to reach different organs, including crossing the
blood–brain barrier. They can be engineered to optimize delivery to certain tissues and have a high level of biocompati-
bility (Elsharkasy et al., 2020). Despite its advantages, there are technical obstacles to the use of EVs in the clinic, such
as the ability to upscale the production and isolation of EVs. Escudé Martinez de Castilla et al. (2021) provide a very
complete systematic review of preclinical studies involving EVs as drug carriers, including the most used procedures for
encapsulation of active pharmaceutical ingredients in EVs, routes of administration and purity estimation. Greater
understanding of EVs, as well as comparative analysis of EVs to other synthetic delivery vehicles (such as liposomes,
lipid nanoparticles, and polymeric micelles) can provide answers about the future use of EVs as a drug delivery system
(Moore et al., 2017).

5 | FUTURE DIRECTIONS FOR EV ISOLATION AND CHARACTERIZATION

It is expected that further development of the methods currently in use for EV isolation and characterization will allow
for ever more detailed dissection of EV biogenesis, and promote a better understanding of their content and functional
properties. Each technique presents benefits and weaknesses, and the selection of any particular isolation method pre-
sents a multifactorial problem. It is therefore worth considering the optimization of certain methods to, for example,
improve detection limits and resolution.

5.1 | Optimization of flow cytometric techniques for EV analysis

Recent research has led to the construction of customized high-sensitivity flow cytometers that can detect single vesi-
cles, as well as enumerate, size, and recognize molecular markers. A high-sensitivity flow cytometer was reported by
Stoner et al. (2016) using parts from commercially available equipment and integrated optimized sample preparation
using fluorescent membrane staining. This method termed vesicle flow cytometry (VFC) combined an optical bench,
photomultiplier tube detector and fluorescence detector (Stoner et al., 2016). This custom-made VFC was used to assess
several fluorescent probes and determined that the voltage sensing dye di-8-ANEPPS emitted fluorescence in relation to
the surface area of the vesicle enabling the measurement of its size and concentration. The estimated size of vesicles
identified using this method was in the range of 70–80 nm, and the authors theorized that an increase in sensitivity
could reduce the detection limit to <40 nm. Nevertheless, it was found that the VFC results regarding vesicle size and
concentration were in agreement with those obtained by NTA. VFC could also detect a subpopulation of CD61-positive
vesicles from platelet-rich plasma demonstrating a greater resolution attributed to increased laser power, decreased
flow, and increased duration of signal integration (Stoner et al., 2016).

Further optimization of flow cytometric instruments has been reported for the detection and quantification of single
particles using fluorescence-labeled vesicles for calibration, rather than submicron sizing beads. Imaging flow cyto-
metry (IFCM) integrates imaging cameras with conventional flow cytometers (Headland et al., 2014). The signals gener-
ated with IFCM are examined through a digital microscope to produce quantitative imaging data detected with a
charged coupled device camera. Görgens et al. (2019) reported an optimized IFCM method. Using enhanced green fluo-
rescent protein (eGFP) fused with CD63-labeled vesicles derived from monocytic THP-1 cells, eGFP-CD63 vesicles were
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used as a reference material to modify various parameters to increase the contrast between background noise and vesi-
cle signals. At present, researchers use polystyrene and silica beads of known sizes to calibrate flow cytometers for the
detection of EVs but while this has provided superior and consistent flow cytometric methods in EVs analysis, the beads
lack the physical characteristics that EVs possess such as different refractive indices. This optimized IFCM method was
shown to detect and quantify single vesicles and vesicle subpopulations from a heterogeneous population without the
need of prior vesicle purification or isolation of samples.

Nano-flow cytometry (NFCM) is an emerging technology that can detect nanosized particles such as viruses and
EVs. It can detect, in real time, light elastically scattered by single nanosized silica and gold particles as small as 24 and
7 nm in diameter, respectively (S. Zhu et al., 2014). The high sensitivity of NFCM was attributed to a decrease in the
sample volume, the reduced sample stream diameter and reduced size of the laser beam contact site, as well as the
higher laser energy and an increased particle contact time with the laser beam. As a recent application of NFCM it has
been used to define subpopulations of EVs from cancer cells (D. Choi et al., 2019) and in nanomedicine to determine
the size and content of individual liposomes carrying doxorubicin (C. Chen et al., 2021). Simultaneous fluorescence
detection allowed for the measurement of the size distribution and payload of individual liposomes and the results
showed variations in vesicle size and content.

Ma et al. (2016) used NFCM for a label-free detection of viruses, with diameters of 27 nm, as well as distinguishing
them in a mixture, through the quantification of ultraweak elastically scattered light from single-virus particles. NFCM
was also able to identify distinct physical differences of the viral particle such as the position of tail fibers of the bacteri-
ophage PP01, distinguishing empty capsids from mature virions and the content of capsids with and without enclosed
DNA. This technology is particularly important for distinguishing virions and similarly sized EVs.

5.2 | Emerging techniques for EV analysis

The potential application of EVs in medicine (particularly nanomedicine) is clear but their use in a clinical setting is
still hampered by the limitations of methods currently available, for vesicle isolation, detection, and characterization.
The new technologies being developed seek to integrate different approaches, especially those based in antibody label-
ing or capturing. Advances in the analytical tools used in EV research are leading to improvements in generated data,
particularly data that can characterize individual vesicle details such as size, concentration, and protein expression.
Efforts are also directed to create inexpensive, rapid, reproducible assays that can be applied to clinical settings without
the need for extensive preparation of EVs from bodily fluids. One promising field is biosensing technology that seeks to
combine current conventional methods with lab-on-chip devices to facilitate EV analysis. Biosensors are analytical
instruments that detect and/or quantify biomarkers by producing signals related to the concentration of an analyte
(Bhalla et al., 2018). These biosensors are composed of a biological receptor that provides specificity and a transducer
that converts biological signals into electrical data (Naresh & Lee, 2021). Biosensors are generally grouped based on the
type of transducer they use: electrochemical, fluorescence, or optical.

5.2.1 | Electrochemical biosensing systems for EV analysis

Electrochemical biosensing technology is an emerging field in EV analysis, with several variations employed. For exam-
ple, an electrochemical sensor-based system, named integrated magneto-electrochemical sensor (iMEX) was reported to
quickly isolate and detect exosomes in clinical samples (Jeong et al., 2016). The system is based on the specific isolation
of exosomes with magnetic beads attached to anti-CD63, CD81, and CD9 antibodies and the electrochemical detection
of exosomal proteins (Jeong et al., 2016). It has eight detection channels each with a potentiostat to measure the electri-
cal current. Individual potentiostats are attached to a digital-to-analog converter, analog-to-digital converter, a multi-
plexer, and a micro-controller. The system was designed as a handheld unit with a value of <£50. It aims firstly to
capture exosomes with magnetic beads followed by the binding of secondary antibody with horseradish peroxidase
(HRP) and the addition of a chromogenic electron-mediator, tetramethylbenzidine (TMB). This produces an electrical
current which is then detected, enabling the iMEX system to detect exosomes at a sensitivity of <105 from a minimal
specimen volume of 10 μl and generating results in 1 h (Jeong et al., 2016). iMEX was customized to detect exosomes in
blood from ovarian cancer patients. The selected markers, CD63, EpCAM, CD24, and CA125 along with their respective
IgG-controls were measured simultaneously. The results of the profiling of the plasma samples showed exosomes from
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cancer patients had higher levels of EpCAM and CD24 expression in comparison to non-cancer patients. An advantage
of the iMEX system is the detection of a subpopulation of exosomes from liquid samples, without the need for isolation
methods such as ultracentrifugation or filtration (Jeong et al., 2016).

Electrochemical sensors can also be utilized in the characterization of the nucleic acid content of exosomes. Shao
et al. (2015) described a microfluidic platform called the immuno-magnetic exosome RNA (iMER) system which com-
bines immunomagnetic exosome separation, RNA purification, and real-time PCR. iMER operates based on the capture
of exosomes with magnetic beads coated with anti-EGFRvIII antibodies. After the addition of patient blood samples to
the system only exosomes with the targeted markers are isolated on the chip. The captured exosomes are then lysed to
release mRNAs that are then absorbed onto glass beads via electrostatic interactions. The mRNAs undergo amplifica-
tion and quantitation by the on-chip PCR. The iMER system was used to analyze the mRNA profiles of glioblastoma-
derived exosomes from human blood, glioblastoma cells, and used to assess the efficacy of drug treatment (Shao
et al., 2015). The level of mRNA expression of O6-methylguanine DNA methyltransferase and alkylpurine-DNA-N-
glycosylase enzymes involved in reversing DNA damage from temozolomide correlated with drug resistance (Shao
et al., 2015). The iMER system has several advantages over other conventional methods including simplicity (quick
turnaround time, typically 2 h), sensitivity, portability, and the ability to work with small specimen volumes (�100 μl).

5.2.2 | Surface plasmon resonance, quartz crystal microbalance, and opto-fluidic smartphone for
detection and characterization of EVs

Surface plasmon resonance (SPR) and quartz crystal microbalance (QCM) have common features including the use of
gold film sensors to detect mass change that they are label-free and that they transport sample in solvent across the sen-
sor by means of a flow system. However, while SPR is an optical technique, mass changes being monitored based on a
plasmonic principle (changes in light-sensor interaction), the QCM measures change in mass based on the change in
frequency of oscillations of the (gold-plated) quartz crystal (thus, a mechanical technique).

SPR sensors represent a new method in EV detection and characterization with the advantage of label-free detection
and minimal sample processing. The SPR sensor-based method called the nano-plasmonic exosome (nPLEX) assay first
developed by Im et al. (2014) showed the quantitative detection and characterization of exosomes from the ascitic fluid
of ovarian cancer patients. nPLEX is centered on the transmission of SPR through periodic nanohole arrays located on
an opaque gold film. The nanohole arrays are each equipped with capturing antibodies against exosomal markers.
Upon exosome binding, shifts or intensity changes occur in the transmission spectral peaks related to the levels of the
target markers. Using the nPLEX assay the protein expression of exosomes collected from the ascites of cancer and
non-cancer patients were profiled. The nPLEX assay was able to distinguish between exosomes from ovarian cancer
patients with elevated protein expression of EpCAM and CD24 in comparison with non-cancer patients (Im
et al., 2014). The nPLEX assay showed sensitivities 10-fold higher than western blot and chemiluminescence ELISA
and was used to monitor the response to chemotherapy in ovarian cancer patients. Ascitic fluid was collected before
and after chemotherapeutic treatment and the nPLEX assay used to show that patients responding to treatment had
lower levels of exosomal EpCAM and CD24 or both compared to non-responding patients (Im et al., 2014). In a further
improvement of nPLEX, by using gold nanoholes rather than glass, increased sensitivity enabled multiplexed analysis
of target surface and internal markers on single EVs (Min et al., 2020).

The QCM is a highly sensitive mass sensing acoustic biosensor. Either adhered or adsorbed to the surface of the sen-
sor, changes in mass are detected in this piezoelectric device by changes in frequency of the gold-coated quartz crystal
and related by the Sauerbrey equation (Stratton et al., 2014). We previously used QCM with dissipation (QCM-D) to
monitor EV release from primary endothelial and fibroblast cells stimulated with agents affecting the cytoskeleton.

This was demonstrated as a real-time loss in mass, giving an indication of the kinetics of EV biogenesis (2.4 � 106

EVs released from 105 prostate cancer cells over 1000s; 1.4 EVs per cell per minute). Similar estimates have been given
by others (M. Bebelman et al., 2020; Verweij et al., 2018). The QCM has also been used to monitor EV release (from
PC12 and NG108-15 cells) after stimulation with increased potassium and by spontaneous endocytosis (Cans et al.,
2001) or to study the absorption properties of red cell EVs (Rom�anszki et al., 2020).

Another adaptation of this technology for EV research involves characterization of EV markers by QCM-D.
Although highly sensitive, compared to other methods, it is expensive and labor-intensive requiring preparation of sam-
ples on assembled monolayers and of IgGs covalently immobilized on the sensor surface (Priglinger et al., 2021). With a
view to making EV characterisation by QCM technology more accessible, therefore, (QCM coupled with impedance,
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QCM-I) represents an improvement which was further linked to atomic force microscopy (AFM). This sensitive and
label-free immuno-sensing method required minimal sample preparation, and enabled detection of mesenchymal stem
cell (MSC) EVs via EV and MSC markers, the further use of AFM allowing the distinction of EVs and non-vesicular
particles (Priglinger et al., 2021).

An optofluidic smart phone-based device called the mobile exosome detector (μMED) was developed by Ko et al.
(2016) that can capture and analyze exosomes following mild traumatic brain injury using in vitro and murine models.
The μMED is a handheld diagnostic device utilizing a smartphone camera for fluorometric data acquisition. The μMED
device is based on a key innovation that uses both negative and positive selection of exosomes using immunocapture
microbeads to isolate on-chip. The positive and negative microbeads are incubated with serum for 30 min in an on-chip
compartment. The sample is then passed through the device using negative pressure which leads to the capture of the
negative selection microbeads on a porous membrane and the remaining uncaptured exosomes pass through. Down-
stream, the sample interacts with positive selection microbeads on a porous membrane where the exosomes of interest
are captured. The depletion of exosomes that are not derived from brain cells is achieved through negative selection.
This leaves only brain-derived exosomes for analysis through immunolabeling with anti-CD81 tagged microbeads. The
signal from the captured exosomes is amplified using HRP-conjugated antibodies against glutamate receptor 2, a
marker for mild traumatic brain injury. The intensity of the fluorescence signal is acquired on the smartphone device
via the camera. The μMED device enables the isolation of brain-derived exosomes from mice serum without the need
for ultracentrifugation which is time consuming and requires large equipment. In addition, the μMED device was
shown to be a cheap, quick, and portable instrument to detect mild traumatic brain injury in comparison to expensive
conventional procedures such brain MRI. The authors suggest the μMED device can be used as a point of care test due
to the wide availability of smartphones.

5.2.3 | Fluorescence-based techniques for single vesicle analysis

A fluorescence-based lab-on-a-chip platform was described by Deschout et al. (2014) to accurately measure vesicle size
and concentration in interstitial fluid from human breast cancer tumors. Deschout et al. produced a microfluidic device
which incorporated light sheet illumination for fluorescence single-particle tracking analysis (FSPT). FSPT was previ-
ously reported to measure the size range and concentration of vesicles that are fluorescently tagged in bodily fluids
without vesicle isolation or purification. The innovative combination of light sheet illumination with FSPT allows for
the reduction of background noise which is a well-known problem due to limited contrast occurring because of
unbound fluorescent dyes or out of focus particles in FSPT.

Another, fluorescence-based technique recently developed called single EV analysis (SEA) allows for the multi-
plexed measurement of biomarkers on single EVs (K. Lee, Fraser, et al., 2018). The SEA technique operates first with
the immobilization of EVs on a microfluidic device with subsequent lab-on-a-chip immunostaining and imaging of the
captured EVs. Immunostaining is accomplished with fluorescent antibodies against EV markers such as CD9, CD63,
and CD81 or cancer markers, in this particular study from three glioblastoma cell lines overexpressing EGFRvIII,
EGFR, or IDH1-R132. Imaging of the immobilized EVs was performed in cycles for three different biomarkers in suc-
cessive rounds by quenching the fluorochromes and then repeating the staining process for the other markers. The
intensity of fluorescence was measured on single EVs generating data on total vesicle counts and protein composition.
Using SEA, Lee et al. discovered variations in EV markers and tumor markers on EVs. For instance, EVs derived from
the Gli36 cell line overexpressing EGFRvIII were observed to be more positive for CD9, a marker for EVs than was
found on other cell lines. Moreover, EVs exhibited a difference in tumor marker expression from the three cell lines
studied. As anticipated, the EVs from the Gli36 cell line overexpressing EGFRvIII had a significant subpopulation posi-
tive for EGFRvIII (67%) whereas the EVs derived from Gli36-IDH1-132H cell line had a small subpopulation positive
for IDH1-R132.

5.2.4 | Paper-based platforms for EV analysis

Paper-based platforms are being actively researched as cheap, quick, portable, and simple analytical tools in clini-
cal settings and point-of-care testing (X. Chen et al., 2018). A paper-based aptasensor utilizes luminescence reso-
nance energy transfer (LRET) from the upconversion of nanoparticles to nanorods which enables the detection
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and quantification of EVs. LRET is a spectroscopic technique that measures the distance and changes in distance
between a donor and acceptor attached to a protein (Zoghbi & Altenberg, 2018). LRET is based on the resonance
energy transfer between two spectroscopic probes in close proximity due to the overlap of the emission spectrum of
the donor and the absorption spectrum of the acceptor (Dolino et al., 2014). The paper-based aptasensor was fabri-
cated by dividing the DNA aptamer sequence of the CD63 protein into two sections. One section is immobilized on
the paper while the other section is attached to gold nanorods and mixed with EVs for application onto the paper.
The presence of EVs triggers the merging of the two sections of the aptamer with CD63 protein present on the par-
ticle surface to form a complex that reduces the distance between the nanoparticles and nanorods inducing lumi-
nescence resonance energy transfer. The green luminescence emitted by the nanoparticles is quenched and this
change in the intensity of the luminescence emissions is captured by an imaging camera. The detection of EVs is
calculated using the quenching rate and upconversion luminescence and the concentration of particles (X. Chen
et al., 2018). This paper-based aptasensor developed by Chen et al. was reported to be highly sensitive with a limit
of detection of 1.1 � 103 particles/μl and was performed in 30 min proving to be a suitable assay in clinical
settings.

6 | CONCLUSIONS AND FUTURE DIRECTIONS

This review has included classical methods that have been used by laboratories throughout the world to isolate, detect
and characterize EVs. We also have critically analyzed some of the challenges that further development of EV technolo-
gies face. With a view to developing EV-based liquid biopsy, the field still needs to overcome low yields and purity, high
costs, overly complex procedures, and lack of standardization. Ideally EV isolation should not be a prerequisite for anal-
ysis and the field must strive for an integrated procedure that would be quicker, requiring fewer steps. Novel methodol-
ogies open up the possibility of detecting EVs from small clinical samples. The electrochemical biosensor systems such
as iMEX quantifying EVs from μl samples of unprocessed plasma are a positive move promising liquid biopsy as a
point-of-care in cancer diagnostics and in monitoring response to treatment. With EVs being found in bodily fluids,
especially urine and saliva, the noninvasive nature of these methods means that EV-based liquid biopsy holds amazing
promise for personalized medicine, but all the models and protocols mentioned in this review will still need extensive
preclinical experience to prove reliability.

Looking ahead, molecular cargoes of EVs must be more fully characterized, both in health and disease, as this will
help us better understand the role EVs play in disease progression. One of the biggest challenges facing the field is assig-
ning different biological functions according to EV subtype. Although some such differences of function have been
ascribed to certain sEV and lEV populations, this knowledge will require better characterization of EV subtypes based
on mode of biogenesis or specific composition. It is also likely that there will be tailored isolation/purification proce-
dures according to what EVs are being used for, for example, whether for diagnostics or therapy. For use in therapy, EV
isolation is likely to require more rigorous and large-scale methodologies than are needed for diagnostics. Eventually,
however, it is likely that integrated technological advances will arrive enabling detection of markers without prior EV
isolation.
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This unit describes protocols for isolating subpopulations of extracellular vesi-
cles (EVs) purified from human adipose tissue–derived mesenchymal stromal
cells by density gradient centrifugation and for characterizing them by flow
cytometry (FCM). Determining the optimal strategy for isolating EVs is a crit-
ical step toward retrieving the maximal amount while ensuring the recovery
of different vesicular subtypes. The first protocol details density gradient cen-
trifugation to isolate both exosomes and microvesicles. In the second protocol,
characterization of EV subpopulations by FCM is depicted, taking advantage
of non-conventional modalities, in accordance with the latest technical indi-
cations. The procedures described here can be easily reproduced and can be
employed regardless of the cell type used to obtain EVs. C© 2019 by John Wiley
& Sons, Inc.

Keywords: exosomes � extracellular vesicles � flow cytometry � mesenchymal
stromal cells � microvesicles

INTRODUCTION

For many years, mesenchymal stromal cells (MSCs) have been considered a central cell
source for regenerative-medicine applications due to these cells’ multipotent properties.
In the last decade, MSCs have also received great attention for their marked paracrine
activity (Caplan & Dennis, 2006), exerted via both soluble factors and extracellular
vesicles (EVs). In particular, given the array of signals carried by vesicles through
horizontal transfer of molecules, EVs have assumed an emerging role (Rani, Ryan,
Griffin, & Ritter, 2015; Sicco et al., 2017).

EVs comprise a heterogeneous mixture of membrane-surrounded structures that consists
of different subpopulations. The main vesicular types include exosomes (50 to 160 nm
in diameter), microvesicles (160 to 900 nm), and apoptotic bodies (>900 nm) (Willms
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et al., 2016). It has been demonstrated that the EV subpopulations possess different
densities and that their cargo and functional properties can vary, thus drawing attention
to the importance of considering all the subtypes released by a specific cell source
(Kowal et al., 2016; Lässer, Jang, & Lötvall, 2018; Tkach, Kowal, & Théry, 2018).
Differential centrifugation is one of the most commonly used methods for EV isolation
in laboratory practice. However, it is generally used to isolate smaller EVs, whereas larger
vesicles, such as shedding microvesicles, are partially eliminated during this experimental
procedure, causing loss of heterogeneity (Tkach, Kowal, & Théry, 2018). Therefore, many
attempts have been made to ameliorate both isolation techniques and characterization
methods. Advanced flow cytometry (FCM) is one of the most promising approaches, as it
can be used to analyze a large range of particle diameters <1 μm; in contrast, conventional
FCM is useful for appropriately discriminating only larger particles (e.g., platelets) (Van
Der Vlist, Nolte, Stoorvogel, Arkesteijn, & Wauben, 2012; Welsh, Holloway, Wilkinson,
& Englyst, 2017).

In this unit, a methodology for isolation of human MSC–derived EV subpopulations by
density gradient centrifugation (Basic Protocol 1) is optimized for applications beyond
those detailed in our previously published paper (Lo Sicco, Reverberi, Pascucci, & Tasso,
2018), where our intent was to isolate a mixed population of EVs without taking into
consideration the different subtypes. Vesicular characterization by FCM is explained in
Basic Protocol 2, taking advantage of recently developed technologies. Compared to our
previously published paper (Lo Sicco et al., 2018), here, we propose a more accurate
FCM characterization that allows proper discrimination between different-sized vesicular
subpopulations.

BASIC
PROTOCOL 1

ISOLATION OF DIFFERENT SUBSETS OF MESENCHYMAL STROMAL
CELL–DERIVED EXTRACELLULAR VESICLES

Cells release different types of EVs: exosomes, microvesicles, and apoptotic bodies. Each
EV subset is characterized by a defined molecular composition and specific biological
functions. Understanding whether the heterogeneous ensemble or a single EV subpopu-
lation is responsible for the properties exerted by EVs is a topic of widespread interest
(Tkach et al., 2018). In this protocol, we describe a useful method for dissecting EV
heterogeneity based on density gradient ultracentrifugation (Fig. 1). Compared to our
previously published paper (Lo Sicco et al., 2018), where a mixed population of vesicles
was considered, here, we propose an advanced isolation protocol, useful for isolating
microvesicles from exosomes.

Materials

MSC-conditioned serum-free medium
OptiPrep buffer (see recipe)
OptiPrep Density Gradient Medium [60% (w/v) stock solution, Sigma-Aldrich,

D1556]
10% (w/v) and 20% (w/v) OptiPrep solutions (OptiPrep Density Gradient Medium

in OptiPrep buffer)
Filtered (with 0.22-μm filter) 1× Dulbecco’s phosphate-buffered saline (D-PBS),

without calcium and magnesium
Distilled water

50-ml conical centrifuge tubes
Refrigerated tabletop centrifuge, 4°C
Open-top polypropylene ultracentrifugation tubes, 38.5 ml, 25 × 89 mm (SW28,

Beckman Coulter, 326823), and 5.2 ml, 13 × 51 mm (SW55Ti, Beckman
Coulter, 328819)
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Figure 1 Schematic depicting the experimental steps for isolating different subsets of extracel-
lular vesicles.

Ultracentrifuge (Optima XPN, Beckman Coulter)
Swinging-bucket rotors 28 and 55Ti (SW28 and SW55Ti, Beckman Coulter)
Low-binding collection tube
Refractometer

Additional reagents and equipment for harvesting MSC-conditioned medium (Lo
Sicco et al., 2018)

Isolation of extracellular-vesicle subpopulations

1. Harvest MSC-conditioned serum-free medium as previously described (Lo Sicco
et al., 2018) and transfer to 50-ml conical centrifuge tubes.

It is recommended to prolong serum-free incubation from 24 hr to 48, 72, or 96 hr if
using primary cell cultures to obtain a sufficient amount of vesicles for further analysis.
We use a serum-free conditioning timeframe of 96 hr.

2. Centrifuge 10 min at 300 × g, 4°C, to remove cell debris.

3. Transfer supernatants into SW28 open-top polypropylene ultracentrifugation tubes.

4. Ultracentrifuge 40 min at 10,000 × g, 4°C, using SW28 rotor.

5. At the end of the centrifugation, carefully transfer supernatants into new SW28 tubes
and reserve pellets (“10K pellets”).

6. Ultracentrifuge supernatants for 90 min at 100,000 × g, 4°C, using SW28 rotor.

7. Discard new supernatants and reserve any pellets that have formed (“100K pellets”).

8. Resuspend 10K or 100K pellets in 1.4 ml OptiPrep buffer each. Carefully transfer
each resuspended pellet into an SW55Ti open-top polypropylene ultracentrifugation
tube.
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9. Add 1.4 ml OptiPrep Density Gradient Medium (60% stock solution) to both 10K
and 100K resuspended pellets and mix carefully by pipetting up and down (30%
final concentration).

10. Carefully add 1.2 ml of 20% OptiPrep solution on top of 30% solution, without
disturbing the bottom layer.

It is recommended to prepare an intermediate solution of OptiPrep (40%) for generating
the 20% and 10% OptiPrep solutions.

Add the different OptiPrep solutions slowly down the wall of the tube. Drop-by-drop
addition could cause disruption of the continuous gradient layers.

11. Carefully add 1.1 ml of 10% OptiPrep solution on top of 20% solution, again without
disturbing the bottom layer.

12. Ultracentrifuge 60 min at 350,000 × g, 4°C, using SW55Ti rotor.

During placement in the rotor, the tubes should not be shaken.

13. Carefully remove tubes from the rotor. Collect each fraction starting from top of the
tube.

Ten fractions (455 µl/fraction) will be formed.

To calculate the density of each fraction, proceed directly to step 18; otherwise, move to
the next step.

14. To remove any trace of OptiPrep, transfer each fraction into a new SW55Ti tube
and wash by adding 3.5 ml filtered 1× D-PBS and mixing well by pipetting up and
down.

15. Ultracentrifuge 90 min at 100,000 × g, 4°C, using SW55Ti rotor.

16. Remove supernatants by turning each tube upside down and let pellets dry for a few
minutes.

17. Resuspend pellet derived from each fraction in a small volume (50 to 100 μl) of an
appropriate buffer (e.g., D-PBS or serum-free medium) to allow maximal vesicle
retrieval and transfer solution into a low-binding collection tube.

Density assessment

18. Prepare a standard curve of OptiPrep Density Gradient Medium diluted in OptiPrep
buffer to different concentrations: 50%, 40%, 30%, 20%, and 10% (see Internet
Resources).

The density of exosomes (high-density vesicles) ranges between 1.18 and 1.19 g/ml,
whereas the density of larger (low-density) vesicles ranges between 1.09 and 1.10 g/ml.
The protocol described for density assessment can be used for analyzing EVs derived
from any cell type. In the case of MSC-derived EVs, low-density vesicles recovered after
either 10K or 100K centrifugation float mostly in fraction 2 (F2) and F3 (F2+F3),
and high-density vesicles recovered after either 10K or 100K centrifugation float in F5,
F6, and F7 (F5+F6+F7). The following steps have been formulated considering these
fractions.

19. Before starting the density assessment, initialize refractometer with 220 µl distilled
water.

The refractive index (RI) of the distilled water should be 1.333.

20. Measure RI values of the appropriate fractionated gradients from step 13 or 17,
selected according to the annotation to step 18.

Gorgun et al.

Current Protocols in Stem Cell Biology

		  49



After each measurement, the refractometer should be carefully cleaned with distilled
water and lens-cleaning papers.

21. Measure RI values of the standards prepared in step 18.

22. Create a linear calibration curve plotting RI of each standard versus OptiPrep con-
centration to infer the corresponding densities. Fit a line to data and use resulting
equation to convert the readings of the fractions obtained in step 20 into concentra-
tions.

BASIC
PROTOCOL 2

FLOW CYTOMETRY SETUP, ACQUISITION, AND ANALYSIS

In recent years, the progress attained in the field of EV research has drastically changed
methodological approaches based on multiparameter FCM. Despite being one of the
most promising techniques for EV characterization, its successful use implies accurate
setup of the instrument (Welsh et al., 2017).

Several technical precautions have to be considered to standardize the protocol, limit
nonspecific background, and avoid possible artifacts. Setting the trigger parameter on
fluorescent signals and optimizing the sheath-fluid pressure and the sample injection
pressure are just some of the precautions that must be considered before starting EV
analysis. As a whole, these technical expedients are useful when analyzing events falling
in areas close to the sensitivity limit of the instrument and are normally referred to as
“non-conventional FCM”, “high-resolution FCM”, or “next-generation FCM” (Arraud,
Gounou, Turpin, & Brisson, 2016).

Given increasing interest in discriminating different-sized EVs, the appropriate setup of
“last-generation” flow cytometers, together with the use of a mixture of fluorescent beads
of varying diameters, is critical for correct analysis (Van der Pol et al., 2014).

Here, we describe a useful protocol for characterization of MSC-derived EV subtypes,
taking advantage of a non-conventional FCM modality and the latest published technical
indications (Poncelet et al., 2015). Compared to our previously published article (Lo
Sicco et al., 2018), here, we propose an updated and advanced method to accurately
identify and characterize vesicles with diameters <1 μm.

Materials

FACS Flow Sheath Solution (BD Biosciences)
FACS Clean Solution (BD Biosciences)
Sterile distilled water
70% (v/v) ethanol
FACS Rinse Solution (BD Biosciences)
EV suspension buffer (PBS/EDTA): filtered 1× D-PBS (see below) with 2 mM

EDTA
Cytometer Setup and Tracking (CS&T) beads (BD Biosciences)
Filtered (with 0.22-μm filter) 1× D-PBS, without calcium and magnesium
Mixture of fluorescent beads of varying diameters [e.g., Megamix-Plus FSC and

Megamix-Plus SSC (BioCytex)]
Selected EV fraction suspensions (see Basic Protocol 1, steps 18 and 20)
CFSE: Vybrant CFDA SE Cell Tracer Kit (Invitrogen, V12883)
Fluorochrome-conjugated antibodies and isotype-control antibodies:

PE-CyTM7 Mouse Anti-Human CD63 (BD Biosciences, 561982)
PE Mouse Anti-Human CD9 (BD Biosciences, 555372)
BV421 Mouse Anti-Human CD81 (BD Biosciences, 740079)
BV421 Mouse Anti-Human CD3 Clone UCHT1 (BD Biosciences, 562426)
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PE-CyTM7 Mouse IgG1 κ Isotype Control (BD Biosciences, 557872)
PE Mouse IgG1, Clone 40 Isotype Control (BD Biosciences, 345816)

BD FACSAria II equipped with three lasers (405, 488, and 640 nm), nine
fluorescence channels (respectively 2-5-2), Automated Cell Deposition Unit,
closed-loop nozzle, 130-µm nozzle tip, and workstation or equivalent digital
flow cytometer of same brand

FACSDiva software, v8.0
Sterile disposable 5-ml FACS tubes
TruCount tubes (BD Biosciences)

Flow cytometer preparation

1. Twenty-four hours before acquisition, check fluidic levels of the BD FACSAria II
instrument and replenish fluids (FACS Flow Sheath solution, FACS Clean Solution,
sterile distilled water, and 70% ethanol) and/or empty waste, if needed. Thirty
minutes before acquisition, start up workstation and FACSDiva software and switch
on instrument for laser warmup.

2. Connect fluid line to the sheath tank, purge air from all fluid filters to avoid air
bubbles, and run a fluidic startup with closed-loop nozzle inserted.

The presence of air bubbles could induce acquisition of artifacts.

If using a BD FACSAria, the closed-loop nozzle must be used only for washing steps.

3. Ensure that sheath fluid is sterile and that 0.22-µm filter associated with the sheath
fluid is intact and perfectly functioning.

4. Clean flow chamber as follows: at least three times with FACS Clean Solution,
three times with FACS Rinse Solution, and five times with sterile distilled water.
After starting up the fluidics, test for both instrument cleanliness and absence of
bubbles by sequentially acquiring sterile distilled water and EV suspension buffer
(PBS/EDTA) in sterile disposable 5-ml FACS tubes.

All cleaning solutions should be freshly prepared and filtered with 0.22-µm filters.

During acquisition of the distilled water as well as EV suspension buffer, the optical
limit of the instrument must be visible in the bottom left part of the dot plot (FSC-H vs.
SSC-H). All acquisitions have to be performed using sterile FACS tubes.

5. After removal of the closed-loop nozzle, use a 130-µm nozzle tip to minimize sheath
flow pressure in the flow cell chamber and to reduce speed of particles interacting
with the laser beam.

The sample flow rate has to be as slow as possible. For this reason, the dilution of the EV
suspension needs to be accurately optimized to avoid the “swarming effect” (see Critical
Parameters and Troubleshooting) or loss of signal.

If using a BD FACSAria II, the 130-µm nozzle corresponds to 10 psi of sheath flow
pressure (default value). The lowest sample flow rate is 10 µl/min. To avoid formation
of bubbles, the sheath tank should be filled the day before the experiment, and fluidic
startup must be the first operative configuration performed.

6. Test flow cytometer’s performance according to the manufacturer’s instructions
using CS&T beads (one drop of beads in 350 µl filtered 1× D-PBS) with flow
cytometer in “CST mode”.

CS&T beads allow testing of optical and electronic efficiency (relative fluorescence
detection efficiency, or Qr) and measurement of relative background noise (Br). All
parameters are statistically paired (robust standard deviation, or rSD) with a multipa-
rameter baseline (three drops of same bead suspension in 0.5 ml D-PBS) recorded for aGorgun et al.
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longer time. Using CS&T beads, we have attained repeatability and standardization of all
experiments, allowing us to set the optimal voltage gain for each considered fluorescence
channel.

7. Repeat step 5 and re-test cleanliness of the flow chamber by acquiring sterile distilled
water.

After CS&T testing (step 6), cleaning of the flow chamber is a very important step to
ensure elimination of residual fluorescent beads, which could create artifacts. In general,
the cleanliness of the instrument should be frequently checked.

Adjustment of instrument settings

8. Select and check fluorescence channels (i.e., FITC for CFSE, PE-Cy7 for blue laser
at 488 nm, APC for red laser at 633 nm, and BV-421 for violet laser at 405 nm).

It is recommended to select fluorochromes that emit at a greater distance to reduce
spillover phenomena in adjacent fluorescence channels. The quantum efficiency and
brightness of fluorochromes must be always inversely related to the density of surface-
antigen markers according to the basic rules of multiparameter cytometry.

9. Scatter on SSC, which is preferential to FSC.

Due to Rayleigh scattering (Shapiro, 2005), smaller particles have a size similar to the
wavelength of the blue laser (488 nm), which defines physical characteristics.

10. Because the fluorescent intensity of small particles is very low, use electronic
“Height” (-H) parameter rather than the “Area” (-A) parameter to allow optimal
signal detection.

11. Draw a starting dot plot (FITC-H vs. SSC-H).

It is recommended to select fluorescent beads and fluorescent dye (used to detect in-
tact EVs) detected in the same fluorescence channel (e.g., CFSE and FITC-conjugated
Megamix-Plus beads).

All dot plots must be visualized in logarithmic mode and with bi-exponential values.

12. Select threshold on the fluorescence channel instead of physical scatter.

This is strongly recommended. The threshold on the fluorescence channel is not widely
used, but it allows one to avoid background noise in the analysis and, consequently, to
set a more targeted dimensional gate (Kormelink et al., 2016).

The clusters corresponding to the different-sized beads (100, 160, 200, 240, 300, 500,
and 900 nm) have to be visualized over the threshold triggering. In this way, it is possible
to draw a correct “dimensional gate”, excluding both background signal (smaller than
the 100-nm cloud) and particles >900 nm.

It is also recommended to avoid use of serum-containing media, such as FACS buffer
supplemented with serum, in order to analyze only the vesicles of interest, and not vesicles
potentially contained in serum.

13. Prepare a mixture of fluorescent beads of varying diameters in EV suspension buffer
following the beads’ manufacturer’s instructions. Load FACS tube and adjust FL1
gain voltage until visualization of the small cloud corresponding to 900-nm beads
in the upper right part of the dot plot.

For the beads, we use both types of Megamix-Plus beads (FSC and SSC) mixed together

14. Draw a histogram reporting SSC-H channel to clearly visualize the peaks generated
by the fluorescent beads.

This will allow delineation of the gate(s) of interest in the desired size range (Fig. 2).
Gorgun et al.
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Figure 2 Representative bidimensional dot plots (FL1-H vs. SSC-H, in logarithmic scale) rep-
resenting (A) the extracellular-vesicle suspension buffer (PBS/EDTA; blank control), useful to
delineate a dimensional gate excluding background (black) and (B) the fluorescent suspension
and relative sub-gating in the dimensional gate (red: 100 nm, green: 160 nm, blue: 200 nm, pink:
240 nm, light orange: 300 nm, cyan: 500 nm, and purple: 900 nm). (C) Visualization as SSC-H
histogram peaks of the various dimensions of Megamix beads (gray: background).

Sample preparation and acquisition

15. Transfer selected EV fraction suspensions into FACS tubes.

16. Prepare a 10 mM CFSE stock solution following manufacturer’s instructions. To
reach the appropriate final concentration (1 μM) in steps 17 to 19, prepare an
intermediate, 100 μM CFSE solution (1:100) by diluting stock solution in EV
suspension buffer.

In order to avoid formation of aggregates, centrifuge the intermediate CFSE solution for
30 sec at 10,000 rpm.

17. Load a control tube containing a selected EV fraction suspension (see step 15)
stained with CFSE (e.g., 1 µl intermediate solution in 100 μl; 1 μM final CFSE
concentration) at 4°C (Fig. 3A).

When performing this step, it is recommended to set the sample injection chamber to
4°C for �30 min before acquisition. The tube has to be considered as the correct control
to verify CFSE specificity. Indeed, only at room temperature is CFSE able to passively
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Figure 3 Control for CFSE specificity. (A) Dot plot for vesicles stained with CFSE at 4°C. (B) Dot
plot for vesicles stained with CFSE at room temperature (25°C).

diffuse within vesicles; inside each vesicle, the acetate groups of CFSE are cleaved by
intra-vesicular esterases, and the molecules are converted to fluorescent esters. At 4°C,
the resulting cloud of particles must be under the level (in the FL1 intensity channel) of
the dimensional gate.

18. Load a tube containing a selected EV fraction suspension (see step 15) stained with
CFSE as in step 17 but at room temperature to set correct dimensional gate (Fig.
3B).

19. After setting the correct dimensional gate, obtain an accurate visualization of EVs
by labeling the samples from step 15 with CFSE (see steps 17 and 18) together
with specific fluorochrome-conjugated antibodies for 15 min at room temperature.
Acquire all stained samples, recording �50,000 events.

Before any analysis involving use of antibodies, run an experiment with the corresponding
isotype-control antibodies (together with the considered fluorescent dye, e.g., CFSE).
Draw a histogram for each fluorescence channel and verify the absence of spillover,
autofluorescence, and nonspecificity.

The accurate titration of antibodies and the use of related isotype controls are critical
steps for successful implementation of the FCM procedure. Each antibody and its cor-
responding isotype control must be used at the same concentration (w/v). An optimal
antibody concentration allows acquisition of events outside the gate of the background,
avoiding over-saturation (Fig. 4).

20. Check and remove fluorescent spillover by compensation, acquiring a single-color
tube for each channel, creating a compensation matrix using program application
tools, and later applying the matrix to each sample tube.

To use several fluorochrome-associated antibodies at the same time, generate a “Com-
pensation Setup” matrix, mixing one drop of compensation particles binding any light
chain–bearing immunoglobulin (specific for the primary antibody used) and one drop of
negative-control particles that have no binding capacity together with the fluorochrome-
conjugated antibodies. The use of compensation particles [e.g., CompBeads (BD Bio-
sciences)] will clearly provide distinct positive and negative (background fluorescence)
populations that can be used to set compensation levels manually or automatically using
instrument setup software.
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Figure 4 Flow cytometry analysis of mesenchymal stromal cell–derived extracellular vesicles.
The presented data are from one representative experiment analyzing the vesicles present in a
100K pellet. The areas under the black lines identify cells reacting with CD81 (upper panel), CD63
(middle panel), and CD9 (bottom panel). The areas under the gray lines indicate the interactions
of cells with corresponding nonreactive immunoglobulin of the same isotype.

21. Obtain an absolute count of labeled EVs contained in each tube using TruCount
tubes (Fig. 5): Dissolve lyophilized pellet of beads (with a known concentration)
contained in each TruCount tube in a known volume of labeled EVs. By FCM
analysis, determine absolute number of EVs/μl by comparing vesicular events to
bead events (as a reference number, it is recommended to record 10,000 events
included in the gate of the beads) and dividing the number of positive EV events by
the number of bead events and multiplying by the TruCount bead concentration.

As previously described (Lo Sicco et al., 2018), TruCount tubes are commercially avail-
able tubes containing a known number of beads that are usually used in FCM strategies
for determining absolute counts of leukocytes in blood. TruCount beads perfectly match
a 4-μm-dimension gate, and use of TruCount tubes has been adopted to obtain absoluteGorgun et al.
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Figure 5 (A) A known number of TruCount beads (orange) is gated to obtain an absolute count
of other subpopulations. (B) After exclusion of TruCount beads (gray), extracellular vesicles can
be counted in a dimensional gate (blue) in FL1-H vs. SSC-H. (C) Using the reference of a mixture
of fluorescent beads of varying diameters, we can visualize extracellular-vesicle sub-gates within
CFSE-positive events (red: from 100 nm up to 160 nm; green: from 160 nm up to 900 nm) in an
SSC-H histogram.

quantification of EVs. TruCount and sample preparation must be very accurate, with
mixing by repeated pipetting to avoid clump formation and volume loss.

22. At the end of each experiment, sequentially load tubes containing FACS Clean
Solution, FACS Rinse Solution, or sterile distilled water for �3 min/tube. Then, run
fluidics shutdown and sterilize all fluidic parts of flow cytometer with 70% ethanol
so that the equipment will be ready for the next run.

REAGENTS AND SOLUTIONS

OptiPrep buffer

0.25 M sucrose
1 mM EDTA
10 mM Tris, pH 8.0
Adjust pH to 7.4
Store �1 month at 4°C
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COMMENTARY

Background Information
For many years, MSCs have been consid-

ered a remarkable cell source for regenerative-
medicine applications. More recently, a
paradigm shift has emerged, suggesting that
these cells’ beneficial effects are often due to
the cells’ paracrine activity (Caplan, 2009).
Given that MSCs have a regulatory pheno-
type and respond actively to environmental
signals, their secretory activity can be deeply
modulated (da Silva Meirelles, Fontes, Covas,
& Caplan, 2009; Ulivi, Tasso, Cancedda, &
Descalzi, 2014). In this context, EVs are recog-
nized as important components of the MSC se-
cretome, and a growing body of literature has
examined the regenerative potential of MSC-
derived EVs using different approaches (Kon-
ala et al., 2016).

The term “extracellular vesicle” defines
a heterogeneous population of exosomes,
microvesicles, and apoptotic bodies. During
traditional EV isolation, discarding the pellet
after 10K centrifugation or filtering the
supernatant with a 0.22-μm filter could in part
exclude larger vesicles, such as shedding mi-
crovesicles, from further analysis. However,
recent papers have highlighted the importance
of considering different subtypes, which may
have different functional properties (Kowal
et al., 2016; Lässer et al., 2018; Willms,
Cabañas, Mäger, Wood, & Vader, 2018).
For this reason, it is becoming increasingly
important to develop and optimize useful pro-
tocols to isolate the different subpopulations,
avoiding the possibility of losing subtypes.

Several methods have been adopted to
count and characterize EVs (e.g., nanoparticle
tracking analysis, electron microscopy, resis-
tive pulse sensing), but there is still consider-
able confusion about the definition of EV phe-
notype and the standardization of protocols for
analysis (Erdbrügger & Lannigan, 2016). All
the methodologies present difficulties and lim-
itations, ranging from low sensitivity to very
high cost to poor statistical validation. Last-
generation FCM could become a methodology
of choice, characterized by crucial advantages:
relatively low cost, multiparameter phenotyp-
ing, and good statistical robustness of the data
due to a large number of events being analyzed
at the same time.

Critical Parameters and
Troubleshooting

Some critical issues may affect different as-
pects of the protocols presented in this unit.

One of these is the starting amount of vesi-
cles (Basic Protocol 1) necessary to perform
downstream analysis (Basic Protocol 2). In-
deed, we have observed that primary cul-
tures release fewer vesicles than cell lines do.
Given that excessive expansion of primary
cultures could lead to cellular senescence
and permanent phenotypic and functional
changes, it is not recommended to increase
the cells’ passage number in order to ob-
tain more secreting cells. A possible ap-
proach to augment the amount of secreted
EVs is to prolong the serum-free conditioning
timeframe. However, we strongly recommend
checking both cell viability and early/late
apoptotic markers when optimizing this
timeframe.

Another crucial aspect that should be taken
into account is the selection of fractions based
on density gradient separation (Basic Proto-
col 1). It is highly recommended to use “wet-
table” ultracentrifuge tubes when preparing
OptiPrep density gradients. The use of non-
wettable tubes could in fact cause disruption
of the density layers (Wallace, 1969). As men-
tioned in Basic Protocol 1, we perform the
experimental procedure with polypropylene
tubes instead of the widely used polyallomer
tubes.

Moreover, sample preparation for FCM
(Basic Protocol 2) must be systematic: the
choice and purity of buffers, the concentra-
tions of particles, the fluorescent dyes used to
discriminate intact vesicles, and the titration
of the antibodies as well as the isotype con-
trols have to be considered with great care.
The final concentration of EVs is in fact a cru-
cial factor in avoiding the “swarming effect”:
when the concentration of nano-sized particles
is too high, the cytometer is no longer able to
discriminate single events, thus generating ar-
tifacts. The opposite can also happen: when
the particles are too diluted or are stained with
an improper concentration of antibody, they
can remain “embedded” in the background
signal.

In Basic Protocol 2, it is also very impor-
tant to check the injection pressure of the sam-
ple in the chamber (sample flow rate) and
the pressure of the transport liquid (sheath
flow pressure), which creates the laminar flow.
Both pressures must be as low as possi-
ble in order to slow down the flow of the
vesicles.

A troubleshooting guide is presented in
Table 1.Gorgun et al.
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Table 1 Troubleshooting Guide for Isolation and Flow Cytometry Characterization of
Extracellular-Vesicle Subpopulations Derived From Human Mesenchymal Stromal Cells

Problem Possible cause Solution

No vesicles in the
selected fractions

Wrong fractions were selected Check the refractometer values and
repeat the measurement.

Vesicle amount is not enough for
density gradient centrifugation

Increase the cell number or the
serum-free conditioning timeframe.

Wrong ultracentrifuge tubes were
selected

Ensure that the tubes are
polypropylene (wettable).

High background
during flow
cytometry

PBS/EDTA solution is
contaminated

Filter the solution with a 0.22-µm
filter.

Vesicle amount is too high Optimize the vesicle concentration
prior to analysis by flow cytometry.

Antibody concentration is too high Perform antibody titration to
determine the suitable
concentration for your samples.

Anticipated Results
This unit has highlighted the critical and

key points in the basic protocols. If the
protocols are followed as indicated, optimal
results are warranted. These protocols can be
adapted to isolate and characterize EV sub-
populations from cell types other than MSCs.

Time Considerations
The time necessary for preparation of cells

and conditioned medium can vary depending
on cell type and serum-free conditioning time-
frame, as indicated in the Critical Parameters
section. As stated in step 1 of Basic Proto-
col 1, we have optimized the serum-free con-
ditioning timeframe for MSCs to be 96 hr.
The time spent on EV isolation is �8 hr, and
density measurement requires �2 hr, includ-
ing calculations (from RI to density; Basic
Protocol 1). Flow cytometer preparation takes
�2 hr, and FCM characterization of isolated
vesicles takes �3 hr, with variation based on
the number of antibodies to be tested (Basic
Protocol 2).
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Subpopulations of extracellular vesicles and
their therapeutic potential. Molecular Aspects of
Medicine, 60, 1–14. doi: 10.1016/j.mam.2018.
02.002.

Lo Sicco, C., Reverberi, D., Pascucci, L., & Tasso,
R. (2018). A method for isolating and character-
izing mesenchymal stromal cell-derived extra-
cellular vesicles. Current Protocols in Stem Cell
Biology, 46, e55. doi: 10.1002/cpsc.55.

Poncelet, P., Robert, S., Bailly, N., Garnache-Ottou,
F., Bouriche, T., Devalet, B., . . . Mullier, F.
(2015). Tips and tricks for flow cytometry-based
analysis and counting of microparticles. Trans-
fusion and Apheresis Science, 53(2), 110–126.
doi: 10.1016/j.transci.2015.10.008.

Rani, S., Ryan, A. E., Griffin, M. D., & Ritter, T.
(2015). Mesenchymal stem cell-derived extra-
cellular vesicles: Toward cell-free therapeutic
applications. Molecular Therapy, 23(5), 812–
823. doi: 10.1038/mt.2015.44.

Shapiro, H. M. (2005). Practical Flow Cytometry.
Hoboken, NJ: John Wiley & Sons.

Sicco, C. L., Reverberi, D., Balbi, C., Ulivi, V., Prin-
cipi, E., Pascucci, L., . . . Franzin, C. (2017).
Mesenchymal stem cell-derived extracellular
vesicles as mediators of anti-inflammatory ef-
fects: Endorsement of macrophage polarization.
Stem Cells Translational Medicine, 6(3), 1018–
1028. doi: 10.1002/sctm.16-0363.

Tkach, M., Kowal, J., & Théry, C. (2018). Why
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(HER2) are two important diagnostic 
markers in breast cancer that partici-
pate in the diagnosis and classification 
of breast cancer into different molecular 
subtypes that exhibit different treatment 
responses.[2] Additionally, HER2 is a 
common therapeutic marker that plays 
a vital role in guiding therapeutic strat-
egies. Current clinically applied HER2 
phenotyping is mainly based on immu-
nohistochemistry (IHC) or fluorescence 
in situ hybridization (FISH) analyses of 
tumor tissue obtained from surgery or 
puncture biopsies.[3] However, the HER2 
status may change during tumor progres-
sion and cancer treatment due to genetic 
drift, intratumoral heterogeneity and selec-
tive pressure of therapies.[4] Single-needle 
aspiration biopsy may cause evaluation 
bias due to intratumoral heterogeneity.[4d,5] 
These changes and differences are dif-
ficult to be captured by current tissue 
assessments and, therefore, largely affect 

the efficacy of targeted therapies due to the difficulty in re-
conducting biopsies, especially for patients who have under-
gone tumor resection.[6] Blood-based molecular phenotyping, in 
this regard, enables dynamic and integral monitoring of HER2 
expression and will be beneficial for personalized cancer man-
agement. Recent studies have reported the acquisition or loss 
of HER2 in circulating tumor cells (CTCs) from breast cancer 
patients compared with primary tumor tissue assessments[4a,7] 

Blood-based detection and molecular phenotyping are highly desired for 
the early diagnosis and dynamic monitoring of cancer. Extracellular vesicles 
(EVs) carry molecular information from the cells of origin and are biomarkers 
of cancer. However, the detection and molecular analysis of EVs has been 
challenging due to their nanoscaled size. Here, an assessment of the detec-
tion and molecular phenotyping of serum EVs based on microbead-assisted 
flow cytometry is established. The clinical utility of this method is validated in 
the diagnosis and human epidermal growth factor receptor 2 (HER2) pheno-
typing of breast cancer. Good correlation between the status of epithelial cell 
adhesion molecule (EpCAM) and HER2 expression in EVs and in the cells of 
origin is found. Both EpCAM+ and HER2+ EVs are demonstrated to be effec-
tive diagnostic markers of breast cancer with high sensitivity and specificity. 
EV-based HER2 phenotyping is consistent with tissue-based HER2 pheno-
typing by immunohistochemistry and can be used as a surrogate for the inva-
sive tissue assessments. The microbead-assisted flow cytometry assessment 
of EVs enables rapid and noninvasive detection and molecular phenotyping of 
cancer and would help to personalized treatment and cancer survival.

Liquid Biopsy

1. Introduction

Despite the great progress made in medical imaging and sys-
temic adjuvant therapy, the morbidity and mortality of breast 
cancer remain high.[1] Establishment of noninvasive blood-
based assessments is highly desired for the diagnosis and 
prognosis of breast cancer. Epithelial cell adhesion molecule 
(EpCAM) and human epidermal growth factor receptor 2 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smtd.201800122.
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and indicated that the interconversion between HER2+ and 
HER2− CTC subpopulations may be responsible for disease 
progression and drug resistance.[7] These studies demonstrated 
the importance of blood-based dynamic HER2 phenotyping in 
the personalized treatment of breast cancer. However, the clin-
ical application of HER2 phenotyping in CTCs is limited due 
to the small number of CTCs in the blood and difficulties in 
isolating CTCs from the complicated blood samples.[8]

EVs are endosomal-derived membrane vesicles (30–150 nm 
in diameter) widely present in body fluids. Unlike CTCs that 
are rare (usually one to several/ml blood) in the blood, EVs are 
abundant (>108 vesicles mL−1 serum), making them a desir-
able specimen type for clinical assessment.[9] EVs are secreted 
by various cell types, including tumor cells, and carry mem-
brane proteins, cytosol proteins, and nucleic acids from their 
cells of origin.[10] Therefore, they can be used for the detection 
and molecular characterization of diseases, including cancer. It 
was reported that EpCAM and HER2 are present in EVs from 
breast cancer cell lines and in body fluids from breast cancer 
patients.[11] The HER2 status in tumor-derived EVs could reflect 
that in the source breast cancer cells,[12] suggesting the prac-
ticability of EVs as tissue surrogates to investigate the HER2 
status. Nevertheless, EV-based HER2 phenotyping of breast 
cancer is rare. Sina et al. observed increased HER2+ EVs from 
sera in HER2+ patients compared with HER2− patients and 
healthy controls by surface plasmon resonance (SPR).[13] How-
ever, no threshold was established in this study. The specificity 
and sensitivity of this assessment were not evaluated. Other 
reliable EV-based HER2 phenotyping methods still need to be 
developed.

The detection and molecular analysis of EVs have been chal-
lenging due to the nanoscaled size of EVs and difficulties in 
their purification from complicated samples such as serum or 
plasma. Strategies have been taken to enrich and detect EVs. 
These include micro- or nanopillar arrays for the separation 
of EVs,[14] magnetic bead-assisted microfluidic chip for the on-
chip analysis of RNA and proteins in EVs,[9b,15] and label-free 
detection of EVs with SPR sensors.[16] Microbead-assisted flow 
cytometry is an important technique. EVs alone can rarely 
be analyzed by flow cytometry because their nanoscaled size 
exceeds the detection limit of flow cytometry. This is overcome 
by adhering EVs onto antibody-coated microsized magnetic/
latex beads[17] or microsized latex beads directly,[18] followed 
by staining the captured EVs with fluorescent-labeled anti-
bodies that target the membrane proteins in EVs to yield 
detectable signals for the subsequent flow cytometry analysis. 
This method was successfully applied to clinical assessments 
to diagnose pancreatic cancer using glypican-1 positive EVs.[18] 
These valuable studies have laid the solid foundation to apply 
this microbead-assisted flow cytometry in EV detection. The 
molecular phenotyping of various cancers based on this 
technique should be feasible if the correlations between the 
expression of molecular markers in EVs and disease progres-
sion or prognosis are built up in clinical samples.

Here, we establish an assessment for the detection and 
molecular phenotyping of cancer serum EVs using microbead-
assisted flow cytometry and evaluate the validity of this assess-
ment in the diagnosis and HER2 phenotyping of breast cancer. 
We find that the expression statuses of EpCAM and HER2 in 

EVs well represent those in the cancer cells of origin. Both 
EpCAM+ and HER2+ EVs are effective biomarkers to detect 
breast cancer with high sensitivity and specificity. HER2+ EVs 
can well distinguish HER2+ patients from HER2− patients 
and healthy individuals. This EV-based HER2 phenotyping is 
consistent with HER2 phenotyping in the tumor tissues evalu-
ated by IHC, suggesting that this EV-based HER2 phenotyping 
method can be used as a surrogate for traditional invasive tissue 
assessments. These results show the significant efficacy of 
microbead-assisted flow cytometry in analyzing tumor-derived 
EVs. This rapid and noninvasive assessment holds great poten-
tial in the diagnosis and molecular phenotyping of cancer and 
would be beneficial to personalized treatment and, eventually, 
cancer survival.

2. Results

2.1. Microbead-Assisted Flow Cytometry for Tumor-Derived EV 
Detection and Molecular Phenotyping

We first chose different human breast cancer cell lines to 
establish a method for the detection and HER2 phenotyping 
of breast cancer EVs: MDA-MB-468 (basal epithelial), MCF-7 
(luminal A), and SK-BR-3 (HER2 overexpression, HER2-OE). 
The expression level of EpCAM and HER2 in the cell lines 
was investigated using flow cytometry analysis. As expected, all 
three breast cancer cell lines exhibited high expression levels 
of EpCAM compared with the nontumor mammary epithelial 
cell line MCF-10A (Figure 1a; Figure S1 upper lane, Supporting 
Information), in accordance with the previous findings 
showing that EpCAM was overexpressed in most human epi-
thelial carcinomas, including breast cancer.[19] The basal epithe-
lial cell line MDA-MB-468 showed higher expression levels of 
EpCAM than the other two breast cancer cell lines (Figure 1a; 
Figure S1 upper lane, Supporting Information). This was also 
as expected because EpCAM was shown to be an indicator of 
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Figure 1. Expression of EpCAM and HER2 in different breast cancer cell 
lines. Expression levels of a) EpCAM and b) HER2 in the mammary epithe-
lial cell line MCF-10A and the three breast cancer cell lines MDA-MB-468, 
MCF-7, and SK-BR-3, calculated from the mean fluorescence intensities 
in flow cytometry analysis. The data are presented as the means ± S.D. 
(n = 3). ***p < 0.001, ****p < 0.0001 (Student’s t-test).
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tumor malignancy and to be associated with the poor prog-
nosis of breast cancer,[20] and the basal-like subtype displayed 
a poorer prognosis than the other subtypes of breast cancer.[21] 
The expression level of HER2 was the highest in the HER2-OE 
cell line SK-BR-3, moderate in the luminal A cell line MCF-7, 
and lowest in the basal epithelial cell line MDA-MB-468 and 
nontumor mammary epithelial cell line MCF-10A (Figure 1b; 
Figure S1 lower lane, Supporting Information), suggesting that 
the three breast cancer cell lines had different expression levels 
of HER2 and can be used as a model system for evaluating the 
HER2 phenotyping of breast cancer-derived EVs.

After evaluating the expression of EpCAM and HER2 in 
the cell lines, we investigated the expression of these two 
proteins in cell-derived EVs. EVs were isolated from each cell 
line by differential centrifugation modified from a previously 
described method.[18] Transmission electron microscopy (TEM), 

nanoparticle tracking analysis (NTA), and dynamic light scat-
tering (DLS) were performed to examine the structure and size 
of the purified EVs. The electron microscopy images revealed 
that the purified EVs exhibited a saucer-like morphology of 
EVs, as previously described (Figure 2a; Figure S2a, Supporting 
Information).[10a,22] Size distribution analysis by NTA and 
DLS showed an average diameter of 100–150 nm (Figure 2b; 
Figure S2b, Supporting Information), similar to the previously 
reported size of EVs.[23] The expression of EpCAM and HER2 
in EVs was analyzed by flow cytometry and western blotting. 
To further evaluate the purity of the sample and estimate the 
influence of protein contamination on the expression level of 
proteins as assessed by flow cytometry and western blotting, we 
calculated the particle/protein ratio of the isolated EV sample 
as previously described.[24] Particle counting was performed 
by NTA (Figure S3, Supporting Information), and the protein 
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Figure 2. Aldehyde microbead enrichment and flow cytometry analysis of EVs. a) Transmission electron microscopy (TEM) images of EVs released 
from SK-BR-3 cells. b) Size distribution of EVs released from SK-BR-3 cells analyzed by nanoparticle tracking analysis (NTA) (left) and dynamic light 
scattering (DLS) (right). c) Schematic illustration of flow cytometry analysis of EVs utilizing aldehyde microbead enrichment. To enrich EVs, 4 µm 
aldehyde/sulfate latex beads were used. The captured EVs were stained with the antibodies specific to the membrane proteins on the EVs for flow 
cytometry analysis. d) TEM images of the capture of EVs derived from SK-BR-3 cells on the aldehyde latex bead. Inset: zoom in TEM image of the EVs 
bound to the aldehyde latex bead as indicated with the red arrowheads. e) Scanning electron microscopy (SEM) images of the capture of EVs derived 
from SK-BR-3 cells on the aldehyde latex bead. Inset: zoom in SEM image of the EVs bound to the aldehyde latex bead as indicated with the red arrow.
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concentration was determined by the bicinchoninic acid (BCA) 
assay. We found that the particle/protein ratio in EVs isolated 
from cell culture medium was ≈2 × 1010 particles µg−1 of pro-
tein (Figure S3, Supporting Information), equal to the medium-
to-high vesicular purity as guided by Webber et al,[24] indicating 
that protein expression as determined by flow cytometry and 
western blotting was mainly from the expression of proteins in 
EVs. The nanoscaled size of EVs has limited the application of 
flow cytometry in the molecular analysis of EVs. To this end, 
strategies have been taken by adhering EVs onto the micro-
sized beads to yield detectable signals in flow cytometry.[17a-c,18] 
We used 4 µm aldehyde/sulfate latex beads to enrich EVs. The 
beads adsorbed with EVs were subsequently stained with anti-
EpCAM or anti-HER2 and the secondary antibody for flow 
cytometry analysis (Figure 2c). Both TEM and scanning elec-
tron microscopy (SEM) revealed that the microbeads were 
densely covered with the captured EVs (Figure 2d,e), indicating 
the enrichment of EVs on the beads. Flow cytometry analysis 

showed a high percentage of EpCAM+ EV-bound beads in the 
breast cancer cell lines compared with that in the nontumor cell 
line MCF-10A (Figure 3a upper lane, Figure 3b left), in accord-
ance with the expression of EpCAM in the cell lines (Figure 1a). 
The percentage of HER2+ EV-bound beads was the highest in 
the HER2-OE cell line SK-BR-3, moderate in the luminal A cell 
line MCF-7, and the lowest in the basal epithelial cell line MDA-
MB-468 and nontumor mammary epithelial cell line MCF-10A 
(Figure 3a lower lane, Figure 3b right), following the same 
trend as the expression of HER2 in these cell lines (Figure 1b). 
These results were confirmed by western blot analysis that also 
showed high expression of EpCAM in the three breast cancer 
cell lines and EVs derived from them but low expression of 
EpCAM in the nontumor cell line MCF-10A and its EVs, and 
high expression of HER2 in the HER2-OE cell line SK-BR-3 
and its EVs but low expression of HER2 in the other cell lines 
and their EVs (Figure 3b). As guided by the minimal experi-
mental requirements for the definition and functional studies 
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Figure 3. EpCAM and HER2 exhibit different expression levels in EVs from different breast cancer cell lines. a) Flow cytometry analysis of EpCAM+ 
(upper) and HER2+ (down) EV-bound beads in the mammary epithelial cell line MCF-10A and the three breast cancer cell lines MDA-MB-468, MCF-7, 
and SK-BR-3. b) Percentage of EpCAM+ (upper) and HER2+ (lower) EV-bound beads in the mammary epithelial cell line MCF-10A and the three breast 
cancer cell lines MDA-MB-468, MCF-7, and SK-BR-3, as analyzed by flow cytometry. The data are presented as the means ± S.D. (n = 3). ***p < 0.001, 
****p < 0.0001 (Student’s t-test). c) Western blot analysis of the expression of EpCAM and HER2 in the mammary epithelial cell line MCF-10A and the 
three breast cancer cell lines MDA-MB-468, MCF-7, and SK-BR-3, using β-Actin and calnexin as positive controls (left), and the expression of EpCAM 
and HER2 in EVs isolated from the four cell lines, using CD81, CD63, and flotillin-1 as positive controls and calnexin as the negative control (right). 
The blots were cropped from their original images, and the full-length blots are presented in Figure S4 in the Supporting Information. d) Immunogold 
TEM images of EpCAM (left) and HER2 (right) in EVs from SK-BR-3 cells.
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of EVs provided by the International Society for Extracellular 
Vesicles,[25] β-Actin and calnexin were used as positive control 
for cells, and three EV-enriched marker proteins, CD81, CD63, 
and flotillin-1, were used as positive controls while the cell-
derived calnexin was used as a negative control for EVs to show 
the purity of the isolated EV samples (Figure 3c; Figure S4, 
Supporting Information).[26] We also performed immunogold 
TEM using antibodies specific to EpCAM and HER2. The elec-
tron micrographs of EVs derived from the HER2-OE cell line 
SK-BR-3 revealed the expression of EpCAM and HER2 on the 
purified EVs (Figure 3d). These results demonstrated that the 
expression of EpCAM and HER2 in the EVs could well repre-
sent the expression of these proteins in the cells of origin. We 
further estimated the average expression of EpCAM and HER2 
in EVs by calculating the average fluorescent intensity (AFI) 
of EVs adhered on the microbead. The medium fluorescence 
intensity measured from flow cytometry analysis was divided 
by the average number of EVs adhered on the microbead that 
was calculated from three parallel SEM images with 25K mag-
nification. The obtained AFI represented the average expres-
sion of marker proteins in EVs. We found that the estimated 
average expression of EpCAM and HER2 in each EV was in 
good accordance with the percentage of EpCAM+ and HER2+ 
EV-bound beads and with the western blot analysis of these two 
markers in the EVs from each cell line (Figure S5, Supporting 
Information), indicating the validity of the estimation in evalu-
ating the average expression of marker proteins in EV. Taken 
together, the microbead-assisted flow cytometry analysis was an 
effective method to evaluate the expression of marker surface 

proteins in the tumor-derived EVs and could be used for the 
detection and molecular phenotyping of breast cancer.

2.2. EpCAM+ EVs as a Biomarker for Breast Cancer

After establishing microbead-assisted flow cytometry for the 
molecular analysis of tumor-derived EVs, we tested the utility 
of this method in the diagnosis and molecular phenotyping of 
breast cancer. We first examined whether EpCAM+ EVs could 
be used for the detection of breast cancer. EVs were isolated 
from the serum of histologically validated HER2+ (n = 19) 
and HER2− (n = 12) breast cancer patients and healthy donors 
(n = 7) using differential centrifugation similar to the method 
used to isolate EVs from the cell lines.[18] TEM and NTA char-
acterization showed that the size and morphology of the EVs 
purified from the sera of breast cancer patients were similar 
to those of cell line-derived EVs (Figure 4a,b; Figure S6, Sup-
porting Information), indicating the success of isolating serum 
EVs from patients. Western blot analysis showed no expres-
sion of albumin, a serum-derived negative marker in these EVs 
(Figure S7, Supporting Information), confirming the purity of 
the EVs isolated from patient sera. We further calculated the 
particle/protein ratio of these purified EVs that was determined 
to be ≈5 × 109 particles µg−1 of protein (Figure S3b, Supporting 
Information), comparable to the previously reported ratio in 
serum.[24] Considering the complicated components in human 
serum, this purity was acceptable. Flow cytometry analysis 
showed that the average level of EpCAM+ serum EVs was 
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Figure 4. EpCAM+ EVs are biomarkers for breast cancer. a) TEM image of EVs from a breast cancer patient. b) Size distribution of EVs from the breast 
cancer patient analyzed by NTA. c) Percentage of EpCAM+ EV-bound beads from healthy donors (n = 7), and HER2− (n = 12), and HER2+ (n = 19) 
breast cancer patients analyzed by flow cytometry. The data are presented as the means ± S.D. *p < 0.05, ****p < 0.0001 (Mann–Whitney U test). 
d) Representative flow cytometry analysis of EpCAM+ EV-bound breads from healthy donors (left) and HER2− (middle) and HER2+ (right) patients.
Negative control: secondary antibody only.
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significantly higher in the HER2+ breast cancer cohort than in 
the HER2− breast cancer cohort (p < 0.0001) and in the healthy 
group (p < 0.05) (Figure 4c,d), in good accordance with the 
estimated average expression of EpCAM in EVs in each group 
(Figure S8a, Supporting Information). Twelve of 19 (63%) 
HER2+ breast cancer patients had a higher level of EpCAM+ 
serum EVs than healthy donors, and 14 of 19 (74%) HER2+ 
breast cancer patients had a higher level of EpCAM+ serum 
EVs than HER2− breast cancer patients (Figure 4c), indicating 
that EpCAM+ serum EVs was an effective biomarker to distin-
guish HER2+ breast cancer patients from HER2− breast cancer 
patients and healthy individuals. However, the level of EpCAM+ 
serum EVs in the HER2− breast cancer cohort was even lower 
(p < 0.01) than that in the healthy group (Figure 4c,d). This 
might be because most (8 of 12, 67%) of the patients recruited 
in the HER2− breast cancer group were triple-negative breast 
cancer (TNBC) patients. As the most aggressive subtype of 
breast cancer, TNBC tends to be closely related to epithelial 
to mesenchymal transition, and patients with TNBC would, 
therefore, have low expression of epithelial markers such as 
EpCAM.[27]

2.3. HER2+ EVs for HER2 Phenotyping of Breast Cancer

We next tested whether HER2+ EVs could be used for HER2 
phenotyping of breast cancer. We observed that HER2− breast 
cancer patients had a similar level of HER2 expression in serum 
EVs to that in healthy donors, while the average level of HER2+ 
serum EVs was significantly higher in the HER2+ breast cancer 
cohort than in the HER2− breast cancer cohort (p < 0.0001) and 
in the healthy group (p < 0.0001) (Figure 5a,b), in good accord-
ance with the estimated average expression of HER2 in EVs in 
each group (Figure S8b, Supporting Information). Thirteen of 
19 (68%) HER2+ breast cancer patients had a higher level of 
EpCAM+ serum EVs than HER2− breast cancer patients and 
the healthy donors (Figure 5a). These results demonstrated 
the capacity of HER2+ serum EVs to differentiate HER2+ 
patients from HER2− patients and the healthy individuals. We 
further evaluated the discriminatory efficacy of HER2+ EVs 
in distinguishing HER2+ patients from HER2− patients and 
the healthy individuals using receiver operating characteristic 

(ROC) analysis. We found that HER2+ EVs had favorable effi-
cacy in discriminating HER2+ breast cancer from HER2− 
breast cancer and the normal controls (AUC: 0.972; 95% CI: 
0.927-1.000, Figure 6; Table S1, Supporting Information) with 
the cut-off value of 52.1 (Table S1, Supporting Information). 
This performance was remarkably better than that using the 
EV concentration (AUC: 0.611; 95% CI: 0.422-0.800; Figure 6; 
Table S1, Supporting Information). These results again indi-
cated the high diagnostic value of HER2+ EVs in distinguishing 
HER2+ patients from HER2− patients and healthy individuals.

To check the correlation between flow cytometry analysis of 
HER2+ EVs and IHC staining of tumor tissue, we randomly 
selected four patients with different levels of HER2+ EVs, as 
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Figure 5. HER2 expression in EVs can be used for breast cancer HER2 phenotyping. a) Percentage of HER2+ EV-bound beads from healthy donors (n = 7), 
and HER2− (n = 12) and HER2+ (n = 19) breast cancer patients analyzed by flow cytometry. The data are presented as the means ± S.D. ****p < 0.0001 
(Mann–Whitney U test). b) Representative flow cytometry analysis of HER2+ EV-bound breads from healthy donors (left) and HER2− (middle) and 
HER2+ (right) patients. Negative control: secondary antibody only.

Figure 6. Receiver operating characteristic (ROC) analysis showing the 
discriminative efficacy of HER2+ EVs in the diagnosis of HER2+ breast 
cancer. ROC curve of the percentage of HER2+ EV-bound beads (red line) 
and the concentration of EVs (blue line) in distinguishing HER2+ patients 
(n = 19) from HER2− patients (n = 12) and healthy donors (n = 7). The 
area under the ROC curve (AUC) is indicated.
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assessed by flow cytometry. We found that the HER2 status in 
the serum EVs correlated well with the IHC staining results 
from the patient-matched local recurrent specimens in the 
breast or metastatic lesions in the chest wall or axillary lymph 
nodes (Figure 7), indicating that HER2+ serum EVs could well 
represent the expression level of HER2 in the tumor tissue. 
Patients with a percentage of ≈26–28% in flow cytometry 
tended to be HER2− and HER2 1+ in IHC and were clinically 
thought to be HER2-negative populations. The patient with a 
percentage of ∼59% in flow cytometry tended to be HER2 2+ 
in IHC that was clinically suggested to be grouped into the 
HER2-positive population with confirmation of HER2 gene 
expression by FISH. The patient with a percentage of ≈95% in 

flow cytometry tended to be HER2 3+ in IHC that was clini-
cally determined to be HER2 positive (Figure 7). These results, 
taken together with the cut-off value >52.1% as determined by 
ROC analysis (Table S1, Supporting Information), suggest the 
significance of this cutoff value in HER2 phenotyping. How-
ever, to set an accurate threshold for clinical application, larger 
cohorts need to be recruited and further experiments need to 
be performed. The microbead-assisted flow cytometry analysis 
of HER2+ serum EVs could, therefore, be used as an alternate 
to IHC staining.

3. Conclusions

Personalized treatment is the trend in clinical management 
due to the heterogeneity of cancer. Noninvasive blood-based 
tests allow for the real-time monitoring of tumor progress and 
treatment efficacy and, therefore, hold great potential in clin-
ical applications. EVs are endosomal-derived membrane vesi-
cles that are abundant in body fluids such as blood. Because 
they carry molecular information such as proteins and nucleic 
acids from the source cells, EVs become desired liquid biopsy 
for the detection and molecular analysis of diseases, including 
cancer.[10a,28]

Numerous studies have used EVs as biomarkers for the 
early detection and prediction of the treatment response, 
prognosis and metastasis of tumors.[9b,15,18,29] EVs have been 
suggested to participate in the tumorigenesis, microenviron-
ment, metastasis, and drug resistance of breast cancer.[30] An 
elevated concentration of tumor-derived EVs in the plasma 
has been reported in patients with breast cancer[31] and other 
types of carcinomas.[18,32] The contents of EVs and expression 
levels of marker proteins such as focal adhesion kinase (FAK) 
and epidermal growth factor receptor (EGFR) were found to be 
correlated with the tumor stages in breast cancer.[31] Although 
studies have reported the expression of EpCAM and HER2 in 
breast cancer cell lines and in body fluids from breast cancer 
patients,[11–13] EV-based HER2 phenotyping in breast cancer is 
even very rare, and systematic evaluation and comparison have 
not been performed between EV-based molecular phenotyping 
and the traditional IHC assessment.

Our study establishes an assessment for the detection and 
molecular phenotyping of tumor-derived EVs based on micro-
bead-assisted flow cytometry and validates the clinical utility of 
this method in breast cancer patients. Utilizing this method, 
which allows for the rapid and noninvasive characterization of 
EV marker proteins, we demonstrate that both EpCAM+ and 
HER2+ EVs are effective diagnostic indicators of breast cancer, 
capable of distinguishing HER2+ patients from HER2− patients 
and healthy individuals with high sensitivity and specificity. 
ROC analysis reveals the excellent efficacy of HER2+ EVs in dis-
criminating HER2+ breast cancer from HER2− breast cancer 
and normal controls (AUC: 0.972; 95% CI: 0.927–1.000). By con-
trast, the EV concentration that has been found to be increased 
in cancer patients[18,31,32] is much less valid (AUC: 0.611; 95% 
CI: 0.422–0.800) as a diagnostic indicator, consistent with the 
previous studies showing that EV counting alone is not suffi-
cient in tumor detection.[18,33] Furthermore, our EV-based HER2 
phenotyping has shown good correlation with the clinically 
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Figure 7. HER2 phenotyping in breast cancer EVs correlates with immu-
nohistochemical (IHC) staining. Flow cytometry analysis of HER2+ 
EV-bound breads (left) and IHC staining (brown) for HER2 in patient-
matched recurrent or metastatic tumor biopsies (right) from four indi-
vidual breast cancer patients: a) chest wall, b) axillary lymph node,  
c) axillary lymph node, and d) breast recurrent biopsy. HER2 levels in EVs 
tested by flow cytometry analysis correlate with the assessments from
IHC staining.
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used immunohistochemistry-based HER2 phenotyping, sug-
gesting the potential of EV-based molecular phenotyping as a 
surrogate to tissue assessments in routine clinical examination. 
Since HER2 expression may change during tumor progression, 
recurrence and metastasis,[4b-g] tissue-based HER2 phenotyping 
from the primary tumor may not represent the real-time status 
of HER2 to optimize treatment. Evaluation bias may also be 
introduced during the collection of biopsies from different loca-
tions of the tumor due to intratumoral heterogeneity.[4d,5] EV-
based HER2 phenotyping, in this regard, provides a desired 
solution for the dynamic and integral monitoring of HER2 
expression in breast cancer, and would, therefore, be benefi-
cial to personalized treatment and eventually cancer survival. 
Furthermore, the discordant expression between the primary 
tumor and recurrent/metastatic tumor has been found not only 
in HER2 but also in other markers. For example, changes were 
observed in the expression of estrogen receptor (ER) and pro-
gesterone receptor (PR) between the primary breast cancer and 
metastases.[4f,34] Discordance of the EGFR mutation status has 
also been found between the primary tumor and lymph node 
or brain metastases in lung cancer.[35] Moreover, intratumoral 
heterogeneity in gene expression profiling has been reported 
in spatially distinct tumor fragments from glioblastoma 
patients.[36] These studies imply that the EV-based molecular 
phenotyping assessment can also be expanded to test other 
markers in different types of tumors.

Overall, microbead-assisted flow cytometry analysis of tumor-
derived serum EVs provides a rapid and noninvasive method for 
the detection and molecular phenotyping of cancer and holds 
great potential in clinical applications. The EV-based molecular 
phenotyping provides an opportunity for the real-time moni-
toring of disease progress and treatment efficacy and will help 
with personalized treatment and eventually, cancer survival.

4. Experimental Section
Cell Culture: All the cell lines were obtained from the American

Type Culture Collection (Manassas, VA, USA). The following cells lines 
were used: MCF10-A (human mammary epithelial cell), MDA-MB-468 
(human basal epithelial breast cancer cell line), MCF-7 (human luminal 
A breast cancer cell line), and SK-BR-3 (human HER2-OE breast cancer 
cell line). All the cells were cultured in different media supplemented 
with 10% fetal bovine serum (GIBCO-BRL) and 1% penicillin/
streptomycin (GIBCO-BRL): MEGMTM mammary epithelial cell growth 
medium (Lonza; CC3151) for MCF-10A, L-15 medium (GIBCO-BRL) for 
MDA-MB-468, and high glucose GlutaMAX Dulbecco’s modified Eagle 
medium (Gibco-BRL Co, MD, USA) for MCF-7 and SK-BR-3. MCD-10A, 
MCF-7, and SK-BR-3 cells were maintained in a humidified atmosphere 
of 5% CO2/95% air at 37 °C, while MDA-MB-468 cells were maintained 
in a humidified atmosphere of 0% CO2/100% air at 37 °C. Subcultivation 
of all the cell lines was performed using 0.25% trypsin and 5 × 10−3 m 
ethylenediaminetetraacetic acid (EDTA) (Gibco-BRL Co, MD, USA).

Clinical Samples: The study was approved by the Medical Ethical 
Committee of Peking Cancer Hospital (2013KT29). All the participants, 
including 19 HER2+ recurrent metastatic breast cancer patients, 12 
HER2− recurrent metastatic breast cancer patients, and 7 healthy 
volunteers were recruited with informed consent. The inclusion criteria 
of the breast cancer patients were histologically verified breast cancer 
with the first diagnosis of metastatic disease or disease progression. 
HER2 phenotyping was determined according to IHC staining of the 
local recurrent tumor tissue or metastatic lesions. Sera and metastatic 

tumor specimens were collected before any chemo-/radio- or anti-HER2 
therapies were given to the patients after the first diagnosis of tumor 
recurrence and metastasis. The inclusion criteria for healthy control 
donors were a negative medical history for any acute, chronic, or 
malignant diseases. The blood drawn by venous puncture was collected 
in blood collection tubes containing clot activator and was allowed to 
clot for 30 min at room temperature. The serum was then separated by 
centrifugation at 3000 rpm for 10 min and stored at −80 °C. Metastatic 
specimens were collected by puncture biopsy. All the samples were 
randomly selected from larger cohorts and were analyzed in a blinded 
fashion. Unblinding of the clinical parameters and corresponding 
experimental data was performed only after finishing all the experiments.

EV Purification: EVs were purified by differential centrifugation as 
previously described with modification.[18] Briefly, for EV purification 
from the cell culture supernatant, the cells were cultured in the EV-free 
medium for 48 h (depletion of the contaminating vesicles and protein 
aggregates was performed by centrifugation overnight at 110 000g[37]). 
The medium was collected and centrifuged at 800g for 5 min and 2000g 
for 10 min, followed by filtration through a 0.22 µm filter (Millipore, 
USA) to eliminate cell debris. EVs were pelleted by ultracentrifugation 
at 100 000g for 2 h at 4 °C, followed by a wash with PBS and a second 
step of ultracentrifugation at 100 000g for 2 h at 4 °C. For EV purification 
from serum samples, 500 µL of human sera were centrifuged at 800g for 
5 min and 2000g for 10 min, followed by dilution in 26 mL of PBS and 
filtration through a 0.22 µm pore filter (Millipore, USA) to eliminate cell 
debris. EVs were pelleted by ultracentrifugation at 150 000g overnight 
at 4 °C, followed by a wash in 26.3 mL of PBS and a second step of 
ultracentrifugation at 150 000g for 2 h at 4 °C. Thereafter, the EV pellets 
from the cells and sera were resuspended in 100 µL of PBS and stored 
at 4 °C prior to use. The total protein content of the purified EVs was 
determined using the BCA protein assay kit (Pierce, Rockford, IL).

Immunogold Labeling and TEM: Isolated EVs were loaded onto 
200-mesh carbon/formvar-coated grids (Beijing Zhongjingkeyi
Technology Co., Ltd., China) for 20 min and were negatively stained
using uranyl acetate. For immunogold labeling, the grids were fixed in
4% paraformaldehyde for 10 min, washed with PBS, blocked in a drop of
10% BSA for 10 min, and incubated with anti-EpCAM (mouse mAb; Cell
Signal Technology) or anti-HER2 (rabbit mAb; Cell Signal Technology)
for 1 h at 4 °C. The grids were then rinsed with PBS and incubated
with the secondary antibody attached to 10 nm gold particles (Aurion,
BioValley, France) for 1 h at room temperature. The grids were postfixed
with 2.5% glutaraldehyde for 15 min, rinsed with PBS and double-
distilled water, and negatively stained with uranyl acetate. Transmission
electron microscopy characterization was carried out using a Hitachi
HT7700 electron microscope (Hitachi High-Tech, Japan).

SEM: Isolated EVs were loaded onto silicon wafers and dried in 
a drying oven. The samples were sputter-coated with a thin layer of 
gold prior to observation. SEM images were obtained using a Hitachi 
S-3400N electron microscope (Hitachi High-Tech, Japan) at an
acceleration potential of 15 kV.

DLS: DLS measurements were performed using a Zetasizer Nano 
ZS90 system (Malvern Instruments Ltd., UK) equipped with a 633 nm 
HeNe laser and an avalanche photodiode detector. The samples 
were loaded into polymer cuvettes with a 10 mm path length. DLS 
determinations were made in a backscattering mode at an operating 
angle of 173°. The working temperature was thermostatically controlled 
at 25 °C.

NTA: The number and size distribution of EVs were measured using 
the NanoSight LM14 system with a 405 nm laser (NanoSight Technology, 
Malvern, UK). EVs derived from cell cultures and serum were diluted 
in PBS to maintain the concentration at 108–109 particles mL−1. The 
samples were injected into the sample chamber with a syringe, measured 
in triplicate with a high-sensitivity scientific complementary metal-oxide 
semiconductor camera, at camera setting 16 with an acquisition time 
of 60 s and a detection threshold setting of 7. The sample chamber was 
rinsed three times between different samples. Finally, the data were 
analyzed using nanoparticle tracking analysis software (NTA version 2.3; 
Malvern Instruments, Malvern, UK).
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Flow Cytometry Analysis: For cell analysis, cells at the logarithmic 
growth phase were digested with 0.25% trypsin and washed with PBS 
three times, followed by re-suspension in 100 µL of PBS, and staining 
with anti-EpCAM (mouse mAb; Cell Signal Technology) and anti-HER2 
(rabbit mAb; Cell Signal Technology) or with their isotype control IgG 
(Cell Signal Technology) at room temperature for 40 min. After washing 
with PBS three times, the cells were incubated with Alexa-488- or Alexa-
594-tagged secondary antibodies (Abcam). The samples were finally
washed with PBS three times and resuspended in 200 µL of PBS. For
EV analysis, EVs from cell lines or patient sera were enriched on 4 µm
aldehyde/sulfate latex beads (Invitrogen) by incubating 5 µg of EVs with
10 µL of beads for 15 min at room temperature with continuous rotation. 
The suspension was then diluted with PBS to 500 µL and left for 1 h with
rotation room temperature. The reaction was stopped with 100 ×10−6 m 
glycine and 0.5% BSA/PBS and was left with rotation on for 30 min at
room temperature. The EV-bound beads were washed with 0.5% BSA in
PBS and centrifuged for 3 min at 14 800g, blocked with 5% BSA in PBS
with rotation at room temperature for 1 h, and washed again with 0.5%
BSA in PBS and centrifuged for 3 min at 14 800g. The EV-bound beads
were then incubated with anti-EpCAM antibody (mouse mAb; Cell Signal
Technology) or anti-HER2 antibody (rabbit mAb, Cell Signal Technology)
for 1 h with rotation at 4 °C, and centrifuged for 3 min at 14 800g. The
supernatant was discarded, and the beads were washed with 0.5% BSA/
PBS and centrifuged for 3 min at 14 800g. Thereafter, the EV-bound
beads were incubated with Alexa-488- or Alexa-594-tagged secondary
antibodies (Abcam) for 30 min with rotation at 4 °C. Secondary antibody
incubation alone was used as the control. The samples were finally
washed with 0.5% BSA in PBS three times and were resuspended
in 200 µL of PBS. Flow cytometry analysis was performed using a BD
Accuri TMC6 Flow Cytometer (BD Biosciences, USA).

Protein Separation and Western Blot Analysis: Cells were cultured in 
6-well plates (Corning) and were scraped using scrapers (Fisherbrand).
The cell suspension or EVs were lysed with lysis buffer, supplemented
with protease inhibitor cocktail and phenylmethylsulfonyl fluoride
(Thermo Scientific) on ice for 60 min. Protein fractions were collected
by centrifugation at 15 000 rpm for 10 min at 4° C. Sample loading
was normalized according to the BCA relative protein quantification
kit (Solarbio). Proteins were separated in polyacrylamide gels before
being transferred to poly(vinylidene difluoride) membranes (0.45 mm;
Millipore, Bedford, MA, USA). The membranes were blocked with 5%
nonfat milk (BD Biosciences) in Tris-buffered saline with 0.1% Tween
(TBST) for 1 h at room temperature and then were incubated with anti-
EpCAM (mouse mAb; Cell Signal Technology), anti-HER2 (rabbit mAb;
Cell Signal Technology), anti-CD81 (mouse monoclonal antibody; Santa
Cruz), anti-CD63 (mouse monoclonal antibody; Santa Cruz), antiflotillin
(rabbit monoclonal antibody; abcam), anticalnexin (rabbit monoclonal
antibody; abcam), and antialbumin (rabbit monoclonal antibody;
abcam) overnight at 4 °C. Thereafter, the membranes were incubated
with horseradish peroxidase-conjugated goat antirabbit IgG or goat
antimouse IgG (Cell Signal Technology) for 1 h at room temperature in
TBST containing 5% nonfat milk. The blots were developed using the
Enhanced Chemiluminescence Kit (Thermo Pierce, Waltham, MA, USA)
and were visualized using Image Lab (BIO-RAD, USA).

Immunohistochemistry: For immunohistochemistry, 5 µm thick 
sections from formalin-fixed, paraffin-embedded tissue specimens 
were transferred onto adhesive slides, air-dried, deparaffinized in 
xylene and rehydrated in graded alcohol. Antigen enhancement was 
performed by incubating the sections with citrate buffer (pH 6). After 
blocking with 5% normal goat serum (Solarbio) for 30 min at room 
temperature, the sections were stained with anti-HER2 (rabbit mAb; 
Cell Signal Technology). Avidin-biotin-peroxidase complex (Vectastain 
Elite ABC-HRP kit, peroxidase, rabbit IgG; Vector Laboratories, USA) 
and diaminobenzidine (Sigma-Aldrich) were used to detect the 
immunoreactivity. After rinsing and counterstaining, images of the 
sections were obtained using the EVOS XL Core Imaging System 
(Thermo Fisher Scientific, USA).

Statistical Analysis: GraphPad Prism version 6.0 (GraphPad Software) 
was used to analyze the flow cytometry results. ROC analysis was 

used to evaluate the specificity and sensitivity of HER2+ EVs and the 
concentration of EVs in distinguishing HER2+ breast cancer from 
healthy controls and HER2− breast cancer. The area under the ROC 
curve was estimated for each individual biomarker. All the ROC analyses 
were performed using GraphPad Prism 6.0 (GraphPad Software Inc.). 
The cutoff value was determined using the Youden index. p < 0.05 was 
taken as statistical significance.

We have submitted all the relevant data of our experiments to the 
EV-TRACK knowledgebase (EV-TRACK ID: EV180026)).[38]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Abstract
Extracellular vesicles (EVs) are secreted nano-sized vesicles that contain cellular
proteins, lipids, and nucleic acids. Although EVs are expected to be biologically
diverse, current analyses cannot adequately characterize this diversity because most
are ensemble methods that inevitably average out information from diverse EVs.
Here we describe a single vesicle analysis, which directly visualizes marker expres-
sions of individual EVs using a total internal-reflectionmicroscopy and analyzes their
co-localization to investigate EV subpopulations. The single-vesicle imaging and co-
localization analysis successfully illustrated the diversity of EVs and revealed distinct
patterns of tetraspanin expressions. Application of the analysis demonstrated similar-
ities and dissimilarities between the EV fractions that had been acquired from differ-
ent conventional EV isolation methods. The analysis method developed in this study
will provide a new and reliable tool for investigating characteristics of single EVs,
and the findings of the analysis might increase understanding of the characteristics
of EVs.

KEYWORDS
density gradient ultracentrifugation, EV heterogeneity, EV subpopulations, single-vesicle analysis, size
exclusion chromatography, tetraspanin markers

 INTRODUCTION

Extracellular vesicles (EVs) are cell-secreted nano-sized vesicles that have important functions in diverse biological activities
(Février & Raposo, 2004; Raposo & Stoorvogel, 2013). EVs are complex bodies composed of various biological materials, includ-
ing proteins, lipids, and nucleic acids (Théry et al., 2002). Traditional omics approaches have identified hundreds of proteins,
nucleic acids, and lipids of EVs (Choi et al., 2015; Guduric-Fuchs et al., 2012; Ji et al., 2014; Llorente et al., 2013; Simpson et al.,
2008; Skotland et al., 2019). Due to the wide range of components, cells can produce various types of EVs. Consequently, EVs are
expected to deliver more comprehensive and specific messages than soluble molecules (Kao & Papoutsakis, 2019; Krämer-Albers
&Hill, 2016). However, most conventional analytical methods for EVs consider ensemble averages of heterogeneous populations,
so much remains unknown about the heterogeneity of EVs. The ensemble methods such as western blotting (WB) and omics
approaches require lysis of EVs, and only provide pooled information about the whole population, so information from individ-
ual EVs is lost (Margolis & Sadovsky, 2019). As a result, despite the vast amount of existing information about EV components,
the characteristics of individual EVs and heterogeneity of EV samples cannot be discerned.
Some studies have attempted to elucidate the heterogeneity of EVs, and have suggested the presence of different EV subpop-

ulations depending on isolation methods (Shu et al., 2020). Investigations using density gradient ultracentrifugation (DG) and
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size exclusion chromatography (SEC) has revealed the presence of EV populations having different densities and sizes (Böing
et al., 2014; Kowal et al., 2016). Studies that exploit asymmetric-flow field-flow fractionation suggested distinct EV subpopula-
tions having different sizes ranging from approximately 35 to 120 nm that also have different biological compositions (Sitar et al.,
2015; Zhang et al., 2018). Although such isolation-oriented approaches have successfully separated EV populations into relatively
smaller populations, the implications of these studies were mostly limited to the evaluation of physical characteristics (Gardiner
et al., 2013; Höög & Lötvall, 2015; Yuana et al., 2013). Therefore, to better understand the correlation between EV subpopulations
and biological implications, biological properties and heterogeneity of refined EV populations should be further investigated.
A few advanced analytical methods have also developed for characterizing biological properties of individual EVs. High reso-

lution flow cytometers and imaging flow cytometers have been proposed to overcome the limitations of conventional cytometers
that are optimized for single-cell analysis, but they still have technical limitations such as swarm detection and low detection
sensitivity (detection limits are often > 200 nm) (Erdbrügger et al., 2014; Van Der Pol et al., 2012). NTAs equipped with fluores-
cence units were developed for probing biological properties of individual EVs, but the technical principle exploits diffusion, and
therefore cannot reliably investigate the co-expression of multiple markers. Recently, studies have used advanced fluorescence
microscopies such as super resolution microscopies and con-focal microscopy to analyse multiple protein expressions of indi-
vidual EVs (Chen et al., 2016; Lee et al., 2018; Nizamudeen et al., 2018). In addition, technologies that do not exploit fluorescence
have also been proposed to investigate individual EVs; examples include single-particle interferometric reflectance imaging sens-
ing (SP-IRIS), nano-plasmonic sensors and Raman spectroscopic analysis (Daaboul et al., 2016; Im et al., 2014; Lee et al., 2018).
Although such single-EV analysis approaches have provided important findings regarding EV heterogeneity and subtypes, this
field of study still needs a method that can precisely analyse multiple biological markers of individual EVs without the bias that
may arise during sample preparation and analyses.
Recently, technological advances in biophysical methods have enabled observation of the behaviour of single biological

molecules (Aggarwal & Ha, 2016; Roy et al., 2008). Applications of single-molecule imaging techniques have been used to char-
acterize interactions between biological molecules, and have revealed many phenomena that had been obscured by ensemble-
averaging methods (Jain et al., 2011; Myong et al., 2006). Particularly, single-molecule pull-down (SiMPull) and single-molecule
blotting (SiMBlot) assays overcome the limitation of conventional ensemble averaging biochemical analysis such as WB, which
have enabled us to quantitatively characterize biochemical properties of individual biomolecules (Jain et al., 2011; Kim et al.,
2016). The techniques have also been applied to relatively large biological complexes, such as viruses and liposomes, but they
have rarely been used to explore the characteristics of EVs (Brandenburg & Zhuang, 2007; Choi et al., 2010).

In this study, to overcome the technical pitfalls of conventional EV analyses, we developed a single-vesicle imaging analysis
method that uses total internal reflection fluorescence microscopy (TIRFM). The analysis can visualize multiple marker expres-
sions of individual EVs by using fluorescent probes, and can also investigate EV subpopulations by analysing co-localization
of markers. We used the single-EV tetraspanin co-localization analysis to investigate EV fractions that were isolated by three
frequently-used EV isolation methods. The analysis revealed that individual EVs had distinct tetraspanin expression patterns
that could not be characterized by conventional analyses, and this capability enabled us to deduce similarities and dissimilarities
among the conventional methods to isolate EVs.

 METHODS

. Cell culture

TheHEK293WT (# 21573),MCF-7 (# 30022) and B16BL6 (# 80006) cell line was purchased fromKoreanCell Line Bank (KCLB).
The HEK293 WT cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, 12100046) supplemented 10%
(v/v) fetal bovine serum (FBS, Gibco, 12483020) and 1x antibiotic-antimycotic (anti-anti, Gibco, 15240062) at 37◦C and 5% CO2
in a humidified incubator. MCF-7 and B16BL6 cells were maintained in minimum essential medium (MEM, Gibco, 41500-034)
supplemented 10% (v/v) FBS and 1x anti-anti at 37◦C and 5% CO2 in a humidified incubator. When cells were ∼ 90% confluent,
culture media were changed to supplement-free base medium and cultured for 24 h under the same incubation condition. After
24 h, cultured media were collected and then centrifuged at 500 × g for 10 min to remove detached cells and at 3000 × g for
20 min to eliminate cellular debris. The pre-cleaned media (supernatants) were stored at −80◦C until they were used. A total of
6 L of cell cultured media (CM) was pooled and processed for EV isolation to minimize batch to batch variation.

. Antibodies and labelling reagents

A CD9 (MEM-61, sc51575), CD63 (MX-49.129.5, sc5275), CD81 (1.3.3.22, sc7637), Calnexin (H-70, sc11397) and ribosomal pro-
tein S6 (C-8, sc-74459) primary antibodies and HRP-conjugated anti-mouse IgG1 secondary antibody (sc2005) were purchased
from Santa Cruz Biotechnology for western blotting. Alexa-Fluor 488 (A-21121), 546 (A-21123), and 647 (A-21240) conjugated
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anti-mouse IgG1 secondary antibodies were purchased from Invitrogen. Fluorescent dye-conjugated primary antibodies for CD9,
CD63, and CD81 (MEM-61, MX-49.129.5, and 1.3.3.22 clones, respectively) were purchased fromNovus biologicals, BioLegends,
and Santa Cruz Biotechnology, and lot to lot variations of labelling efficiency was tested before use. Specifically, the signal counts
of conjugated antibodies were compared with the counts of same clones of primary antibodies and secondary antibodies, and the
conjugated antibodies that yielded > 90% of the counts of indirect labelling were selected for further multi-colour single-vesicle
analyses. A recombinant CTB protein (NBP2-61449) and anti-CTB rabbit polyclonal antibody (NB100-63067) were purchased
fromNovus Biological. A Di-dye cell labelling kit (V22889) and Alexa-Fluor 488 conjugated annexin V (A13201) were purchased
from Invitrogen.

. EV preparation: concentration, biotinylation and purifications

For differential ultracentrifugation (DUC) concentration, Type 45 Ti (Beckman) fixed-angle titanium rotor was used for first and
second rounds of EV pelleting. The procedures of DUC concentration were derived from previous literature (Théry et al., 2006).
The 6 L of pooled culturedmedia (CM)was centrifuged at 500× g for 10min to remove cells then centrifuged again at 3000× g for
20 min to remove cellular debris. The pre-cleaned CMwas them ultra-centrifuged at 100,000 × g for 2 h, and the resulting pellets
were re-suspended in total 12 ml filtered-PBS solution. After first-round pelleting, the sample was biotinylated with approxi-
mately 100-times molar excess of sulfo-NHS-biotin (Thermo scientific, 21217) according to the manufacturer’s instruction. The
biotinylated sample was ultra-centrifuged again at 100,000 × g for 2 h to remove protein contaminants and residual biotins. The
pellet was suspended again in 4 ml filtered-PBS and centrifuged again at 3000 × g for 20 min to remove EV aggregates formed
during ultracentrifugation; 1 ml of the EV solution was kept for the characterization of DUC method (DUC-EVs) and 3 ml of
the solution was used for further purification. Each purification method was performed using 1 ml of DUC-EVs. Because 1 ml
of DUC samples was prepared from 1.5 L CM, each purification method can be considered to isolate EVs from initial 1.5 L CM.
In addition, the DUC sample had already been biotinylated during the concentration process, so purification methods did not
require a biotinylation process.
For density gradient ultracentrifugation (DG) and buoyant DG (BDG) purification, different densities of Opti-Prep iodixanol

density-gradient medium (AXIS-SHIELD) were prepared according to themanufacturer’s instruction. The overall procedures of
DG and BDG purifications were based on the previous literature with minor modifications (Hong et al., 2009; Tauro et al., 2012;
Wubbolts et al., 2003). In the DGmethod, a sample is loaded on top of the density layers, thus the DUC sample was diluted with
PBS (0%) and layered on top of 30%, 20% and 10% Opti-Prep layers. On the contrary, in the BDGmethod, a sample is loaded at
the bottom with the highest-density layers, so the DUC sample was diluted in 30% Opti-Prep layers and layered at the bottom
of tube with 20% and 10% Opti-Prep and PBS (0%) layers. The DG and BDG samples were centrifuged at 100,000 × g for 2 h
using a SW55 Ti swinging-bucket rotor (Beckman) with no-brake option. All fractions between the layers (DG/0-10, DG/10-20,
DG/20-30, BDG/0-10, BDG/10-20 and BDG/20-30) were collected and stored for further analyses.
We performed SEC purification as described previously (Böing et al., 2014). Approximately ∼7.5 ml bed volume of Sepharose

CL-2B (GE Healthcare) gel-filtration matrix was packed into a 10-ml plastic disposable column (Pierce). The packed columns
were washed using more than three bed volumes (∼ 30 ml) of filtered-PBS solution before use. A 1-ml of DUC sample was
loaded on the column and then eluted with filtered-PBS solution. The eluates were collected in 20 fractions of 0.5 ml and stored
for further analyses.

. Conventional EV characterizations

All fractions of EVs were characterized by western blotting (WB, Bio-Rad), nano-particle tracking analysis (NTA, ExoCope,
ExosomePlus), and transmission electronmicroscopy (TEM, JEOL) according to the guideline provided by international society
for extracellular vesicles (ISEV) (Théry et al., 2018).
EV-positive (CD9, CD63, CD81) and EV-negative (Calnexin and ribosomal protein S6) markers were used forWB analysis. In

WB analysis, the same volumes (25 μl) of samples were lysed and separated by SDS-PAGE in a non-reducing condition (Bio-Rad).
The separated proteins were transferred to a PVDF membrane, and blocked for 1 h at room temperature (RT) using a solution
of 3% (w/v) BSA in TBS supplemented with 0.05% (w/v) Tween-20. The membrane was then incubated with primary antibodies
(200 ng/ml) in the blocking solution overnight at 4◦C, and subsequently incubated with HRP-conjugated secondary antibodies
(200 ng/ml, Santa Cruz Biotechnology) for 1 h at RT. Themembranewas exposed to a chemiluminescent substrate (ECL, Thermo
Scientific) for detection. The signals were captured using a c-Digit western blot scanner (LI-COR). The WB results presented in
the same figure set were all detected under the same condition for valid comparison. Quantification ofWB bands was performed
using ImageJ software. Briefly, a scan of WB gel was inversed and a fixed size of rectangular region of interest (ROI) that include
each WB band was selected. The intensities of bands were measured as mean intensity of ROIs.
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Particle concentrations and sizes of samples were measured using NTA (Exocope, Exosomeplus). All samples were diluted
∼1,000 to 3,000 times with filtered-PBS solution to achieve appropriate particle concentration (∼100 particles/imaging field).
Images of all samples were recorded for 15 s at least six times in different imaging fields. The size distribution of EVs was plotted
using mean values of six measurements.
For TEM analysis, each EV fraction was loaded onto formvar carbon film (Electron Microscopy Science) for 30 min at RT.

The sample-loaded grids were then negatively stained with 2% uranyl acetate (Sigma) for ∼ 10 s for image contrasting. The grids
were then completely dried overnight and imaged using a TEM (JEOL).

. Surface preparation and EV immobilization

The detailed procedure used to prepare the DDS-tween 20 surface was explained previously, and used with minor modification
(Hua et al., 2014). Briefly, cover and slide glasses were extensively cleaned with acetone, methanol (Samchun Chemicals), and
ultra-pure water. The glasses were then incubated in piranha solution (three parts sulfuric acid; one part 30% H2O2) for sur-
face cleaning and activation, and then rinsed thoroughly with ultra-pure water. The activated glasses were incubated with DDS
(Sigma) solution in cyclohexane for 1.5 h at RT, and then rinsed with clean cyclohexane and completely dried under N2 gas in a
fume hood. The DDS-treated glasses were then sealed with N2 gas and stored at −20◦C for up to 2 weeks.
For EV immobilization, DDS-treated glasses were first assembled in a simple flow chamber by using double-sided tape (3 M)

and epoxy bond (Devcon). After the seal of each chamber had completely cured, it was incubated with 0.2 mg/ml biotin-BSA
(Sigma) for 5 min at RT to introduce biotin sites to the surface, then incubated with 0.2% Tween-20 (Sigma) solution for 10 min
at RT to passivate the remaining surface. To prepare a control surface without biotin anchor, DDS-treated glasses were directly
passivated with 0.2% Tween-20 solution. BSA and Tween-20 solutions were both prepared in tris buffer (50 mMTris). The passi-
vated chambers were incubated with 0.4 mg/ml NeutrAvidin (Thermo Scientific) solution for 5 min at RT, and then biotinylated
EVs were introduced to the chambers and incubated for 10 min at RT. NeutrAvidin and EV samples were prepared with filtered-
PBS supplemented with 0.5 mg/ml BSA. For surface-tethered CD81 antibody immobilization of EVs, the surface was prepared
in the same way with DDS-Tween surface up to the avidin incubation step. Then, biotinylated-CD81 antibodies were incubated
for 10 min, then EV samples were introduced to the chamber and incubated for 10 min at RT for immobilization.

. Scanning probe microscopy and scanning electron microscopy

Surfaces with immobilized-EVswere fixedwith 3% (v/v) electronmicroscopy grade glutaraldehyde (Sigma) for 15min at RT. Sur-
faces were then washed with PBS at least three times. Fixed samples were stained with 1% (w/v) osmium tetroxide (OsO4, Sigma)
for 30 min at RT, and the OsO4 was removed by thorough washing with distilled water (DW) at least three times. Samples were
then incubated with 1% carbohydrazide (Sigma) for 20 min at RT, and washed with DW at least three times. Then, samples were
dehydrated by sequential immersion in 20%, 40%, 60%, 80%, and 100% ethanol solution (v/v) over 30 min at RT. Dehydrated
samples were completely dried using a critical point dryer for at least 30 min. For the SPM analysis, the dehydrated surface
analyzed using an AFM (Veeco Dimension 3100, VEECO) for an area of 5 × 5 μm with tapping mode in 512 lines at a scan
rate of ∼0.7 Hz (Skliar & Chernyshev, 2019). An AppNano Si probe (ACT-50, AppNano) was used for the analysis (rectangular-
shaped cantilever with nominal length = 125 μm and width = 30 μm; and a pyramidal-shaped tip with height 14–16 μm, and
tip radius < 10 nm, spring constant 13–77 N/m and f = 300 kHz). For SEM analysis, the sample was further sputter-coated with
platinum (20 mA, 10 s) and analyzed using a JSM7401F high resolution FE-SEM (JEOL).

. Individual EV visualization and co-localization analysis

EV-immobilized surfaces were fluorescently visualized using antibodies. For indirect antibody labelling, 2 μg/ml (∼13.3 nM)
primary antibodies were first introduced to the chamber for 10 min at RT, and then 1 μg/ml (∼6.6 nM) fluorescent conjugated
secondary antibodies were introduced for 8 min at RT. When conjugated antibodies were used, 5 μg/ml (∼33.2 nM) conjugated
antibodies were incubated for 10 min at RT. When multiple conjugated antibodies were used for labelling, all antibodies were
mixed together, and then used for EV labelling (cocktail staining). After the labelling, the chambers were thoroughly washedwith
filtered PBS three times. The fluorescent labelled EVs were visualized using a laboratory-built objective-type TIRF microscope
(Olympus, IX73) equippedwith an EMCCD (Andor, iXon 888), four diode lasers (Cobolt, 405-nm, 488-nm, 638-nmMDL series,
and 561-nm DPL series), and a four-channel simultaneous-imaging system (Photometrics, QV2). Average signal count per field
was measured from 2,000 μm (Février & Raposo, 2004) imaging areas.

For co-localization analysis, we built image processing software inMATLAB by reference to previous literature (Jain et al., 2011;
Kim et al., 2016; Ulbrich & Isacoff, 2008). Briefly, the coordination of each multi-channel images was precisely corrected using
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F IGURE  Procedure of single-vesicle imaging and co-localization analysis. A simple fluidic channel made of DDS functionalized cover and slide glasses
was incubated with biotinylated BSA, then passivated with Tween-20. Avidins were then introduced to the surface to immobilize biotinylated EVs. Unbound
molecules were washed out after each step to prevent unwanted interactions among the molecules. Immobilized EVs were labelled with probes, and the EVs
were imaged withmultiple excitation lasers and amulti-colour simultaneous fluorescence imaging device equipped with EMCCD camera. Acquired signals were
analyzed for signal counts and co-localizations for investigating EV heterogeneity and subpopulation

a MATLAB-coded image processing program. The coordinates were corrected using the coordinates of the signals acquired
from the full-range fluorescent bead for calibration (Spherotech, FP-0257-2). Then the centers of each tetraspanin signals of
coordinate-corrected images were determinedwith sub-pixel accuracy usingGaussian fittingmethods. Using the acquired center
coordinates of each signals, the distances between the signals were calculated, and the signals located within 3 pixels (∼300 nm)
were considered to be co-localized.

. Multi-dimensional analysis

Populations of samples were compared using two different multi-dimensional analyses: t-stochastic neighbour embedding
(t-SNE) and a clustered heat map based on Euclidean distances. In t-SNE, nine independent population data of 11 different
fractions were plotted as a single point in two-dimensional space with different perplexity values, and the value that best illus-
trated the clusters and that had low error was selected. The analysis was performed using a computer code derived from the
tsne library of the R package. In clustered heat map analysis, Euclidean distances between the 11 different population data were
calculated, and the clusters were formed based on the similarity and dissimilarity values, which were calculated using a com-
puter code derived from ggplot2 and pheatmap libraries of the R package (‘pheatmap’ and ‘tsne’) (Donaldson, 2016; Kolde, 2019;
R Core Team 2020)

. Statistical analysis

Data visualization were performed using Excel (Microsoft) and packages in R statistics software. The data were presented as
mean ± SD. When statistical analysis was required, two-tailed unpaired Student’s t-test was performed. Pairs that had P < 0.05
and P < 0.01 were considered statistically significant, and noted using a single asterisk and double asterisk, respectively.

 RESULTS

. Schematic of single vesicle imaging and co-localization analysis

The analysis method (Figure 1) visualizes individual EVs and analyzes their co-localization by immobilizing them to a sur-
face that can stably anchor EVs and effectively repel non-specific adsorptions of probes. To achieve such characteristics, we
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F IGURE  Validation of single-EV imaging surface. (a) Scanning electron microscopy (SEM) images of control surface (top) and EV immobilized surface
(bottom). Only the EV immobilized surface showed vesicle-like structures, x 50k magnification, bars: 200 nm. (b) Scanning probe microscopy (SPM) results
of control surface (top) and EV immobilized surface (bottom). Only the EV immobilized surface exhibited vesicle-like structures. Scanning area is 5 × 5 μm.
Scanning mode is tapping mode, scanned for 512 lines with 10-nm tip-radius cantilever. (c) Size analyses of EM images. Sizes of detected EV-like structures
were analyzed using ImageJ software. Black bars = SEM, gray bars = SPM. n > 200 EV-like structures. (d) Surface passivation test. The DDS surface passi-
vated with 0.2% Tween-20 showed an excellent protein repelling ability (top), whereas the surface without passivation showed a large amount of non-specific
antibody adsorption (bottom). (e) Demonstration of single-EV imaging conditions, and (f), average EV signal counts per imaging field. Six combinations of
surfaces were tested for single-EV imaging. EVs were visualized using Alexa Fluor 488 (AF488) conjugated CD9 antibody. Only the triple positive (biotin-
BSA+/NuetrAvidin+/biotin-EV+) condition exhibited substantial amounts of CD9 signals from immobilized EVs. Size of images: 45 × 45 μm, Bars =mean ±
S.D. (n = 8)

utilized a glass substrate functionalized with dichlorodimethylsilane (DDS) and Tween-20 passivation that had been developed
for single-molecule imaging (Hua et al., 2014). Due to the characteristics of the imaging surface, EVs can be efficiently labelled
with fluorescent probes within 20 min. The expressions of multiple markers on individual EVs were detected using a multi-
colour fluorescence imaging system that consists of multiple TIR-aligned excitation lasers and an electron-multiplying CCD
(EMCCD) camera. The co-localizations of detected signals were analyzed with sub-pixel accuracy by using an computer-coded
image processing program described in previous studies (Kim et al., 2016). The 0.2% Tween-20 solution only acted as passivation
layer; redundant Tween-20 was thoroughly washed out using sample buffer (PBS). According to the previous literature both the
microvesicles (MVs) and exosomes are not lysed even when 5% Tween-20 is added (Osteikoetxea et al., 2015). Therefore, the use
of Tween-20 does not disrupt the structure or characteristics of EVs and also does not compromise antibody activities.

. Validation of single vesicle imaging surface

To ascertain that the surface actually immobilized EVs, a surface was incubated with HEK293 EVs that had been isolated using
differential ultracentrifugation (DUC-EVs). The surface was examined using a scanning electron microscope (SEM) and a scan-
ning probe microscope (SPM). Both images of control surfaces revealed only tiny speckles; that is, EVs were not present on
the surfaces (Figure 2a,b, control surface). In contrast, the both EM images of the EV-immobilized surfaces showed distinct
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EV-like structures (Figure 2a,b, EV surface). The SEManalysis detected∼5.3 EV-like structures per μm(Février &Raposo, 2004)
scanning area, and the footprint size of detected EVs was approximately 99± 46 nm (Figure 2c, black bars). SPM identified ∼4.3
signals EV-like signals per μm (Février & Raposo, 2004) scanning area, and the footprint size of the signals was approximately
118 ± 41 nm (Figure 2c, gray bars); both numbers are similar to those obtained using SEM analysis. Both EM analyses showed
similar amounts of EV-like structures having similar size distributions, and these results agree well with previously-known EV
sizes, so we conclude that the DDS-Tween surface successfully immobilized a significant number of EVs.
The protein-repelling ability of the surface was then assessed by binding of Alexa Fluor 488 conjugated secondary antibodies

(2 μg/ml) in the absence of EVs: if the surface can effectively repel binding of non-specific proteins, it will show only a small
number of fluorescent signals. A control surface without passivation showed a large amount of fluorescent signals from non-
specifically adsorbed antibodies (Figure 2d, DDS w/o Tween20), whereas the Tween-passivated DDS surface exhibited almost
no non-specific adsorption of antibodies (average counts per field < 10) (Figure 2d, DDS-Tween20).
To demonstrate whether the single-EV imaging surface works properly, all combinations of components that are used for EV

immobilization (biotin-BSA, avidin, biotin-EV) were tested. When biotinylated BSA was not introduced to the surface, very
few of fluorescent signals were detected from the surface because it bore no anchors (Figure 2e). Even when the surface was
properly coated with biotinylated BSA, fluorescence signals from CD9 antibodies were observed only when both the avidin
and biotinylated EV were introduced to the surface (Figure 2e). When the numbers of signals from all six combinations were
quantified, only the combination that used all three components showed substantial amounts of fluorescence signals from CD9-
labeled single EVs (Figure 2f). To confirm whether the detected CD9 signals were came from CD9-positive EVs or from soluble
CD9molecules, we performed a detergent lysis analysis. As a result, the numbers of CD9 signals were decreasedwhen EV samples
were treated with SDS, indicating the vesicle structure of detergent-treated EVs were disrupted (Figure S1a,b). Therefore, from
this observation, we could conclude that the detected signals of CD9 staining were actually coming from surface-immobilized
EVs.

. Characterization of single-vesicle imaging conditions

EV labelling and EV immobilization conditions affect the results of the single-EV analysis, so the effects of such conditions were
first characterized. First, to characterize the effect of antibody concentration, a fixed quantity of DUC-EVs was immobilized
to the prepared surfaces, then labelled with different concentrations of tetraspanin antibodies (CD9, CD63 and CD81). In the
results, the EV signal counts began to saturate from 1.1 μg/ml in the case of CD9 antibody and from 3.3 μg/ml in the cases of the
other two antibodies. The imaging surface appeared to effectively block the nonspecific adsorption of antibodies up to 10 μg/ml
because the signals almost stopped increasing after the binding had saturated (Figure 3a,b). Because of this result, all subsequent
single-EV analyses performed in this study were conducted using an antibody concentration of 5 μg/ml.
In previous single-molecule studies, multi-colour analyses were often difficult due to steric hindrance (Wang et al., 2014).

Therefore, whether the antibodies used in this study interferedwith each other was experimentally determined. The signal counts
of the cocktail labelling (labelled with all three kinds of antibodies at the same time) were not significantly different from the
signal counts of single labelling (one kind of antibody for one sample); this result indicates that the tetraspanins antibodies do
not interfere with each other (Figure 3c,d).
Then we characterized the effect of EV concentration on single-vesicle analysis using DUC-EVs. The EV signals of single-

vesicle imaging were distinguishable from the background at an EV concentration of 5 × 106 particles/ml; the signals started to
saturate at ∼108 particles/ml (Figure 3c,d). In a few cases, the trend varied noticeably depending on batches of EV samples. From
the results of further purity analysis, we determined that the purity of samplesmight affect the results of the single-vesicle analysis
(Figure S2a,b). For example, low-purity EV samples contain a relatively large amount of protein contaminants that compete
with EVs for binding sites on the imaging surface (Figure S2c). However, in an additional experiment we confirmed that that
proportions of each tetraspanin-positive EVs were not affected by the total EV counts of the analysis. For example, while total
EV counts were changed from ∼250 to ∼80, the proportions of CD9, CD63, and CD81-positive signals were almost unchanged
(Figure S3a,b).
We also tested effect of Opti-Prep density gradient medium for single-EV analysis; the analysis result was not affected by

addition of up to 3% Opti-Prep (Figure S4a,b). All subsequent single-EV analyses in this study were performed based on the
conditions that were characterized here (EV concentration > 107 particles/ml and Opti-Prep concentration < 3%).

. Comparison of different EV-immobilization strategies

To effectively capture EVs on the surface regardless of their antigen expressions, we exploited a direct biotin-avidin inter-
action. The EV-immobilization strategy could critically affect the result of the EV analyses, so the immobilization should
be demonstrated to be valid for the purpose of analysis. For example, if EVs are immobilized using surface-tethered CD9

		  77



HAN et al.

F IGURE  Characterization of single vesicle imaging conditions. (a,b), Characterization of antibody concentrations. The numbers of detected EV signals
plateaued after 1.1 μg/ml in the case of CD9 antibody and 3.3 μg/ml in the case of CD63 and CD81 antibodies. Black line: CD9; green line: CD63; red line: CD81.
Error bars= S.D. (n = 5). (c,d), Comparison of single staining and multiple staining of tetraspanin antibodies. The result of single and cocktail staining of CD9,
CD63, and CD81 antibodies did not show significant differences in average EV signal counts. Bars = mean ± S.D. Student’s t-test, P > 0.1 (n = 8). Size of all
images: 45 × 45 μm. (e,f) Characterization of EV concentration. The numbers of detected EVs plateaued at 108 particles/ml EV concentration. The linear range
of detection was from ∼107 to ∼108 particles/ml. Error bars = S.D. (n = 8)

antibody, the result will only reflect the characteristics of CD9-positive EVs, instead of the whole population. Therefore, using a
surface-tethered antibody strategy for studying EV diversity might provide a biased result that could distort our understanding
of EV diversity. For this reason, prior to analysing the diversity of EVs, we tested experimentally whether our immobilization
strategy provides unbiased analysis of EV diversity.
The DUC-isolated EVs were immobilized on surfaces using the biotin-avidin interaction and surface-tethered CD81 antibody,

and the surfaces were imaged using CD9, CD63, and CD81 tetraspanin antibodies (Figure 1: biotin-avidin, Figure S5a: surface-
tetheredCD81). The EV-immobilized surfaces using biotin-avidin interaction and surface-tethered antibody showed clear single-
EV images in all three tetraspanin labellings (Figure S5b). When the numbers of each EV signals were quantified and compared
with theWBof the sameDUC-EVs using the same set of antibodies, the biotin-avidin sample showed themost similar tetraspanin
expressions to theWB results (Figure S5c,d). The surface-tetheredCD81 immobilization showed distinctly lower counts of CD63-
positive EV signals than the counts CD9- or CD81-positive EV signals. Therefore, we determined that the biotin-avidin strategy
can provide the most unbiased result that also agreed well with the results of the conventional method.

. Characterization of tetraspanin expressions in individual EVs by co-localization analysis

To investigate tetraspaninmarker expression profiles in individual EVs,multi-channel imaging and co-localization analysis of the
marker signals in individual EVs is essential. The reliability of the co-localization analysis was first demonstrated using EV-sized
nanoparticles (multi-colour, blue and red nanoparticles, all 100 nm in diameter). From themulti-channel images of multi-colour
nanoparticles (emission: ∼400 to 700 nm), we first confirmed that the microscope setup could reliably detect all four colour
channels without bias (Figure S6a,b). When the co-localizations of the signals acquired from the different colour channels were
analyzed, the signals detected from the multi-colour nanoparticle sample showed ∼100% co-localizations, whereas the signals
detected from a blue and red nanoparticle mixture sample showed only ∼15% co-localizations (Figure S6c,d). In addition to the
nanoparticle demonstrations, DUC-EVs labelled with CD9 primary antibody and three different coloured secondary antibodies
(Alexa Fluor 488, 546, and 647) were also subjected to the multi-colour co-localization analysis. The results showed at least 85%
of detected signals were triple-positives (co-localized); this result confirms that co-localization analysis is also valid for real EV
samples (Figure S6e,f).
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The DUC EV-immobilized surfaces were then labelled with CD9, CD63, and CD81 tetraspanin antibodies having differ-
ent colours, and the acquired tetraspanin signals were subjected to a multi-colour co-localization analysis to investigate how
tetraspanins were expressed in individual EVs. All detected tetraspanin signals were analyzed for co-localization and classified
into seven EV subpopulations according to their tetraspanin expression patterns (Figure 4a,b). For example, the signals detected
in a yellow-boxed image showed three different HEK293 DIUC-EV subpopulations: (i) CD9∙CD63∙CD81 triple-positive EV;
(ii) CD63 single-positive EVs; and (iii) CD9∙CD81 double-positive EVs (Figure 4b). In the result, ∼51% of the tetraspanin sig-
nals were not co-localized (Figure 4c). Most of these single-positive EVs were CD63 single-positives (∼34%) (Figure 4c). As for
co-localized signals, ∼38% of the tetraspanin counts were double-positive EVs, most of which were CD9∙CD81 double-positive
EVs (∼34%) (Figure 4c). The proportions of CD9∙CD63 and CD63∙CD81 double-positive EV were negligible (<3%). However,
CD9∙CD63∙CD81 triple-positive EVs comprised a substantial portion (∼11%) of total EVs (Figure 4c). When all correlations
among tetraspanin expressions of HEK293 DUC-EVs were simplified as a Venn diagram, the populations were roughly divided
into two groups: one mainly composed of CD9∙CD81 double-positive EVs, and one composed of CD63 single-positive EVs
(Figure 4d).
However, EVs that are double-positive and triple-positive for tetraspanin could be EV aggregates, rather than individual EVs.

To test this possibility, we analyzed a 0.20-μm filtered DUC-EV sample for tetraspanin co-localizations. This 0.20-μm filtration
significantly decreased total detected EV counts but did not alter the tetraspanin expression profiles of individual EVs (Figure
S7a-c). Therefore, we concluded that the EV aggregates had been removed during the sample preparation process by aggregate-
cleaning centrifugation step performed after the DUC (Methods section), and that co-localized tetraspanin signals were unlikely
to be EV aggregates.
To evaluate whether the analysis is broadly applicable for different EV samples, the tetraspanin co-localization analysis was

applied to EVs that had been produced by different cell lines. The EVs were isolated using the DUCmethod fromMCF-7 human
breast cancer and B16BL6 mouse melanoma cell cultures, and both types of EV were analyzed using the same set of tetraspanin
antibodies that had been used for the HEK293 EV analysis. The analysis of DUC-isolated MCF-7 EV showed a similar result
to that of HEK293 DUC-EV analysis (Figure 4e,f). The MCF-7 EVs had slightly higher proportions of CD9 and CD81 single-
positive EVs and slightly lower proportions of CD63 single-positive EVs, but the overall profile of the tetraspanin expressions in
individual EVs was almost the same as in HEK293 EVs (Figure 4d and g). In contrast, the analysis of DUC-isolated B16BL6 EV
showed a distinctively different result; only < 10% of total tetraspanin-positive EV signals were co-localized and most of them
were single-positive EVs (Figure 4h,i). The overall tetraspanin expression profile of the B16BL6 EVs was completely different
than those of to the other two cell lines (Figure 4d, g, and j). These results suggest that the TIRF-based single-EV analysis can
successfully detect multiple marker expressions in individual EVs from various cell types.

. Characterization of lipid expressions in individual EVs by co-localization analysis

Lipids are another major components of EVs, so analysis of lipid expressions in individual EVs may provide insight into the
nature of EVs. Therefore, HEK293 DUC-EVs were labelled using three different lipid probes, and the acquired lipid signals
were then analyzed for co-localizations. The three lipid specific probes were cholera toxin-β (CTB), annexinV (AV) and Di-dye.
CTBmolecules bind to ganglioside GM1, which is one of the representative components of the membrane micro-domain, called
lipid rafts (Blank et al., 2007). AV molecules have an affinity to phosphatidylserines (PS), which are mainly located at the inner
leaflet of plasmamembrane, so AVmolecules are used to detect apoptotic cells (Van Engeland et al., 1998). Di-dyes are lipophilic
carbocyanine tracers that are used to label plasmamembrane, but specific targets and labelling mechanisms are not well defined.
Although these lipid-labelling probes have different targets and mechanisms, all of them have been used for EV labelling in
previous literature (Lai et al., 2015; Yost et al., 2007).
When the co-localization of lipid probe positive signals were analyzed, all detected EVs that expressed the lipids were classified

into three major subpopulations. This result indicates that the lipid expressions in DUC-EVs were less heterogeneous than the
tetraspanin expressions (Figure S8a,b). Most of the single-positive EVs were CTB single-positives (∼60%), whereas only ∼2% of
DiI-positive EVs and AV-positive EVs were single-positive (Figure S8b). Among the double-positive EVs, only CTB∙DiI double-
positive EVs were substantially common (∼29%); but CTB∙AV and DiI∙AV double-positive EVs were not observed (both 0%).
Finally, ∼5% of EVs were positive for all three probes. When all correlations between lipid expressions were simplified as a Venn
diagram, the EV populations classified by lipid expressions exhibited a distinct hierarchical structure [AV ⊂ DiI ⊂ CTB] (Figure
S8c).
Further analysis of the correlation between CTB-labelled EVs and tetraspanin-positive EVs could confirmed that almost half

of the CTB-labelled EVs were negative for tetraspanin expression (Figure S8d). Although this population was not further investi-
gated in this study, it was presumed to be an EV subpopulation that is enriched with GM1 lipids but does not express tetraspanins.
Similarly, the single-EV co-localization analysis can be further used to investigate the correlation of numerous combinations of
markers. However, in this study, instead of using other combinations of markers, we decided to use the three tetraspanin combi-
nations to further investigate how different EV isolation methods affect the population of isolated EVs.
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F IGURE  Characterization of EV populations by tetraspanin co-localization analysis. (a), Representative single-vesicle fluorescence images of HEK293
DUC-EVs. The CD9, CD63, and CD81 images were coloured in green, red and blue, respectively. Size of images: 17 × 17 μm. (b) Intensity line scan of selected
area (yellow box). Region (i) CD9∙CD63∙CD81 triple-positive EV, region (ii) CD63 single-positive EVs, and region (iii) CD9∙CD81 double-positive EVs. Size of
enlarged images: 5 × 5 μm. (c) Pie chart of EV populations expressing different combinations tetraspanins. (d) Venn diagram depicting tetraspanin relationships
in individual HEK293 EVs. The EV populations were roughly divided into two distinct groups: CD63 single-positive and CD9∙CD81 double-positive EVs. (e-
g) Tetraspanin co-localization analysis of MCF-7 EVs. The population of MCF-7 EVs were overall similar to HEK293 EVs. Size of images: 17 × 17 μm. (h-j)
Tetraspanin co-localization analysis of B16BL6 EVs. The population of B16BL6 EVs was completely different compared to the other two cell lines; it showed
higher single-positive EV proportion than the other two cases. Numbers in pie charts: mean± S.D. (n> 8). Numbers in Venn diagrams: percentages of total EVs
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. Conventional characterization of EV fractions acquired from different isolation methods

We then use the tetraspanin co-localization analysis to investigate the EVs that had been isolated using three frequently-used
isolation methods: DG, buoyant DG (BDG) and size exclusion chromatography (SEC) (Figure S9). DG and BDG purify EVs
according to sedimentation number (Sv) and density, and SEC purifies EVs according to size. Small impurities like proteins have
small Sv, so they stay in the sample fractions in DG and BDG, but have low mobility in an SEC column, so will be eluted in the
later fractions. Due to these differences in separation principles, the methods are expected to isolate different EVs. In this study,
for DG and BDG, we used 0%, 10%, 20% and 30% Opti-Prep as density-gradient media, and acquired all fractions and subjected
them to single-EV tetraspanin analysis. When SEC was used, we tested all acquired fractions (#5 to #20) for protein amount,
particle amount and tetraspanin expressions, then selected the four fractions that expressed the largest amount of tetraspanins
(#8, #9, #10 #11) for further analysis (Figure S10a-c). All fractions were obtained as 500-μl final volume from the same amount of
initial culture medium.
Before being used for the conventional and single-EV analysis, all acquired fractions were first analyzed using nanoparticle

tracking analysis (NTA) and TEM to test whether or not the fractions actually contained isolated EVs. The size distributions
measured using NTA confirmed that all acquired fractions contained EV-sized particles (Figure S11a-c); the fractions that had
heaviest density (DG/20-30 andBDG/20-30) showed noticeably larger particles than the other fractions (Figure S11a,b). However,
the fractions acquired fromSECdid not show any significant difference in size distribution; this result suggests that the SECmight
not have sufficient resolution to isolate different sizes of EVs (Figure S11c). The TEM observations confirmed that all fractions
included numerous EV-like structures (Figure S11d-f).
All acquired fractions were first analyzed using conventional EV analyses. Protein and particle yield of EVs from 1 L cultured

media (CM) were quantified for each fraction, and the numbers of particles per microgram protein in each were calculated to
estimate the purities. TetraspaninWBwas performed using the same 25 μl of each fraction, and the resulting bands were detected
under the same detection conditions. The intensities of the bands were quantified using ImageJ software (Figure 5d,e). Protein
quantifications indicated that the DG/0-10 fraction isolated the largest number of EVs, whereas particle quantifications indicated
that the BDG/10-20 fraction isolated the largest number of EVs (Figure 5a,b). The purity index also indicated that the BDG/10-20
fraction isolated the purest EVs (Figure 5c). However, the WB results only partially agreed with the protein quantifications; WB
indicated that the DG/0-10 andDG/10-20 fractions isolated the largest number of EVs and that other six fractions except DG/20-
30 and BDG/0-10 fractions showed a similar intermediate levels of tetraspanin expression. When the correlations between the
conventional quantifications of all fractions were investigated, the ‘protein andWB’ pair and the ‘particle and purity’ pair showed
a moderate and statistically significant correlation (R2 > ∼0.6, P < 0.01) (Figure 5h,i). However, the protein yield did not show
any correlation with either particle yield or purity index, and particle yield and purity index also did not show any correlations
with WB intensity (Figure 5f,g and j,k). To summarize the results of these analyses, either the correlation among the results
of the conventional analyses is low, or the different EV fractions isolated different subpopulations of EVs. In contrast, when
the WB intensities of each tetraspanin results were compared, all of the pairs showed strong and statistically significant linear
correlations (R2 > ∼0.75, P < 0.01) (Figure 5l-n). The results of analysis did not show consistent conclusions, so further analyses
using single-EV imaging and co-localization were performed in the following sections.

. Single-EV tetraspanin co-localization analysis of the EV fractions acquired from different
isolation methods

To experimentally confirm whether the isolated EV fractions contain different subpopulations or not, we analyzed the frac-
tions using the single-EV tetraspanin analysis. In the results, the DG/10-20 fraction showed the highest counts for all three
tetraspanins (Figure 6a,b). The SEC fractions also showed relatively high tetraspanin counts, whereas DG/20-30 and BDG/0-10
fraction showed low tetraspanin counts which were even lower than the counts of DUC-EVs (Figures 4a and 6a). The DG/0-10
and BDG/20-30 fractions showed similar numbers of tetraspanin, which were also similar to the numbers of DUC-EVs (Fig-
ures 4a and 6a). Before analysing co-localizations of tetraspanin signals detected from each fraction, the correlations between
the results of tetraspanin counts and conventional analyses were first investigated. As a result, the quantifications of protein,
particle and tetraspanin WB did not show significant correlations with the counts from the single-EV tetraspanin analyses (Fig-
ure 6c-e). Even when each tetraspanin count of the fractions was then separately compared with the WB intensities, none of the
pairs showed a significant correlation (P > 0.05) (Figure 6f-h). However, similar to the case of the WB results, each single-EV
tetraspanin count of the fractions showed very strong and statistically significant linear correlations (R2 >∼0.87 and P< 0.0001)
(Figure 6i-k). These results confirm that the simple tetraspanin counts of single-EV analysis did not provide new insights, and
also had little correlation with the results of conventional analyses.
Therefore, tetraspanin co-localizations analysis of each fractions were performed to further investigate the differences and

similarities among the fractions. In the case of DG fractions, EV populations in DG/10-20 fraction showed a distinctively dif-
ferent pattern of tetraspanin expressions compared to the other two DG fractions (Figure 7a). More than 50% of EVs isolated
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F IGURE  Characterization of EV fractions using conventional analyses. (a) Protein amount of EVs per 1L CM and (b), particle amount of EVs per 1L CM
of all fractions. Protein amount< 10 μg could not be detected by Bradford protein assay. Bars=mean± S.D. (n= 3 for protein, n= 6 for particle). DL, detection
limit. (c) Purity index of the fractions. Purity of samples was calculated as particles permicrogram protein. (d)Western blot analysis (WB) of EV fractions and (e),
quantification of WB intensities. Expressions of EV-positive markers (CD9, CD63, and CD81) and -negative markers (Calnexin and ribosomal protein S6) were
analysed usingWB. Same volumes (25 μl) of each fraction were analyzed under the same condition. Different fraction showed different tetraspanin expressions,
but none of the fractions showed EV-negative markers. (f-k), Correlation analyses between conventional analyses and l-m, correlation analysis between the each
tetraspanin results ofWB. All correlation analyses were investigated using linear regression. In all linear regressions, individual points representedmean values of
each fractions. Solid lines: linear regressions; R2: determination coefficient of the regression. Regressions that have P< 0.05 are considered statistically significant

from DG/0-10 and DG/20-30 fractions were CD63 single-positive EVs, whereas the largest population of DG/10-20 fraction was
CD9∙CD81 double-positive EVs (Figure 7a). The BDG fractions also showed distinct differences in tetraspanin co-localization
analysis (Figure 7b). The BDG/10-20 fraction containedmostly CD9∙CD81 double-positive EVs, whereas the BDG/20-30 fraction
contained mostly CD63 single-positive EVs (Figure 7b).
On the contrary, the result of SEC fractions did not show many differences among fractions: some statistically-significant

differences were observed between the fractions, but the extent was less significant than the cases of the DG or BDG fractions
(Figure 7c). The SEC fractions showed comparatively evenly-distributed populations, and the proportions of CD9, CD63, and
CD81 single-positive and CD9∙CD81 double-positive EV populations were the four major populations (Figure 7c).
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F IGURE  Single-EV tetraspanin analysis of EV fractions from DG, BDG and SEC. (a), Single EV tetraspanin expression images of EV fractions. EVs
expressing tetraspanin markers were analyzed using single-EV imaging. The CD9, CD63, and CD81 signals were coloured in green, red and blue, respectively.
Size of images: 17 × 17 μm. (b) Quantification of tetraspanin signals detected from EV fractions. Numbers of tetraspanin signals were quantified from the images
(45× 45 μm). Bars=mean± S.D. (n= 9). (c-h) Correlation analyses between conventional analyses and single-EV tetraspanin analysis. The correlation between
conventional analyses and single-EV tetraspanin counts were investigated using linear regression. None of the analyses showed statistically significant correlation.
(i-k) Correlation analyses between tetraspanin counts of single-EV analysis. The correlation between tetraspanin counts of single-EV analysis were investigated
using linear regression. All three regressions showed statistically significant correlations. In all linear regressions, individual points represented mean values of
each fraction. Solid lines indicated linear regressions and R2 indicated determination coefficient of the regression. Regressions that have P< 0.05 are considered
statistically significant

EVs in each fraction were classified into seven populations that had different tetraspanin expression profiles, it is difficult
to investigate correlations among them by direct comparison. Therefore, the results were further visualized using t-distributed
stochastic neighbour embedding (t-SNE) and clustered heat map analyses (Figure 7d,e). In both analyses, some of the fractions
clustered together; that is, these fractions have similar population compositions. For example, the DG/10-20 and BDG/10-20
fractions were clustered together in both analyses but the DG/0-10 fraction was not; this result suggest that the DG/10-20 and
BDG/10-20 fractions isolated similar populations of EVs, and that they were different than the EVs in the DG/0-10 fraction.
The heat map result showed four clusters. The first and third clusters were exactly matched with the C1 and C3 clusters of tSNE

analysis; this clusters indicated that isolation methods that exploit density most effectively separated CD9∙CD81 double-positive
and CD63 single-positive EVs, which were the two major populations of DUC-EVs (Figures 4d and 7e). The fourth cluster and
C4 cluster of tSNE showed that all SEC fractions isolated similar populations of EVs, and also showed that the SEC isolation
separated different populations of EVs compared to the methods that exploit density gradients (Figure 7d,e).
Lastly, to reinvestigate the correlation between the conventional analyses and single-EV analysis that failed in the previous sec-

tion, we performed the correlation analysis again, but only with the fractions that were confirmed to have similar populations in
the tetraspanin co-localization analysis (SEC8, SEC9, SEC10, SEC11, and BDG/0-10 fractions) (Figure 7e, bottom five fractions).
As a consequence, the correlation between the single-EV tetraspanin counts and tetraspaninWB became strong and statistically
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F IGURE  Single EV tetraspanin co-localization analysis of all EV fractions. Tetraspanin co-localization analysis of (a) DG fractions, (b) BDG fractions,
and (c) SEC fractions. Co-localization analysis of all fractions showed seven different EV populations by tetraspanin expression profiles. Bars = mean ± S.D.,
Student’s t-test, pairs showed statistical significant differences were indicated by brackets with *: P < 0.05, **: P < 0.01 (n > 9). (d) t-distributed stochastic
neighbour embedding (t-SNE) visualization of all EV fractions. Seven-dimensional population information of each fraction was reduced to two-dimensional
space by t-SNE with perplexity value = 16. Fractions that were close to each other were grouped into clusters (c1-c4). (n = 9). (e) Clustering heat map analysis
of EV fractions. Average proportions of each population were expressed as coloured block (high: red, low: blue) (n = 9). Similarities between the EV fractions
were calculated using the Euclidean distance and the similar fractions were grouped and separated by the gaps. The clusters identified in tSNE analysis are also
indicated on the right side of the heat map

significant (Figure S12d-f). However, the tetraspanin counts still did not show any correlations with protein yield, particle yield
or purity (Figure S12a-c).

 DISCUSSION

Although the diversity of EVs and the presence of their subpopulations have been well demonstrate by previous studies, analyt-
ical methods that can quantitatively investigate this feature have rarely been developed. Available EV analysis methods have not
been able to answer critical questions about EV biology, such as which EV subpopulations exert specific biological functions, or
which subpopulations of EVs from blood provide information for disease diagnostics. Although some of the recently-developed
technologies have provided tools to investigate subpopulations of EVs, the use of such advanced technologies has often been
limited. In this study, to establish the technical foundation to find answers for these important questions, we introduced a new
single- vesicle analysis method that can visualize individual EVs and characterize their marker expressions. The method uses a
TIRF microscope, which is already widely used, so various researchers can easily apply the method to their own research. For
a reliable and reproducible analysis, every aspect of the analysis such as imaging surface-EV interaction, imaging surface-probe
interaction, EV labelling conditions and accuracy of co-localization analysis were thoroughly characterized in the manuscript.
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The method can be used along with conventional EV analyses because it only requires a simple biotinylation of EVs that is com-
patible with most of existing analysis methods. The strong EV-anchoring property of the surface allows a reliable co-localization
analysis of multiple markers, and the effective protein-repelling property of the surface enables rapid and efficient fluorescent
labelling of EVs. With these advantages, the entire analysis, including EV labelling, took only approximately 1 h. This rapid and
efficient EV analysis is a great advantage over conventional methods, which all require lengthy EV labelling and washing steps
that also affect the diversity of EV samples.
From the results of the application of our single-EV analysis to HEK293 EVs, we identified unprecedented expression pat-

terns of tetraspanins and lipids in individual EVs. The analysis revealed two distinct subpopulations from the DUC-isolated
HEK293 EVs by tetraspanin expression pattern: one is CD9∙CD81 double-positive EVs and the other is CD63 single-positive
EVs. Although we did not further investigate to identify the biological implications of these populations, similar observations
have been reported previous literatures. A study that used flow cytometry showed co-partitioning of CD9 and CD81 tetraspanin
molecules into HIV-1, and another showed that EVs that express CD9 and CD81 had similar sizes using size-based EV separa-
tion technique (Dahmane et al., 2019; Jeong, Han, Cho, Gianchandani, & Park, 2018). Our analysis also showed that most of the
CD63-positive EVs were CD63 single-positive, but once co-localized, they were CD9∙CD63∙CD81 triple-positives. This unique
pattern was also observed in the control experiment using the surface-tethered CD81 antibody; the number of detected CD63-
positive EVs was significantly reduced in EVs immobilized by CD81 antibody compared to EVs immobilized by biotin-avidin
interaction. However, from the analysis result of EVs isolated from the B16BL6 cell line, we also confirmed that these tetraspanin
expression patterns were not always observed in all types of cells. For example, a previous literature that investigated tetraspanin
expression profiles of porcine seminal plasma EVs reported that CD9 and CD63 were co-expressed in exosomes in their flow
cytometric EV analysis (Barranco et al., 2019). In addition, the co-localization analysis result of lipid probes and tetraspanins
implied possibility that there might be plenty of undetected EVs on the imaging surface. Therefore, to verify biological meanings
of the identified EV subpopulations and to identify surface-immobilized but undetected EV populations, further investigations
with a wide variety of additional EV markers are required.
To demonstrate the advantages of the single-EV analysis in a real EV applications, we performed population analysis of EV

fractions acquired from three most frequently used EV isolation methods. The tetraspanin co-localization analysis effectively
showed the similarity and dissimilarity between the fractions, which could not be revealed by any of conventional analyses.
For example, tetraspanin WB analysis of the BDG/10-20 and SEC #10 fractions showed almost the same tetraspanin expression
profiles, whereas single-EV co-localization analysis clearly illustrated their differences in tetraspanin expression profiles. The
fractions acquired from different density gradient layers showed distinctively different tetraspanin expression patterns, which
is indicating density-based isolation methods were effective in separating a heterogeneous DUC-EV sample into more refined
subpopulations. On the contrary, the fractions acquired from SEC did not show much difference in tetraspanin expression pro-
files, and from this result, we can confirm that the SEC methods might have difficulty separating EVs that express different
tetraspanins.
In summary, we demonstrated a single-EV analysis that can visualize expressions of multiple EV-relatedmarkers in individual

EVs. By analysing the co-localizations of tetraspanin signals, we revealed distinct EV populations expressing different combina-
tions of tetraspanin. Althoughwe tested only a limited number of EVmarkers, the analysis successfully revealed that the different
isolationmethods yielded different characteristics of EV fractions. Further investigations using different sets of antibodies or EVs
from different sources will providemore valuable information regarding the biology of EVs.We expect that the proposed analysis
method will be a powerful tool to investigate the characteristics of EVs.
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