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Extracellular Vesicles: Composition, 
Biological Relevance, and Methods 
of Study

MIKOŁAJ P. ZABOROWSKI, LEONORA BALAJ, XANDRA O. BREAKEFIELD, AND CHARLES P. LAI

The release of extracellular vesicles (EVs), including exosomes and microvesicles, is a phenomenon shared by many cell types as a means of 
communicating with other cells and also potentially removing cell contents. The cargo of EVs includes the proteins, lipids, nucleic acids, and 
membrane receptors of the cells from which they originate. EVs released into the extracellular space can enter body fluids and potentially reach 
distant tissues. Once taken up by neighboring and/or distal cells, EVs can transfer functional cargo that may alter the status of recipient cells, 
thereby contributing to both physiological and pathological processes. In this article, we will focus on EV composition, mechanisms of uptake, and 
their biological effects on recipient cells. We will also discuss established and recently developed methods used to study EVs, including isolation, 
quantification, labeling and imaging protocols, as well as RNA analysis.
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Definitions and subtypes
Extracellular vesicles (EVs) are nanosized, membrane-bound 
vesicles released from cells that can transport cargo—includ-
ing DNA, RNA, and proteins—between cells as a form of 
intercellular communication. Different EV types, including 
microvesicles (MVs), exosomes, oncosomes, and apoptotic 
bodies, have been characterized on the basis of their biogen-
esis or release pathways (figure 1a). Microvesicles bud directly 
from the plasma membrane, are 100 nanometers  (nm) to 
1 micrometer (μm) in size, and contain cytoplasmic cargo 
(Heijnen et  al. 1999). Another EV subtype, exosomes, is 
formed by the fusion between multivesicular bodies and the 
plasma membrane, in which multivesicular bodies release 
smaller vesicles (exosomes) whose diameters range from 40 
to 120 nm (El Andaloussi et al. 2013, Cocucci and Meldolesi 
2015). Dying cells, however, release vesicular apoptotic bodies 
(50 nm–2 μm) that can be more abundant than exosomes 
or MVs under specific conditions and can vary in content 
between biofluids (Thery et  al. 2001, El Andaloussi et  al. 
2013). Membrane protrusions can also give rise to large EVs, 
termed oncosomes (1–10 μm), which are produced primarily 
by malignant cells in contrast to their nontransformed coun-
terparts (Di Vizio et al. 2012, Morello et al. 2013). Because 
EV isolation methods to date only enable enrichment but not 
distinct separation of these EV subpopulations, the current 
article collectively refers to all vesicles released by cells as EVs 
unless otherwise stated by the cited studies.

EV structure and composition
The content of EVs includes lipids, nucleic acids, and pro-
teins from donor cells.

Lipid content and membrane features. EV membranes consist of a 
lipid bilayer similar to that of cell plasma membrane, in con-
trast to the single-layered high- and low-density lipoprotein 
(HDL and LDL) found in body fluids (Laulagnier et al. 2004). 
Exosomes are enriched in sphingomyelin, gangliosides, and 
disaturated lipids, and their phosphatidylcholine and diacyl-
glycerol proportion are decreased relative to the membranes 
of their cells of origin (Laulagnier et al. 2004). Some studies 
also describe an increased fraction of cholesterol in  exosomes 
compared with that in cellular membranes (Llorente et  al. 
2013). In contrast to cellular membranes, exosomes contain 
more phosphatidylserine in the outer leaflet, which may 
facilitate their internalization by recipient cells (Fitzner et al. 
2011). A comparison of banked red blood cells and MVs 
derived from them revealed a high similarity in lipid com-
position, with the exception of polyunsaturated glycerophos-
phoserine (38:4), which was enriched in MVs (Bicalho et al. 
2013). These differences are consistent with the distinctive 
biogenesis of exosomes and MVs, because the latter stem 
directly from the plasma membrane.

The increased content of sphingomyelin and disaturated 
lipids implies a higher rigidity of the exosome lipid bilayer 
compared with that of cell membranes. Indeed, studying 
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the anisotropy of a hydrophobic probe demonstrated that 
exosomes exhibit greater rigidity than cell plasma mem-
branes, which was confirmed using Laurdan fluorescence 
spectroscopy (Laulagnier et  al. 2004, Parolini et  al. 2009). 
Interestingly, exosome membrane rigidity has been suggested 
to be pH dependent. For example, EVs derived from baso-
phils (RBL-2H3) and treated with acidic solution became less 
rigid, more nearly matching the rigidity of the cell plasma 
membrane, which remained unchanged under the acidic pH 
(Laulagnier et al. 2004). The pH dependence may be linked 
to the origin of exosomes, because the pH in multivesicular 
bodies is lower than in the cytoplasm (Laulagnier et al. 2004). 
This is also consistent with the observation that a lower pH in 
the tumor microenvironment increases the cellular uptake of 
EVs (Parolini et al. 2009). The greater acidity renders the flu-
idity of EV membranes more similar to that of the cell plasma 
membrane, thereby promoting fusion (Laulagnier et al. 2004, 
Record et al. 2014). This concept, however, requires further 
study, because melanoma cells cultured under an acidic 

condition release EVs with more rigid membranes (Parolini 
et al. 2009). The discrepancy may be attributed to different 
cell types and methods used—the former study analyzed 
EVs isolated under normal conditions followed by acidic 
pH treatment, whereas the latter investigated EVs isolated 
from cells grown in an acidic environment. Transmembrane 
flip-flop lipid movements, which facilitate the exchange 
between the outer and inner leaflet of the membrane, are 
higher in EV membranes than in the cell plasma membrane 
(Laulagnier et al. 2004). The difference in biophysical prop-
erties between EVs and cell membranes may arise from their 
variation in lipid as well as protein composition. Finally, the 
greater rigidity of EVs as a result of their high sphingomyelin, 
disaturated-lipid, and cholesterol content may contribute to 
their resistance to degradation and therefore their stability as 
carriers of various biomolecules (Huang et al. 2013, Ridder 
et al. 2014).

EVs contain enzymes involved in lipid metabolism, includ-
ing phospholipases D and A2, whose activities are triggered 

Figure 1. Cells produce different types of extracellular vesicles (EVs) that vary in size. (a) Exosomes and microvesicles 
(MVs) are produced by normal and diseased cells. Apoptosis triggers the release of apoptotic bodies. In addition, some 
cancer cells were reported to generate large EVs, termed oncosomes. (b) EVs can be taken up via different mechanisms, 
including endocytosis, membrane fusion, or phagocytosis. They deliver nucleic acids, proteins, and lipids that can be 
functional in recipient cells. Ligand–receptor interactions on the cell surface can also result in biological effects and help  
to target vesicles to specific cell types. Abbreviations: nm, nanometers; µm, micrometers.



Overview Articles

http://bioscience.oxfordjournals.org August 2015 / Vol. 65 No. 8 • BioScience   785   

by the addition of GTP (Subra et  al. 2010). Adipocytes 
under hypoxic conditions secrete EVs with increased levels 
of enzymes needed for de novo lipogenesis, including fatty 
acid synthase (Sano et al. 2014). Normal adipocytes treated 
with these EVs tended to accumulate more lipids, pos-
sibly via the EV-transferred fatty acid synthase. EVs from 
RBL-2H3 basophil cells also transport bioactive lipids, such 
as arachidonic acid (AA) and prostaglandin E2 (PGE2; Subra 
et  al. 2010). When compared with the parental cancer cell 
line of origin, EVs showed an enrichment in ceramide and 
phosphatidic acid that have the capacity to influence the 
recipient cell status (Llorente et  al. 2013). In addition, the 
high proportion of cholesterol and sphingomyelin in EVs 
may contribute to the apoptosis of recipient cells, because 
artificial nanoparticles mimicking this lipid composition of 
EVs reduced pancreatic tumor cell survival (Beloribi et  al. 
2012). Taken together, lipids and lipid metabolic enzymes 
transferred by EVs can participate in changing the status of 
recipient cells.

RNA. RNA transported by EVs (EV-RNA) is predominantly 
shorter in size (less than 200 nucleotides [nt]) than the aver-
age cellular fraction, although the observation is based on 
bioanalyzer data which can be affected by sample purity 
(table 1; Huang et al. 2013, Eirin et al. 2014). The sequenc-
ing of total RNA from serum-derived EVs suggested that 
microRNAs (miRNA) and transfer RNA (tRNAs) constitute 
about 15% of EV-RNA (Bellingham et al. 2012). The pres-
ence of miRNAs as well as long noncoding RNAs was also 
identified in the fraction of large oncosomes (Di Vizio et al. 
2012, Morello et  al. 2013). In the pool of long transcripts 

(more than 200 nt), both coding and noncoding RNAs were 
detected (Bellingham et  al. 2012, Huang et  al. 2013). The 
amount of RNA in EVs varies depending on the cell type of 
origin. Some cancer-derived EVs contain more total RNA 
than those derived from normal cells (Balaj et  al. 2011). 
Interestingly, some profiles of EV-RNA do not mirror those 
of cellular RNA (Skog et  al. 2008). Although they contain 
many transcripts in common, some RNAs were systemati-
cally enriched in the released EVs (Valadi et al. 2007, Skog 
et al. 2008, Eirin et al. 2014). The sequencing of RNA derived 
from mesenchymal stem cell EVs, for example, demon-
strated an increased proportion of mRNA encoding tran-
scription factors and proteins involved in alternative splicing 
and Golgi apparatus components, with relative depletion of 
transcripts encoding proteins for mitochondria, the cyto-
skeleton, or calcium signaling (Eirin et  al. 2014). A study 
applying whole human-genome microarrays revealed high 
levels of retrotransposon sequences—such as human endog-
enous retroviruses (HERVs), Alu, or L1—in glioblastoma-
derived EVs when compared with those in the donor cells 
(Balaj et al. 2011). The fraction of RNA repeat regions—long 
interspersed elements and short interspersed elements—has 
been estimated by RNA sequencing to constitute up to 50% 
of EV-RNA (Bellingham et  al. 2012). Although various 
RNA types have been identified in EVs, it remains to be 
determined to what extent EV-RNAs are full length and/or 
mainly fragments of the transcripts and to what extent they 
are functional in recipient cells.

Because several RNA species are enriched in EVs, it raises 
the question as to whether certain mechanisms are respon-
sible for their selective packaging. A defined sequence motif 

Table 1. RNA species detected in EV-RNA in different biological samples.
Study Biological material Method RNA species

Valadi et al. 2007 Mast-cell line (MC/9),
primary bone marrow–derived mast cells 
(BMMC), human mast-cell line (HMC-1)

Affymetrix microarray
miRCURY™ LNA Array

mRNA (including polyadenylated 
fraction) miRNA

Skog et al. 2008 Primary glioblastoma multiforme cells
Matched glioblastoma tumor and serum

Agilent whole human genome 
microarray, 4 ×44K
Nested PCR

mRNA (including EGFRvIII mutant)
miRNA

Balaj et al. 2011 Primary glioblastoma cell lines 20/3 and 11/5
Primary medulloblastoma cell lines D458, 
D384 and D425
Rhabdoid tumor cell line NS224
Melanoma cell line, Yumel 0106
Epidermoid carcinoma cell line, A431
Human fibroblast lines, HF19 and HF27,
Serum from xenograft mouse model of 
medulloblastoma

Agilent whole human genome 
microarray, 4 ×44K

mRNA (including c-Myc amplification)
human endogenous retroviruses 
(HERVs)

Bellingham et al. 2012 Mouse hypothalamic neuronal (GT1-7) cell lines
GT1-7 cells infected with human Fukuoka-1 
prion strain

Small RNA deep sequencing mRNA, RNA repeats, rRNA, small 
RNA (Transfer RNA (tRNA), small 
interfering (siRNA), small nucleolar 
RNA (snoRNA), small cytoplasmic 
RNA (scRNA), small nuclear RNA 
(snRNA), miRNA

Huang et al. 2013 Human plasma Small RNA deep sequencing miRNA, lncRNA, tRNA, snoRNA, 
snRNA, piwi-interacting RNA (piRNA), 
mRNA

Eirin et al. 2014 Porcine adipose tissue–derived mesenchymal 
stromal/stem cells

RNA deep sequencing mRNA, rRNA, miRNA
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(CUGCC) in the three prime (3′) untranslated region in the 
presence of a binding site for miR-1289 has been shown to 
promote mRNA uploading into EVs (Bolukbasi et al. 2012). 
Another proposed mechanism involves sequence motifs in 
miRNAs recognized by the ribonucleoprotein hnRNPA2B1, 
which may promote miRNA packaging into EVs (Villarroya-
Beltri et al. 2013). This process seems to be controlled by the 
posttranslational modification of hnRNPA2B1 in the form 
of SUMOylation that regulates protein stability and cellular 
trafficking (Villarroya-Beltri et  al. 2013). The sorting of 
miRNAs to exosomes may also be driven by 3′ end post-
transcriptional modifications, because 3′ adenylated miR-
NAs are prevalent in cells, whereas 3′ uridylated miRNAs 
are characteristic of exosomal miRNAs (Koppers-Lalic et al. 
2014). Mechanisms that increase the likelihood of enrich-
ment in EVs support the view that the phenomenon of RNA 
export into EVs is biologically relevant.

Several studies have shown that RNA can be transferred 
to recipient cells by EVs (Valadi et al. 2007, Skog et al. 2008, 
Mittelbrunn et  al. 2011). Therefore, the next interesting 
question is to what extent is the transferred RNA functional. 
The fraction of polyadenylated mRNAs suggests its transla-
tion potential after uptake, which has been confirmed in 
recipient cells by translation assays (Valadi et al. 2007, Skog 
et  al. 2008, Lai et  al. 2015). miRNAs transported between 
cells by EVs may regulate the translation of target mRNAs 
in recipient cells (for more examples, see Mittelbrunn et al. 
2011, Redzic et al. 2014). Examples include EVs released by 
T cells that can transfer specific miRNAs (e.g., miR-335) to 
recipient antigen-presenting cells (Mittelbrunn et al. 2011). 
The uptake of EVs containing Epstein Barr virus (EBV)—
specific miRNAs by immune cells is discussed in detail in 
box 1. Recently, functionally relevant RNA transfer has also 

been shown in vivo. The authors studied transgenic mice 
expressing Cre recombinase under a promoter specific for 
hematopoietic cells and detected the enzyme activity in 
Purkinje cells in the cerebellum without evidence of cell 
fusion (Ridder et  al. 2014). EVs isolated from peripheral 
blood did not contain detectable Cre protein, whereas both 
smaller and larger EVs carried Cre mRNA. The intracranial 
injection of EVs resulted in flox recombination detectable in 
Purkinje cells and in other nervous tissue cells. Furthermore, 
systemic inflammation induced by either a lung tumor or 
peritonitis increased the number of these recombination 
events in Purkinje cells (Ridder et al. 2014). Taken together, 
these observations support the concept that EV-RNA can 
be transferred between cells via EVs not only in a paracrine 
fashion but also distally, where it maintains its function.

DNA. EVs can transport DNA that is referred to as EV-DNA 
(Guescini et  al. 2010, Balaj et  al. 2011, Kahlert et  al. 2014, 
Thakur et  al. 2014). DNA ranging in size from 100 base 
pairs (bp) to 2.5 kilobase pairs (kB) can be enclosed within 
EVs (Thakur et al. 2014). A comparison of DNA extracted 
from intact EVs and EVs pretreated with DNase demon-
strated a decrease in double-stranded DNA (dsDNA) longer 
than 2.5 kB in the fraction subject to enzymatic cleavage 
(Thakur et  al. 2014). This finding suggests that these long 
dsDNA fragments are present in the EV pellet but not 
enclosed within the EV membrane that would protect them 
from DNase activity (Thakur et al. 2014). The total pool of 
EV-DNA studied by sequencing in exosomes derived from 
murine B16-F10 melanoma cells and from serum in pan-
creatic cancer patients spans sequences across all chromo-
somes of genomic DNA (gDNA; Kahlert et al. 2014, Thakur 
et al. 2014). Probing of gDNA in cells and EV-DNA in the 

Box 1. Extracellular vesicles in viral infection.

Extracelluar vesicles (EVs) also play a role in viral infection. EVs from Epstein Barr Virus (EBV)–transformed lymphoblastoid B cells 
(LCL) are taken up by dendritic cells and transfer EBV-specific BamHI A rightward transcript (BART) miRNAs, resulting in the 
repression of the immunostimulatory gene IFN-inducible T-cell attracting chemokine (CXCL11; Pegtel et al. 2010). The effect was spe-
cific to the sequence of BART miRNA because a firefly luciferase reporter construct with the 3′ untranslated region of CXCL11 (which 
contains the BART miRNA binding site) demonstrated a reduction in reporter activity. This suppressive effect was less pronounced 
when the reporter was tagged with mutated BART miRNA binding sites. The release of viral miRNA from EVs capable of repressing 
genes responsible of immune activation may therefore enhance infection efficiency.

The proteins transferred by EVs may also precondition recipient cells to be more susceptible to viral infection. HIV 1–infected cells 
produce EVs harboring Nef viral protein (Arenaccio et al. 2014). Nef protein was shown to make EV-recipient cells more permissive to 
subsequent HIV-1 replication (Arenaccio et al. 2014). Moreover, EVs provide a direct route for hepatitis C virus (HCV) transmission. 
EVs released from HCV-infected Huh7.5.1 hepatoma cells contain viral core protein and entire RNA viral genome (Ramakrishnaiah 
et al. 2013). Naive Huh7.5.1 cells incubated with EVs derived from infected cells were capable of inducing infection to the same extent 
as pure viral particles (Ramakrishnaiah et al. 2013). EV-pretreated cells were capable of inducing secondary infection in naive cells, 
supporting the notion that EVs mediate viral particle spread (Ramakrishnaiah et al. 2013). Furthermore, HCV-specific immunoglobu-
lins derived from 3 out of 10 patients had a stronger inhibitory effect on free virus– than on EV-transmitted infection (Ramakrishnaiah 
et al. 2013). It suggests that EVs may provide viral particles with protection against antiviral immune response and therefore facilitate 
viral propagation. In addition, herpes simplex virus 1 (HSV-1)–infected cells release EVs containing stimulator of IFN genes (STING), 
which hinders the infection of intracellular pathogens, prior to the release of active virus particles (Kalamvoki and Roizman 2014)
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extracellular medium conditioned by B16-F10 melanoma 
cells with anti-5′ methylcytosine antibody demonstrated 
similar staining signatures, suggesting comparable overall 
methylation status (Thakur et al. 2014), although it remains 
unclear whether the same regions are equally methylated in 
gDNA and EV-DNA. In some instances, EV-DNA has been 
shown to reflect the parental cell gDNA, because cancer 
cell mutations in BRAF, epithelial growth factor recep-
tor (EGFR), KRAS and p53 were successfully detected in 
EV-DNA derived from melanoma and pancreatic cancer 
cells (Kahlert et al. 2014, Thakur et al. 2014). EV-DNA also 
corresponds to the gDNA quantitatively: c-Myc amplifica-
tion was identified in EV-DNA and gDNA from medul-
loblastoma cells (Balaj et  al. 2011). These findings were 
confirmed in serum EVs in mouse tumor models and 
human samples (Balaj et al. 2011, Kahlert et al. 2014, Thakur 
et al. 2014). Although there is compelling evidence for the 
presence of EV-DNA in EVs, the functional significance of 
this cargo remains unknown.

Protein. The protein composition of EVs is, in some instances, 
related to the cell type and mode of biogenesis. Exosomes 
that originate from the endolysosomal compartment tend 
to be more enriched in major histocompatibility complex 
class II (MHC class II) and tetraspanins CD37, CD53, CD63, 
CD81, and CD82 (Heijnen et al. 1999, Tauro et al. 2012). The 
endosomal sorting complex required for transport (ESCRT) 
is a group of proteins indispensable for internal membrane 
budding in the formation of multivesicular bodies (Morita 
et  al. 2007). ESCRT pathway function also requires acces-
sory proteins, including Alix and tumor susceptibility gene 
protein 101 (TSG101) (Morita et  al. 2007). Multivesicular 
bodies can direct proteins to lysosomes for degradation. 
Consequently, exosomes contain ESCRT proteins, Alix, 
TSG101, and chaperones, such as Hcs70 and Hsp90, irre-
spective of cell type (Thery et al. 2001). Some studies indi-
cate that compared with cells, exosomes are enriched in 
glycoproteins and transmembrane proteins (Escrevente et al. 
2011, Sinha et al. 2014). Owing to their plasma membrane 
origin, MVs tend to be enriched in a different repertoire 
of proteins as compared with those of exosomes, including 
integrins, glycoprotein Ib (GPIb), and P-selectin (Heijnen 
et  al. 1999). One pathway of plasma membrane budding 
involves arrestin containing protein 1 (AARDC1) and, 
similarly to exosomes, TSG101 (Nabhan et  al. 2012). MVs 
carry more proteins with posttranslational modifications, 
such as glycoproteins or phosphoproteins, when compared 
with exosomes (Palmisano et  al. 2012). Another class of 
EVs, apoptotic bodies, contains DNA-binding histones and 
is depleted in glycoproteins, which is in direct contrast to 
exosomes (Thery et  al. 2001, Escrevente et  al. 2011). The 
GTP-binding protein ARF6, which regulates cytoskeleton 
remodeling, promotes the shedding of oncosomes (Di Vizio 
et al. 2012) and was found to be incorporated into both MVs 
and large oncosomes (Di Vizio et  al. 2012, Morello et  al. 
2013).

Many of the above-mentioned proteins—especially MHC 
II, tetraspanins, ESCRT proteins, Alix, TSG101, and heat-
shock chaperones—are commonly found in EVs,  irrespective 
of cell of origin, and can consequently be used as general EV 
markers (Thery et  al. 2001, Tauro et  al. 2012). In contrast, 
proteins contained within mitochondria (e.g., aconitase), 
the Golgi apparatus (e.g., GM130), the endoplasmic reticu-
lum (e.g., calreticulin), and some cytoplasmic proteins (e.g., 
α-tubulin) have been reported to be depleted in EVs isolated 
by differential centrifugation (Christianson et al. 2013, Sinha 
et  al. 2014). Therefore, their absence may serve as an addi-
tional confirmation of the purity of EV preparations as long as 
there was no cell stress and/or death. The protein composition 
of different EV subtypes shows a substantial overlap, although 
some proteins are more enriched in one than in other EV 
subtypes (Palmisano et  al. 2012). It is unclear whether the 
overlap is, at least partially, contributed by applied isolation 
techniques, which currently do not allow the complete sepa-
ration of EV subtypes and protein aggregates. However, the 
separation of EV fractions by sucrose gradient centrifugation 
supports, for instance, reduced content—but not the  complete 
absence—of glycoprotein 1b alpha in exosomes when com-
pared with MVs (Heijnen et  al. 1999). Specific markers to 
identify individual EV subtypes remain to be determined.

Some EV proteins can be grouped in functional classes. 
Mass spectrometric analysis of EVs derived from ovar-
ian cancer cell lines indicated enrichment in proteins that 
undergo phosphorylation and acetylation (Sinha et al. 2014). 
Among the most enriched were phosphatidylinositol-3- 
kinase, mitogen-activated protein kinase (MAPK), and ErbB 
family members (Liang et  al. 2013, Sinha et  al. 2014). This 
could partially explain the EVs potent biological effects on 
recipient cells, with kinases often serving as key signaling 
molecules. In accordance with abundant RNA and DNA 
transferred by EVs, nucleic acid binding is the most common 
function among proteins extracted from EVs (Sinha et  al. 
2014). Catalytic activity was also a well represented function 
(Liang et al. 2013). The surface protein repertoire in EVs may 
reflect the biologic status of parental cells. Indeed, the expres-
sion of EpCam, CD24, Ca-125, CA19-9, EGFR, and cloudin 3 
was highly consistent between ovarian cancer cells and their 
released EVs (Runz et al. 2007, Im et al. 2014). The antigen 
profile was specific to ovarian cancer cells and their derived 
EVs. This characteristic enables the distinction between EVs 
derived from cancer and those derived from nonmalignant 
ovarian epithelium cells (TIOSE6; Im et al. 2014).

The proteins released in association with EVs—includ-
ing receptors, transcription factors, and enzymes—can be 
functional and drive phenotypic changes in recipient cells. 
This form of transfer may contribute to the spread of the 
aggressive phenotype of malignant subpopulations of cancer 
cells within heterogeneous tumors. Glioblastoma cells, for 
instance, were shown to release the oncogenic mutant form 
of epidermal growth factor (EGFRvIII) in EVs (Al-Nedawi 
et  al. 2008). The receptor successfully transferred to other 
glioma cells activates the MAPK/Akt cascade and increases 
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their proliferation rate. In nasopharyngeal cancer, EBV 
latent membrane protein 1 (LMP1) up-regulated hypoxia-
inducible factor 1-alpha (HIF-1α) in exosomes (Aga et  al. 
2014). Interestingly, HIF-1α was detected in multivesicular 
bodies of donor cells, which participate in exosome biogen-
esis. The overexpression of wild-type HIF-1α or a mutated 
HIF-1α (with suppressive transcriptional activity) resulted 
in equal packaging into exosomes. The subsequent addition 
of exosomes to recipient cells revealed increased transcrip-
tional activity in response to wild-type HIF-1α but not to 
mutant-containing exosomes (Aga et  al. 2014). In support 
of this finding, exosomal HIF-1α was shown capable of 
binding the DNA sequence of the hypoxia transcriptional 
response element (Aga et  al. 2014). Moreover, treatment 
with wild-type HIF-1α decreased levels of E-cadherin and 
triggered up-regulation of N-cadherin in nasopharyngeal 
cancer cells, with the opposite effect caused by the mutant 
form of HIF-1α protein (Aga et al. 2014). Proteins released 
by EVs can also alter the extracellular space. EVs, includ-
ing large oncosomes, derived from tumor cells contain 
matrix metalloproteinases (MMPs) that can digest the 
extracellular matrix (Di Vizio et  al. 2012, Shimoda and 
Khokha 2013), which enhances the invasiveness of cancer 
cells. Metalloproteinase ADAM10 transferred via EVs from 
cancer-associated fibroblasts also promotes the motility of 
breast cancer cells (Shimoda et  al. 2014). In summary, EV 
protein cargo can convey signaling messages to recipient 
cells in the immediate and distal environments.

EVs in cell communication
The number of EVs released and taken up likely depends 
on donor and recipient cell types, their physiological state, 
and the conditions in the microenvironment (Parolini et al. 
2009, Mittelbrunn et  al. 2011, EL Andaloussi et  al. 2013). 
Exosome formation is promoted by Staphylococcus entero-
toxin superantigen-E in T cells (Mittelbrunn et al. 2011). The 
production of EVs can also be increased in cancer cells under 
hypoxic conditions, which is mediated by HIF-1α (King 
Michael and Gleadle 2012). Similarly, it was observed that an 
acidic microenvironment augments EV release in melanoma 
cells (Parolini et  al. 2009). The induction of cell stress and 
the use of calcium ionophores can also increase the release of 
vesicles (Valadi et al. 2007, El Andaloussi et al. 2013).

In parallel, variability is also found between cell types 
in vesicle internalization: ovarian cancer–derived EVs, 
for instance, are taken up avidly by natural-killer cells 
but very little by T cells (Keller et  al. 2009). These differ-
ences raise important questions about the mechanisms of 
the interactions between EVs and a recipient cell and its 
specificity, as well as factors perturbing it (figure 1b). EV 
uptake is suppressed in low temperature (4 degrees Celsius 
[°C]), suggesting energy dependence (Morelli et  al. 2004, 
Escrevente et al. 2011, Christianson et al. 2013). EVs can be 
either internalized and/or adhere to the surface of a recipi-
ent cell (Feng et  al. 2010). With the use of fluorescently 
labeled EVs, the internalization can be observed within 

approximately 30 minutes and becomes most prominent 
after 4–6 hours using fluorescence-activated cell sorting 
(Feng et al. 2010, Escrevente et al. 2011, Christianson et al. 
2013). Punctate fluorescence may be seen in recipient cells 
for as long as 24  hours after EV exposure. Studying this 
phenomenon with the use of a lipid fluorescent probe, R18, 
suggests that the fusion between EV and cell membranes 
can be a mechanism of uptake (Parolini et  al. 2009). A 
growing body of evidence, however, supports endocytosis 
as a primary means of the internalization of EVs (Svensson 
et  al. 2013). Indeed, cytochalasin D, which interferes with 
actin polymerization and endocytosis, significantly reduces 
the uptake of EVs (Morelli et  al. 2004, Escrevente et  al. 
2011, Svensson et  al. 2013). Similarly, the inhibition or 
knockout of dynamin, a GTPase that is responsible for the 
formation of new endosomal vesicles, significantly sup-
pressed EV uptake (Nanbo et al. 2013). Similar effects are 
exerted by nocodazol, which interferes with microtubules 
and therefore perturbs endosomal trafficking (Svensson 
et  al. 2013). Tracking of EV fate after the uptake revealed 
that they are taken up into endosomes first and then move 
along microtubules (Svensson et  al. 2013). It is still under 
debate as to which type(s) of endocytosis drives this pro-
cess. In one study, the inhibition of clathrin-dependent 
endocytosis by chlorpromazine reduced EV internalization 
(Escrevente et al. 2011), whereas the knockdown of clath-
rin had no effect in another study (Svensson et  al. 2013). 
The discrepancy may be attributed to the low specificity 
of chlorpromazine toward the clathrin-mediated pathway. 
However, EVs secreted by EBV-infected B cells were pri-
marily taken up by nasopharyngeal carcinoma CNE-1 cell 
via caveola-dependent endocytosis (Nanbo et  al. 2013). 
By contrast, the knockdown of caveolin increased the 
internalization of glioblastoma-derived EVs into mouse 
embryonic fibroblasts (Svensson et al. 2013). There is also 
compelling  evidence that lipid raft–dependent endocytosis 
plays a major role in EVs’ uptake. EVs  co- localize with 
lipid-raft markers, flotillin-1, and cholera toxin subunit 
B, which binds to GM1 gangliosides on the cell surface 
(Svensson et al. 2013). The depletion of cholesterol that is 
enriched in these areas of the plasma membrane—either 
by methyl-beta-cyclodextrin or by simvastatin—reduced 
EV uptake (Escrevente et  al. 2011, Svensson et  al. 2013). 
Disturbing cell membrane composition by binding filipin 
to cholesterol exerted the same effect (Parolini et al. 2009). 
This is consistent with the increased cholesterol level in EVs 
that may make them exhibit a higher affinity toward the 
lipid rafts of cell membranes (Llorente et al. 2013). Indeed, 
liposomes, the synthetic counterpart of EVs, demonstrated 
an enhanced uptake with increasing cholesterol content 
(Smyth et al. 2014).

Phagocytosis may also play a role in EV uptake, because 
cells with a phagocytic phenotype (RAW 264.7, U937, J774A.1 
macrophages) internalized EVs that were subsequently iden-
tified in phagosomes (Feng et al. 2010). To corroborate this, 
the phagocytosis inhibitor wortmanin suppressed this EV 
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uptake (Feng et al. 2010). The blockade of macropinocytosis 
by amiloride also reduced EV uptake in ovarian cancer cells 
SKOV3 (Escrevente et al. 2011). The distinct or even contra-
dictory results obtained by different studies suggest that the 
mechanism of EV uptake may occur by multiple mechanisms 
even in the same cell and is also influenced both by the cell of 
origin, the type of EVs, the nature of the recipient cells, and 
the specificity of inhibitory molecules, as well as potentially 
by the methods of EV labeling.

The efficacy of EV exchange between cells probably also 
depends on their surface antigen repertoires. The digestion 
of membrane proteins exposed on the EVs with proteinase 
K can decrease the uptake by 32 ± 8% in recipient cells 
(Escrevente et  al. 2011). The blockage of integrins (CD51, 
CD61) or tetraspanins (CD9, CD81) with monoclonal anti-
bodies also had suppressive effects on EV internalization 
by dendritic cells (ranging from 15% and 20%) (Morelli 
et  al. 2004). A recent study revealed that internalization 
is dependent on heparan sulfate proteoglycans (HSPGs) 
expressed on the surface of recipient cells, with EVs co-
localizing with HSPG on the plasma membrane of recipient 
cells (Christianson et al. 2013). The addition of heparin to 
U87 glioblastoma cells diminished EV uptake (Atai et  al. 
2013), with the effect being more potent when HSPG con-
tained more negative sulphate groups (Christianson et  al. 
2013). The charge of heparan sulfate (HS) appears to be 
primarily responsible for this inhibition, because the addi-
tion of calcium ions reduced the inhibitory activity of HS on 
EV uptake (Christianson et al. 2013). Consistently, cells with 
mutation in xylosyl transferase and therefore a lower expres-
sion of HSPG revealed lower uptake (Christianson et  al. 
2013). In accordance with reduced uptake, the migration 
of glioblastoma cells induced by glioblastoma-derived EVs 
was inhibited by the addition of heparin (Christianson et al. 
2013). The level of expression of HSPGs may partly account 
for the intercellular variability in the uptake efficiency or 
the mechanisms of uptake of EVs. Overall, the interaction 
between antigens expressed at the surfaces of recipient 
cells and on EVs, at least in part, determines the extent of 
internalization.

The biological effects of EVs
Owing to their rich composition and capacity to interact 
with other cells, EVs play a functional role in many biologi-
cal processes (figure 2). EVs are readily exchanged between 
cancer cell populations, which can promote proliferation 
(Al-Nedawi et al. 2008, Skog et al. 2008, Keller et al. 2009). 
They can also enhance the migration of cancer cells, as well 
as the invasion and metastases of tumors via the release of 
EVs enriched with MMP 2 and 9, which digest the extra-
cellular matrix (Di Vizio et  al. 2012, Aga et  al. 2014). The 
induction of epithelial-to-mesenchymal transition (EMT) 
upon interaction with EVs was confirmed by showing 
EV-induced reduction of E-cadherin expression by cancer 
cells (Aga et  al. 2014), with mesenchymal cancers being 
more malignant.

Neoplastic cells can also release EVs that modify the phe-
notype of host cells to facilitate tumor growth. EVs released 
from ovarian cancer cells contain CD147, which promotes 
the expression of MMP-1, -2, and -9 in endothelial cells 
(Millimaggi et  al. 2007). EVs promote angiogenesis by 
stimulating the migration and tubule formation of endo-
thelial cells (Skog et al. 2008, Svensson et al. 2011, Di Vizio 
et al. 2012). Interestingly, this effect was also exerted by EVs 
derived from renal cancer stem cell populations (CD105 
positive cells with the confirmed ability to form spheres 
and initiate tumors; Grange et al. 2011) and therefore may 
be a common property of cancer cell–derived EVs. The 
angiogenic activity was stronger if EV-producing cells were 
cultured under hypoxic conditions (Kucharzewska et  al. 
2013). EGFR transferred to endothelial cells from cancer 
cells via EVs induced the autocrine release of vascular endo-
thelial growth factor to support angiogenesis (Al-Nedawi 
et  al. 2009). Oncosomes were also shown to trigger the 
migration of cancer-associated fibroblasts (CAFs; Morello 
et  al. 2013). Interestingly, CAFs, in turn, shed EVs with a 
high content of miR-409, which contributed to the EMT 
transition and high cancer stem cell phenotypes (Josson 
et  al. 2014). EVs released by ovarian cancer cells contrib-
uted to the expansion and higher functional competence 
of regulatory T lymphocytes and the apoptosis of cytotoxic 
T lymphocytes that results in the suppression of antitumor 
immune responses (Szajnik et al. 2010). The incubation of 
breast cancer– or glioma-released EVs with fibroblasts and 
epithelial cells resulted in the increased anchorage-indepen-
dent growth and survival of host cells, suggesting features of 
transformation in nonneoplastic host cells (Antonyak et al. 
2011). Taken together, the exchange of EVs between can-
cer and normal cells in the tumor microenvironment can 
result in the promotion of tumor growth through multiple 
mechanisms.

The influence of EVs is not confined to paracrine activ-
ity but is also potent toward remote organs. Intravenously 
injected EVs accumulate in the spleen, liver, lungs, and 
kidneys and reside for at least 6 hours postinjection (Lai 
et  al. 2014). The pro-angiogenic and pro-invasive proper-
ties of EVs were also confirmed by the intravenous injec-
tion of cancer stem cell–derived EVs that increased the 
number of remote pulmonary metastases of malignant 
renal tumors (Grange et  al. 2011). Consistent with this, 
melanoma-released EVs administered into the tail vein 
of naive mice were found in the lungs, spleen, bone mar-
row, and liver—setting the stage for common metastatic 
sites for melanoma patients (Peinado et  al. 2012). These 
EVs increased the leakiness of vessels within these organs, 
as well as the number and the distribution of metastases 
(Peinado et  al. 2012). Melanoma EVs were also found to 
recruit bone marrow–derived cells to the primary location 
of the tumor, which had a supportive effect on neoplastic 
growth (Peinado et al. 2012). Subcutaneously injected mela-
noma EVs accumulated in lymph nodes, and subsequently 
implanted neoplastic cells were recruited to the same 
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location as a model for melanoma metastases commonly 
found in lymphatic tissue (Hood et al. 2011). A recent study 
demonstrated that EVs released from a metastatic breast 
cancer cell line (4T1E) contained high levels of miR-200, 
which promotes mesenchymal-to-epithelial transition and 
facilitates the colonization of distant tissues (Le et al. 2014). 
Nonmetastatic breast cancer cells (4TO7V) pretreated with 
4T1E-derived EVs formed more lung metastases following 
tail injection (Le et al. 2014). The inhibition of miR-200 in 
4T1E cells reduced this pro-metastatic effect of EVs (Le 
et al. 2014). These studies demonstrate that cancer-derived 
EVs can have a systemic effect by preconditioning remote 
tissues and other neoplastic cell subpopulations to facilitate 
tumor dissemination. It should be noted, however, that 
these studies investigated the effects of EVs generated ex 
vivo on tumor growth in vivo. Therefore, further research is 
required to elucidate the potential of endogenously released 
tumor vesicles in mediating the same tumor-promoting 
processes.

Methods and challenges in studying EVs
Choosing a suitable method based on the EV subtypes is 
important in studying EVs. Below, we discuss the strategies 
of isolation, quantification, and RNA analysis and ways to 
image EVs.

Methods of isolation. EVs are typically isolated by following 
the major types of methods: differential centrifugation 
culminating in ultrafiltration, density gradient/cushion 
centrifugation, and immunoaffinity-based capture. The 
most widely used method of EV isolation is based on dif-
ferential centrifugation. It enables enrichment—but not 
complete separation—of different EV fractions (table  2). 
Ultracentrifugation consists of an initial low-speed centrif-
ugation step to remove cells (300 × gravitational force [g], 
10 minutes, 4°C) and debris (2000 × g , 10 minutes, 4°C). 
In most protocols, this is followed by filtration through a 
0.2 μm–0.8 μm filter or a 10,000–20,000 × g centrifugation 
to separate small and large EV subpopulations. Applying a 

Figure 2. Extracellular vesicles (EVs) released from transformed cells can exert biological effects. They increase the 
proliferation rate and invasiveness of other cancer cells. They stimulate endothelial cells to form tubules that support 
tumor angiogenesis. Tumor-derived EVs render cytotoxic T lymphocytes less reactive, which results in the suppression of 
antitumor immune response.
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wide-pore filter (2 μm) or skipping the filtration step or the 
10,000–20,000 × g centrifugation step results in the pooling 
of smaller and larger EV subtypes. The major step to pellet 
EVs requires centrifugation at 100,000 × g for 1.5–2 hours 
using a 70Ti rotor (k factor 44; Beckman Coulter). Longer 
centrifugation increases the yield of pelleted EVs; however, 
spinning over 4 hours results in significant contamination 
with soluble protein (Cvjetkovic at al. 2014). The additional 
purification of EVs can be achieved by multiple washings 
with PBS and centrifugations at 100,000 × g. The isolation 
of EVs from body fluids (e.g., serum, ascites fluid) that 
have higher viscosity and numerous protein aggregates can 
be improved by increasing centrifugation force and time 
(e.g., 2 hours), increasing dilutions in PBS, or performing 
sucrose gradient density ultracentrifugation (Rani et  al. 
2011). The main drawback of the differential centrifuga-
tion method is the copelleting of high molecular mass 
protein  complexes such as 26S proteasome, HSPG, fatty 
acid  synthase,  lipoproteins, and viral particles (Vickers 
et al. 2011, Tauro et al. 2012). It is also time consuming and 
requires an ultracentrifuge.

Density gradient centrifugation enables the increased 
purification of EVs and the partial separation of different 
subpopulations (Heijnen et al. 1999, Thery et al. 2001). This 
method improves the removal of high molecular weight 
proteins and is especially applicable in the characterization 
of EVs extracted from body fluids, which contain high levels 
of protein aggregates (Runz et  al. 2007, Tauro et  al. 2012). 
Although sucrose solutions are the most widely used for this 
purpose, iodixanol gradients also appear useful in the sepa-
ration of exosomes from viral particles that are also likely to 
copellet using the ultracentrifugation method (Cantin et al. 
2008).

An important disadvantage of the ultracentrifugation 
method is the isolation of all EVs regardless of their 

subtypes and cells of origin. Given that body fluids con-
tain EVs from multiple cell types, it would be valuable 
to obtain EVs derived from specific cell types to study 
their contents and biological effects. Immunoaffinity-
based methods can be useful for this purpose. A33 
antibody–coated beads, for instance, were used to purify 
EVs from colorectal cancer cell–conditioned medium 
(Mathivanan et al. 2010). Magnetic microbeads coupled 
to anti-EpCAM antibody enabled the enrichment of 
ovarian cancer–derived EVs from serum for analysis of 
miRNAs content (Taylor and Gercel-Taylor 2008). The 
superparamagnetic microbeads coated with anti-L1CAM 
antibodies were used to demonstrate an increased level 
of α-synuclein in plasma exosomes in Parkinson’s dis-
ease patients (Shi et  al. 2014). The recently designed 
nano-plasmonic assay (nPLEX) detects exosomes on 
the basis of the wavelength shift in light spectrum that 
appears as a result of EV binding to specific antibod-
ies (Im et al. 2014). This method was used to quantitate 
ovarian cancer exosomes bearing specific antigens in 
ascites fluid from ovarian cancer patients (Im et  al. 
2014). Antibodies that react with antigens common to 
many cell types can also be used as a method of puri-
fication, including CD63 (Chen et  al. 2010, Kanwar 
et al. 2014) or peptides that bind to heat-shock proteins  
(Ghosh et al. 2014).

A comparison of all three procedures performed on 
conditioned media–derived EVs revealed that ultracentri-
fugation yielded the highest protein content (Tauro et  al. 
2012). Mass spectrometry analysis, however, demonstrated 
that high molecular weight protein complexes constituted 
a substantial fraction of the isolated EVs. Although the 
immunoaffinity method (antibodies coupled with magnetic 
beads) extracted lower overall protein, it enabled significant 
enrichment in EV-specific proteins and provided more 

Table 2. Isolation methods of different extracellular vesicles subtypes.
Exosomes Microvesicles Apoptotic bodies Oncosomes

Size 40–120 nm 100 nm–1 μm 50 nm–2 μm 1–10 μm

Differential 
centrifugation and 
filtration steps

1. 300 × g, 10 min
2. 2,000 × g, 10 min
3.  Filtration (0.1, 0.22 or 

0.8 μm)
4.  100,000–120,000 × g, 

1.5–2 hours

(Théry et al. 2009, Rani et al. 
2011, Tauro et al. 2012)

1. 300 × g, 10 min
2. 2,000 × g, 10 min
3.  Filtration 0.8; 1.0 μm 

(optional)
4. 10–20,000 × g, 30 min

(Heijnen et al. 1999, 
Palmisano et al. 2012)

1. 300 × g, 10 min
2. 2,000 × g, 20 min

Comment: Apoptotic bodies 
are also present in 10,000 
and 100,000 × g fractions
(Thery et al. 2001, 
Crescitelli et al. 2013)

1. 2,800 × g, 10 min
2. 10,000 × g, 30 min,

Comment: Alternatively 
filtration through 0.2 μm 
with centrifugation 30 s, 
8000 × g – oncosomes are 
captured by the filter
(Morello et al. 2013)

Additional 
purification

1.  Multiple dilutions in 
PBS and centrifugations 
100,000 × g, 70 min

2.  sucrose cushion  
(Rani et al. 2011)

Fraction in density 
gradient

1.07–1.18 g/ml
(Heijnen et al. 1999, Thery 
et al. 2001, Keller et al. 
2009, Tauro et al. 2012)

Unspecified 1.24–1.28 g/ml
(Thery et al. 2001)

Unspecified
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homogenous EV profiles by electron microscopic evalua-
tion (Tauro et al. 2012). In addition to the above-mentioned 
methods, EVs can also be isolated by size-exclusion chroma-
tography; the strategy remains to be compared with other 
methods (Szajnik et  al. 2010). An increasing number of 
commercial kits based on various proprietary technologies 
for EV isolation are also becoming available and remain to 
be validated.

RNA analysis. Because the amount of RNA recovered from 
EVs is low, it is important to use the most efficient proto-
col for isolation. The RNA enclosed in EVs is protected 
from RNase activity (Skog et  al. 2008). The addition of 
RNase to EV pellets reduced the RNA content by less than 
7% (Skog  et  al. 2008, Huang et  al. 2013). However, the 
treatment of EVs with detergent before RNase addition 
resulted in the removal of mRNA coding for Cre recom-
binase as evaluated by reverse transcription polymerase 
chain reaction (RT-PCR), supporting the notion that 
nucleic acids are protected inside EVs (Ridder et al. 2014). 
However, some RNAs have also been detected in non-EV 
fractions at significant levels (Wang et al. 2010, Chevillet 
et al. 2014). They were shown to be bound to ribonucleo-
proteins, such as nucleophosmin 1, that protected them 
from RNase activity (Wang et al. 2010). miRNAs in plasma 
are also found in Argonaute2 protein complexes and in 
association with lipoproteins (Arroyo et al. 2011, Vickers 
et al. 2011).

A few studies have demonstrated the feasibility of the 
sequencing of EV-RNA derived from conditioned media 
and serum (Bellingham et al. 2012, Huang et al. 2013, Eirin 
et al. 2014). A comparison of library construction methods 
for EV-RNA sequencing revealed significant differences 
between protocols (Huang et al. 2013). With 2 nanograms 
of input EV-RNA and 15 polymerase chain reaction 
(PCR) amplification cycles, the NEBNext multiplex small 
RNA library preparation kit yielded the most 140–160 
bp fragments and the highest percentage of mappable 
reads (62.72%; Huang et  al. 2013). Studies are underway 
to compare the protocols for RNA sequencing from EVs 
through the National Institutes of Health’s Extracellular 
RNA Common Fund Consortium (exrna.org), and the 
results should be online in June 2015.

The detection of defined mutations in EV-RNA constitutes 
an attractive biomarker approach. Quantitative RT-PCR 

assay, however, may not be sensitive enough given the low 
yield of nucleic acid. Increased sensitivity can be achieved 
using droplet digital PCR, in which the sample is split into 
picoliter-sized droplets that serve as separate PCR reaction 
compartments (Takahashi et  al. 2014). Amplification in 
every droplet produces a fluorescent signal, and the quan-
tification of positive droplets provides an estimate of copy 
numbers of the starting molecules. This technique has been 
used in detecting rare mutant copies, such as IDH1 mRNA 
in cerebrospinal fluid of glioblastoma patients, which may be 
used for the diagnosis and monitoring of disease progression 
(Chen et al. 2013)

Quantification. The quantification of EVs remains a major 
challenge (table 3). Earlier studies measured total protein 
content to estimate EV amount. However, the number is 
often overestimated by contamination with high molecu-
lar weight proteins that copurify with isolated EVs. This 
approach also does not take into consideration the notion 
that protein content per vesicle may differ between EV 
subtypes. Nanoparticle tracking analysis (NTA) is based on 
the detection of light scatter of particles in suspension and 
their Brownian motion to estimate the number and volume 
distribution of EVs both in conditioned media and body 
fluids (Dragovic et  al. 2011, Soo et  al. 2012). This instru-
ment, however, measures moving particles as a point of 
light, and it can underestimate the number of larger EVs 
(i.e., those more than 500 nm). The precision of the quan-
tification can be affected by the heterogeneity of EV size 
and optical parameters (Maas et al. 2014). It should also be 
noted that the analysis of EV-containing serum is disturbed 
by chylomicrons and very low–density lipoproteins that 
similarly scatter light (Dragovic et al. 2011). This effect can 
be reduced by the ultracentrifugation of serum samples 
(Dragovic et  al. 2011). The NTA also enables dye-labeled 
vesicle detection under fluorescent mode (Dragovic et  al. 
2011). The fluorescence correlation spectroscopy that ana-
lyzes fluctuations of fluorescence signal enables studying 
EV size distribution, as well as the expression of membrane 
proteins (Wyss et al. 2014).

Most conventional flow cytometry is not suitable for 
smaller-size (less than 300 nm) particles (Dragovic et  al. 
2011). Flow cytometry can be used to count EVs of more 
than 500 nm (Orozco and Lewis 2010), including onco-
somes (Di Vizio et al. 2012, Morello et al. 2013). Smaller EVs 

Table 3. Methods of extracellular vesicles quantification.
Technique Feature

Protein Concentration Assay Biased because of copelleted protein aggregates

Nanoparticle tracking analysis (NTA) Can be used for small EVs (i.e., less than 500 nm)

Conventional flow cytometry Suitable for large EVs (more than 500 nm), however can be biased by immune complexes from 
peripheral blood

Modified flow cytometry with membrane dye Applicable for EVs larger than 100 nm
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can be analyzed if bound to beads coated with antibodies 
against surface antigens, such as MHC class II. Subsequent 
labeling by fluorophore-conjugated antibodies enables semi-
quantitative evaluation by flow cytometry (Théry et  al. 
2006). Flow cytometry analysis of EVs from body fluids, 
however, can be disturbed by immune complexes that have 
similar biophysical properties as EVs (György et  al. 2011). 
The use of fluorescent dyes that intercalate into membranes 
(e.g., PKH67) and instrument modifications adjusted for 
nanoparticle detection enable the quantification of EVs as 
small as 100 nm by flow cytometry (Nolte-’t Hoen et  al. 
2012, van der Vlist et  al. 2012). Therefore, this method 
allows the simultaneous detection of EVs of heterogeneous 
size. Another technique to quantify EVs is tunable resistive 
pulse sensing (tRPS). tRPS is based on the disruption of ionic 
flow as particles pass through a single nanopore separating 
two fluidic cells. The rate and magnitude of the disruptions 
can be used to calculate the concentration and volume of 
EVs, respectively (Maas et al 2014). A thorough comparison 
of NTA, tRPS, and flow cytometry demonstrated significant 
differences among the instruments, which illustrates that the 
absolute quantification of EVs remains challenging (Maas 
et al. 2014).

Imaging. All types of EVs can be visualized by electron 
microscopy with the additional confirmatory immunolabel-
ling of vesicular proteins (figure 3a; Heijnen et  al. 1999). 
Cup-shaped structures once considered characteristic of 
EVs likely result from the chemical fixation step dur-
ing sample preparation because frozen EVs analyzed in 
cryo-electron microscopy are round shaped (Raposo and 
Stoorvogel 2013).

Studying the biological functions of EVs requires tools 
to trace their fate in recipient cells and tissues. Various 
membrane-specific dyes have been in use for this purpose, 
including PKH67 (Morelli et  al. 2004), PKH26 (Grange 
et al. 2011), DiI, and DiR (Hood et al. 2011). The use of 
the above-mentioned dyes has two main limitations: they 
label all EVs regardless of their origin, and their long 
half-life makes them less suitable for longitudinal studies 
because of potential dye deposition in cells and organs, 
which could be falsely interpreted as EV accumulation. 
To overcome these caveats, bioluminescent reporters such 
as Gaussia luciferase fused to a transmembrane domain 
was developed to label EVs for sensitive spatiotemporal 
studies in vivo (Lai et  al. 2014). The overexpression of 
membrane-bound fluorescent proteins, such as green 
fluorescent protein (GFP) or tdTomato fused to palmi-
toylation signal peptide at the N-terminus, results in the 
production of labeled EVs only from transduced cells 
(Lai et al. 2015). Fluorescent proteins can be also fused to 
antigens found in EVs (e.g., CD63 and red fluorescent pro-
tein fusion; Le et al. 2014). By the latter techniques, or the 
above-mentioned membrane-specific dyes, the transfer of 
EVs between cells can be visualized by confocal micros-
copy (figure 3b). To distinguish that EVs are not simply 
attached to the cell surface but are indeed internalized, 
trypsinization can be applied to wash away EVs that have 
not entered the cells (Feng et al. 2010). The flow cytomet-
ric quantification of recipient cells positive for EV-coupled 
dyes reflects the extent of transfer (Escrevente et al. 2011). 
The above-mentioned techniques help in the accurate 
measurement of EV uptake by cells in order to normalize 
the biological effects assessed in  recipient cells.

Figure 3. A visualization of extracellular vesicles. (a) A transmission electron micrograph showing extracellular vesicles 
(EVs) isolated from HEK293T cells. Note the lipid bilayer–enclosed vesicle characteristic of EVs. Bar, 100 nanometers.  
(b) Live-cell confocal microscopy of human embryonic kidney (HEK) 293T cells expressing palmitoylated GFP (PalmGFP). 
Plasma membranes are labeled with PalmGFP, allowing the observation of bud-like structures on the cell surface 
(subpanel 1), suggesting their subsequent release as EVs. Released PalmGFP-EVs were readily observed around the 
microenvironment of 293T-PalmGFP cells (subpanel 2).
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Conclusions
We summarize the variety of cargos transported by EVs 
and their effects on biological functions. It should be noted 
that most of the conclusions were made based on in vitro 
experimental setups. It remains unclear as to what extent the 
isolation procedures and quantification of in vitro isolated 
EVs reflect physiological conditions. For these reasons, 
further in vivo models need to be developed to better 
elucidate the functional roles of EVs. Despite the many 
questions to be answered in the future (box 2), the intercel-
lular exchange of EVs has emerged as a biologically relevant 
phenomenon under both physiological and pathological 
conditions. The use of EV contents in different biofluids as 
biomarkers for different disease states is a very active field.
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Box 2. Current challenges.

•	 Current extracellular vesicle (EV) isolation techniques do not allow precise EV subpopulation enrichment.
•	 Most analyses of the transfer of RNA transported by EVs (EV-RNA) are based on overexpression and detection 

in recipient cells. Although EV-RNA transfer is possible, more proof is needed as to when and whether this 
mechanism is biologically functional and significant, especially in vivo.

•	 EVs have been shown to play many physiological and pathological roles; however, many of these observations 
were made in vitro or in vivo, with EVs that were generated in vitro administered into animals. Future studies 
with labeled EV-secreting cells in xenograft or transgenic models will reflect the physiological function of EVs 
in vivo more closely.

•	 Experimental procedures used to block or enhance EV formation still lack specificity.
•	 EV isolation protocols (and the subsequent extraction of EV contents) are not yet standardized and vary 

between studies, thereby making the comparison of results between studies challenging.
•	 Because EVs contain a variety of proteins, nucleic acids, and lipids, it can be challenging to prove that EV-

induced phenotype in recipient cells is attributed to the transfer of one or multiple EV-cargoes.
•	 Biofluids contain EVs released from multiple cell types (e.g., cancer cells, immune cells, platelets). Although 

some studies successfully enrich for cancer-specific EVs in biofluids that contain EVs from platelets, immune 
cells, and tumor cells, the isolation of EVs with high cell-type specificity and abundance from other biofluids, 
such as plasma, remains a challenge.
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