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Extracellular Vesicles (EVs) are gaining interest as central players in liquid biopsies, with potential appli-
cations in diagnosis, prognosis and therapeutic guidance in most pathological conditions. These nano-
sized particles transmit signals determined by their protein, lipid, nucleic acid and sugar content, and the
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unigue molecular pattern of EVs dictates the type of signal to be transmitted to recipient cells. However,
their small sizes and the limited quantities that can usually be obtained from patient-derived samples
pose a number of challenges to their isolation, study and characterization. These challenges and some
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1 Introduction

Extracellular Vesicles (EVs) are involved in the transmission of
biological signals between populations of prokaryotic and
eukaryotic cells. As central mediators of intercellular com-
munication, EVs are involved in many cellular processes, such
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possible options to overcome them are discussed in this review.

as compensating for stress conditions, triggering physiological
responses that contribute to the maintenance of cellular integ-
rity, organismal homeostasis'~ and regulating a range of bio-
logical activities. Their potential applications for diagnosis
and guiding therapeutics, as well as determining prognosis of
pathological conditions has allowed the field of EV-studies to
grow steadily in recent years.

The term EVs, coined by the International Society for
Extracellular Vesicles (ISEV, http:/www.isev.org), categorizes
vesicles based on their biogenesis or release pathway, and
include exosomes (50-100 nm in diameter), originated from
the endocytic pathway and with buoyant densities of 1.11-1.19
g mL™,* shedding microparticles/microvesicles (100-1000 nm)
released directly from the plasma membrane,” apoptotic blebs
(50 nm-2 pm; produced as a consequence of indiscriminate
apoptotic disintegration),’ large oncosomes (1-10 pm)” and other
miscellaneous EV subsets.® As the sizes of the different EVs-
subsets overlap, as well as their cargo, several groups have now
started characterizing the composition of EV-subtypes. Recent
papers claim successful subclassification of EVs based on
general surface proteomic profiling,'® or on transcriptional pro-
files of individual EV populations."™"* EV subtypes have been iso-
lated by a number of means, including recovery at different cen-
trifugation forces, different filters, at slightly different positions
in density gradients, via immuno-isolation by different surface
molecules, chromatography or by flow cytometric sorting.

At present, functions of EVs have not been fully elucidated.
However, they appear to be able to modulate host-pathogen
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Fig. 1 Scheme of EVs isolation, quantification and characterization, including the analysis of EVs molecular content. The superscript numbers on
the figures indicate the need of each step as follows: 1 — to ensure intravesicular origin of RNAs; 2 — to remove abundant ribosomal RNAs that may
be present as fragments in EVs, and therefore not visible by Bioanalyzer analysis; 3 — cDNA synthesis may be performed with transcript-specific or
general primers; cDNA pre-amplification before real time PCR is optional; 4 — to break down long RNA molecules; 5 — to separate small RNAs (<200
nt) from long RNAs (>200 nt); 6 — to tag molecules from different samples and enable multiplex analysis.

interactions™ and to contribute to several pathological con-
ditions such as infectious and inflammatory diseases, neuro-
logical disorders and cancer. EVs are particularly important in
clinical settings, largely because they contain a wealth of bio-
markers that can be used to monitor clinical status, chemo-
therapy-response,'* disease progression,'> and many relevant
and diverse clinical conditions. The composition of EVs is not
random and each EV-cargo delivers specific molecular mess-
ages. Indeed these nanosized membrane vesicles transmit
signals by proteins, lipids, nucleic acids, and sugars, and the
unique molecular pattern of this package dictates the type of
extracellular signal to be transmitted to recipient cells."
Despite the promise of revealing informative markers of
medical interest, working with these small particles poses
many technical challenges. In addition to the concerns over
data analysis, there are further uncertainties over protocol

882 | Nanoscale, 2018, 10, 881-906

standardisation and how to define the pre-analytical and
analytical variables that impact upon outcome measures.'®
The aim of this review is to outline the most relevant chal-
lenges related to working with EVs, specifically discussing the
advantages and disadvantages of different approaches and
suggesting alternative routes to better overcome frequent
issues. A detailed scheme of EV purification and characteriz-
ation methods is presented in Fig. 1.

2 Pre-analytical factors
2.1 EVs derived from biofluids

EVs have been isolated from diverse biofluids including
blood,"” urine,'® saliva,'® breast milk,>® cerebrospinal®’ and
ascitic fluids,?* gastric juice,*® bile,>* sputum,> bronchoalveo-

This journal is © The Royal Society of Chemistry 2018
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lar lavage,”® semen®” and tears.*® The viscosity of these fluids,
as well as their fat and protein content are highly variable,
which may affect EVs purity and yield and, therefore require
the protocols to be adjusted according to the biofluid of inter-
est. Standardized pre-analytical steps are crucial to minimizing
artefacts in EV-analysis, particularly when EVs are derived
from complex body fluids such as blood. The amount, purity
and content of biofluid-derived EVs may be affected by numer-
ous factors including age, gender, ethnicity, body mass index,
disease, use of medications, general lifestyle, and dietary
habits.>® Ideally, these factors should be taken into account
and normalized across all study subjects (patients and any
relevant controls).

Other important considerations include methods of blood
collection, as shear force may induce hemolysis, which has
been shown to alter the expression of some plasma miRNA
molecules®® and may also affect EV-derived content. Whereas
EV counts appear to remain stable overtime in samples stored
with no agitation, gentle agitation (used to simulate blood trans-
portation) leads to an artificial and strong release of platelet-
derived EVs.*! Additionally, anticoagulants have been shown to
be capable of preventing the formation of EV-blood cell aggre-
gates (aggregation was reduced in EDTA-preserved blood).*?
Blood preserved with EDTA also appears to reduce the above-
mentioned agitation effects on platelet-derived EVs if compared
to citrate or heparin. Storage time is another important factor:
Fendl et al. 2016 found comparable amounts of EVs in freshly
drawn blood (collected in heparin, EDTA or citrate) but
increased amounts of EVs were observed after 3 h storage, in an
anticoagulant-dependent fashion, with increments varying from
2x (EDTA) to 10x (citrate), primarily due to platelet-derived
EVs.®' Also critical is the careful separation of platelets from
plasma with adequate centrifugations; the International Society
on Thrombosis and Haemostasis recommends blood collection
in citrated tubes and two successive centrifugations at 2500g for
15 minutes at room temperature.”> However, EDTA has been
recently suggested as a valuable option in clinical settings.*>

Another factor that needs to be considered when selecting
EVs isolation protocols across different biofluids is the volume
of starting material, as some biofluids may need to be concen-
trated prior to EVs isolation such as urine, an important
source for patients diagnosed with renal pathologies, prostate
and bladder cancers,'® and other conditions including the
parasitic infection schistosomiasis.*® A recent study compared
several filters and concluded that the best for recovering EVs
from plasma, urine and EV-spiked PBS was a regenerated cell-
ulose membrane with pores capable of retaining particles
above 10 kDa.* Liang et al., have also demonstrated the feasi-
bility of concentrating the EVs using a double-filtration micro-
fluidic device capable of isolating, concentrating and quantify-
ing urinary EVs, using 8 mL of the pre-filtered (0.22 pm filter)
and 20000g centrifuged urine-supernatant collected from
bladder cancer patients and controls.>® Using this approach
the authors demonstrated that the principle of size-exclusion
using two polycarbonate membranes (with pore sizes of 200
and 30 nm) permitted the concentration of EVs within this

This journal is © The Royal Society of Chemistry 2018
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size-range and the later study of CD63 expression using ELISA.
Urine-derived CD9-positive exosomes have also been isolated
using magnetic beads®” and Gilani et al. have also shown that
digital flow cytometry can be a good approach for quantifying
the expression of markers of interest in urine-derived EVs from
renal-injury patients.*®

Besides biofluid-volume, specific methodological para-
meters need to be optimised during EVs isolation according to
their inherent biochemical properties. For example, the pellet
of EVs isolated from breast milk by 100 000g ultracentrifuga-
tion was found to be too solid to resuspend, because of the
high abundance of whey and casein protein in milk.>* One
proposed solution was to purify the 10000g supernatant
through an overnight sucrose density gradient, allowing separ-
ation of EVs from protein complexes.*’

2.2 Cell culture conditioned medium

The use of cell culture conditioned medium enables a more
controlled environment for EV isolation. Nonetheless, there
are important aspects that may directly influence EV yields
that should be considered. The choice between culture
medium containing EV-depleted fetal bovine serum (FBS)
versus culture medium with no FBS (serum starvation of cells)
needs to be considered. This choice implies that an abrupt
change to serum-free medium will likely cause a major stress
to cells and lead to altered EV secretion.’® On the other hand,
rigorous EV depletion of FBS needs to be thoroughly per-
formed, using long ultracentrifugation protocols (16 h at
>100 000g) in order to maximize the removal of FBS-derived
EVs.”™ Recent evidence, however, suggests that even this
extended ultracentrifugation cannot remove contamination
from bovine small RNAs, some of which can be mis-annotated
as human RNAs.** Apoptosis-induction control experiments
can also be performed to exclude the possibility that EVs, and
consequently the putative isolated EV-RNAs, are due to cell
death,” especially as many experiments report changes in
RNAs upon EV induction as opposed to the steady-cell state.
Other factors that need to be carefully considered include cell
culture matrices and plastics, exact culture medium compo-
sition/volume, cell passage, cell confluency and viability, myco-
plasma-status and other microbial contamination. If con-
ditioned medium will be stored before EVs isolation, it is
crucial to clear it of cells and cellular debris by centrifugation
before freezing, and to minimize subsequent thaws.

2.3 Storage of EVs

Lérincz et al. performed a detailed analysis of the effect of
storage in different conditions (+20 °C, +4 °C, —20 °C, —80 °C
for 1, 7 or 28 days) on the physical and functional properties
of EVs derived from human neutrophilic granulocytes.*® Flow
cytometry, dynamic light scattering and electron microscopy
were used for measuring EVs physical properties (number, size
and morphology), and an antibacterial assay was used to test
the functional property of EVs. They found that storage (even
at —20 or —80 °C) significantly altered the functional pro-
perties of EVs, although their number and morphology stayed
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constant. In another study, a 7-fold increase in the number of
phosphatidylserine-exposing EVs was found in EVs isolated
from plasma samples that had undergone a single freeze-thaw
cycle, suggesting changes in the vesicle membrane phospho-
lipids, whereas in urine-derived EVs the same effect was not
observed.”” Kalra et al. spiked EVs isolated from a colorectal
cancer cell line into plasma samples and measured TSG101
protein expression after 10, 30 and 90 days in storage at 4 °C,
—20 °C or —80 °C, as well as PKH67 dye labeling and uptake by
cells (=20 °C for 30 days).*® They found that all storage con-
ditions yielded EVs with detectable TSG101 and capable of
being transferred into cells.

Although several studies have investigated whether storage
impacts specific characteristics of EVs, there is a lack of large-
scale analysis of EVs cargo changes that may be caused by
storage. To the best of our knowledge, no study has evaluated
transcriptomic, proteomic and lipidomics alterations that may
be induced upon EVs storage. Until more in-depth “omics”
studies are performed, in addition to functional assays, the
understanding of the true stability of EVs remains incomplete.
In this sense, we recommend EVs to be evaluated as soon as
possible after their isolation, especially for functional studies,
avoiding repeated freezing and thawing cycles.

3 EVisolation protocols

There are several EV isolation and characterization techniques
available, and each has its own set of pre-analytical factors that
may influence yields. The ISEV has issued several position
papers highlighting the importance of standardization of
sample collection and EV isolation and -characterization
methods, which summarize all the detailed information that
should be recorded and provided in publications.*®**>°
Launched recently, the EV-TRACK database (http:/evtrack.
org) is an excellent initiative in the EV-research field to encou-
rage standardization of vesicle isolation and characterization
methods.”" This initiative was created by an international con-
sortium of 92 researchers from 12 countries, who evaluated and
scored the experimental parameters of 1226 recently published
EV-related articles. The EV-METRIC is a summary score of the
article’s adherence to and detailed reporting nine experimental
parameters. The fact that the average EV-METRIC across all bio-
fluid studies is only 20% indicates how the heterogeneous
EV-field is currently deficient in methodological reporting. The
online database is searchable, allowing easy identification and
comparison of EV-related articles. Another interesting feature is
that the authors can annotate their study’s database entries,
adding experimental details that may have been overlooked
during publication. Hopefully, EV-TRACK will contribute to
better transparency and reporting in EVs publications, allowing
improved interpretation and reproducibility of experiments.

3.1 Ultracentrifugation (UC)

The selection of an EV-isolation method largely depends on
the source of sample. For less complex samples obtained from
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cell cultures, it is beneficial to use differential UC with no pre-
liminary steps, an approach that has long been considered the
most efficient EV isolation technique. New isolation methods
appear often, usually involving column enrichment or precipi-
tation. However, the most popular primary isolation methods
still in use are based on UC.**> On the other hand, isolation of
EVs derived from complex biological fluids may benefit from
the use of multiple methods to remove specific components
(e.g. platelets, lipoproteins or protein complexes) before UC,*
or even alternative isolation methods, involving column
enrichment, sequential filtering or precipitation. However, as a
means of first EV-isolation step, UC is a cost-efficient and
widely accepted way to isolate EVs.>?

The isolation of EVs through differential UC relies on
several centrifugation steps with increased centrifugal force to
produce sequential pellets of cells and cell-debris (300-1000g),
microvesicles (10 000-20 000g) and exosomes (100 000g). Some
have described the use of serial ultrafiltration through 0.22
and 0.45 pm filters before pelleting®* and variation of the cen-
trifugation forces have been implemented in different
protocols.

Advantages of UC include low cost - as ultracentrifuges are
readily available in many labs - and the capacity to spin a wide
range of volumes from a few millilitres up to >100 mL.
However, there are a number of problems associated with iso-
lating EVs by UC. One of the major caveats is the co-purifi-
cation of non EV-associated proteins, particularly protein
aggregates and lipoproteins,®® which may be interpreted as
integral or enriched EV components in downstream analyses.
Ultrafiltration can be coupled with UC to reduce EV-protein
aggregates.”® Attention should be given to centrifugation
forces applied to EVs. Nordin et al., have shown some degree
of EV disruption after UC for 70 min at 120 000g.>° Therefore,
when the recovery of intact EVs using UC is an aim, we rec-
ommend the use of a maximum of 100 000g.

3.2 Density gradients (DG)

An approach that is commonly used to overcome the problem
of co-purification is to follow UC with further purification of
EVs in a sucrose DG which makes use of EV density for better
separation (26). EVs of a particular size and origin have a par-
ticular floatation density, usually in the range of 1.08-1.22
g mL "%’ Several protocols have been described,>® the majority
of which involve resuspending an EV-enriched pellet following
UC, overlaying a sucrose gradient in various buffers which may
also contain deuterium oxide, performing UC again and col-
lecting the appropriate fractions which are enriched in EVs.
Differential UC shows the presence of larger vesicles by laser
particle size measurement, and protein concentration studies
show that DG UC yields higher protein concentration and
more target exosome proteins.>”

Unfortunately, differential UC can be a lengthy process with
the most time taken for the UC itself. For clinical grade data or
highly enriched samples it is recommended to use multiple
centrifugation speeds that will considerably lengthen the
process, reducing its applicability for clinical settings.®

This journal is © The Royal Society of Chemistry 2018
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Whereas sucrose gradient UC is relatively time consuming, it
undoubtedly results in the isolation of purer EV samples than
UC alone.>® However, due to fractionation a relatively high
starting concentration of EVs is required.®’ Besides being able
to isolate purer EVs, it should be noted that contaminants that
have the same density of EVs, such as some viruses,®* plasma-
derived high- and low-density lipoproteins®*®* and uromodu-
lin and albumin®® from urine, are likely to contaminate the
EVs isolated by DGs. It has been shown that the similar floata-
tion densities of HIV virus particles and EVs make them
indistinguishable by conventional gradient separation.®®
Presumably, the co-purification of EVs and virus particles
could be considered a universal problem due to common viral
contaminations of cell cultures which go undetected. Cantin
et al. found that it was possible to separate HIV particles
and EVs using commercially available OptiPrep DG solution.®®
This employs a gradient of iodixanol rather than sucrose,
and has been used for isolating fractions of pure EVs for
proteomic analysis from conditioned cell culture medium®’
and plasma.*®

3.3 Immunoaffinity

An approach to improve the purity of the EVs population is to
use immunoisolation, whereby EVs preparations are incubated
with antibody-coated latex'” or magnetic beads,*® allowing
their separation based on the expression of markers of inter-
est. This technique has the potential to specifically pull-down
EVs with a particular surface marker while excluding contami-
nating particles or other EVs populations. A study comparing
immunoisolation with DG separation and UC for the isolation
of human colon cancer-derived EVs showed that immunoisola-
tion produced the highest EVs yield as measured by quantitat-
ive protein mass spectrometry.®'

As immunoisolation is not compatible with large-volume
samples, samples with low EV content must be concentrated
prior to incubation with antibody-coated beads. Therefore,
immunoisolation is commonly used as an additional purifi-
cation step following conventional EVs isolation from large
sample volumes using UC and possibly DG,"” making this a
lengthy procedure. When small volumes of starting material
contain sufficient EVs to isolate and analyse (as with serum),
immunoisolation can be used to isolate EVs directly.®
Importantly, when isolating EVs from serum, it is essential to
pre-coat the beads with a molecule such as sulfobetaine to
reduce the non-specific adsorption of abundant serum pro-
teins. This single-step EV isolation technique may prove to be
a valuable diagnostic tool for identifying disease markers in
EVS.69’70

While one of the key advantages of immunoisolation is its
specificity based on the chosen antibody, this approach may
also be limiting since it is likely to isolate merely a sub-popu-
lation of EVs. There is still poor understanding of which EVs
markers are present on different EVs subpopulations, and
what the subcellular and cellular origins of these EVs are. For
example, there are no accepted, exclusive markers to dis-
tinguish between exosomes and microvesicles despite their

This journal is © The Royal Society of Chemistry 2018
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distinct mechanisms of biogenesis.”" In a diagnostic setting,
the best case scenario would be to have a cell-type specific
surface markers which are differentially regulated during
disease and released in EVs as recently reported.®®

While immunoisolation has been successfully used for ana-
lysis of EVs by mass spectrometry® and RNA sequencing,”?
the use of immunoisolated EVs in functional studies is more
difficult due to the challenge of dissociating high yields of
active EVs from the beads. Chaotropic agents such as NaCl
have been successfully used to elute EVs from beads where
EVs have been shown to retain at least some functionality.”®
However, in spite of successful elution of EVs using mild con-
ditions, small changes in EVs size and surface structure can
occur.”"”® Thus, care must be taken when interpreting results
from functional analyses using immunoisolated EVs.

3.4 Microfluidics

Microfluidics technologies can be used to isolate EVs popu-
lations of interest. Here, molecules enriched in the EVs mem-
brane, such as specific lipids and proteins, can be used to
isolate them.®® Many groups have already described the use of
customised on-chip devices to isolate EVs, partly because this
approach enables the use of low input sample. Another impor-
tant point is the feasibility of EVs evaluation directly from
bodily fluids (without the need for prior extraction steps),
which can be of particular interest in the diagnostic setting.”®
Combining microfluidics with previously described immu-
noaffinity has resulted in an immunoaffinity microfluidic
device based on CD63, an abundant tetraspanin present in the
EVs membrane.”” More recently, the Exochip, another on-chip
device allows not only EVs isolation based on CD63 immuno-
affinity, but also their quantification by fluorescent dye
staining.”®

EV features, such as electric properties, shape, size and
density, can also be exploited in the development of custo-
mised chips.”” As a note of caution we must state that it
remains to be demonstrated if antibody-isolation approaches
somehow modify the cargo or the functionality of EVs and if
their biological activity is dependent on the simultaneous sig-
nalling given by a more diverse EVs set, that can not be iso-
lated by specific antibodies.

3.5 Size exclusion chromatography (SEC)

EVs with different sizes can be separated using Size Exclusion
Chromatography (SEC), a technique that has been more and
more used currently, allowing the recovery of pure vesicles
with increased functionality, purity and integrity. Advantages
of SEC include the reduction of EVs-aggregation during the
isolation procedure,”® the efficient separation of EV from
soluble proteins and capability of isolating pure, intact and
biologically active EVs.*® SEC removes 99% of the soluble
plasma proteins and >95% of HDL from the purest fraction of
EVs, does not induce aggregation of EVs, and retains the integ-
rity and biological activity of EVs.>***"® Contaminants such as
von Willebrand factor and LDL are unexpected based on par-
ticle size, but these can still be found possibly complexed
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to EVs.*>® SEC allows the EVs environment to be changed,
such as from plasma to buffer, with no or minimal detrimental
effects on EVs themselves. Also, it is fast, 10 to 20 minutes per
sample, and relatively inexpensive,®® which makes it more
applicable in a clinical setting. A disadvantage of SEC is the
dilution of EVs sample, which often requires second step i.e.
re-concentration of EVs by ultrafiltration.’®8%81,83786
Compared with DC, EVs isolated by SEC have a high yield of
biophysically intact EVs although at the expense of
dilution.>*®® A single-step plasma EVs isolation using SEC has
been published, based on the use of qEV SEC columns, an
efficient system to isolate EVs from plasma proteins.®®** Also,
instead of pelleting EVs by UC, as used by some, the appli-
cation of protein concentrating devices allows the fast concen-
tration of EV fractions.®®®* This provides an efficient means of
isolating and concentrating EVs from human plasma, while
avoiding some negative issues related to UC as previously men-
tioned. SEC and ultrafiltration can be coupled to provide
higher EVs purity and good recovery rates, while still preser-
ving their biophysical and functional properties.”®
Ultrafiltration of cultured media results in higher recovery of
EVs after DG purification, and is a faster alternative to UC,
whereas the SEC outperforms precipitation of EVs isolated
from human plasma.®®

3.6 Ultrafiltration (UF)

Filtration-based EVs isolation methods can be used indepen-
dently or in conjunction with other techniques such as UC.
Advantages of filtration-based methods are the ability to use
variable sample input volumes, simplicity and low cost. Davies
et al. developed a microfluidic filtration system for isolation of
EVs directly from unprocessed whole blood> which allowed
the study of very limited amounts of blood from melanoma-
bearing mice. After being isolated from a few microliters of
blood by this pressure-based device, the EVs were shown to
retain their intact morphology and to express Melan A mRNA,
a melanoma tumor marker, as well as other classic EV-markers
(as evidenced by Western blot of CD9, CD63 and CDS81).
Interestingly, a direct comparison with EVs isolated by UC was
performed, and TEM analysis showed that UC caused many
EVs to aggregate and to deform, which did not occur in the fil-
tration-derived EVs, even under pressure.”® A three-step
sequential filtration-based protocol allowed the isolation of
EVs from larger volumes, such as 150 mL of cell culture con-
ditioned medium.?” The authors conclude that sequential fil-
tration with a 100 nm cut off final filtering step enriches for
exosome-sized vesicles (81% compared to 23% for UC),
suggesting that UC may lead to co-purification of larger vesi-
cles and/or protein aggregates. UF is more appropriate with
volumes in excess of 400 mL due to the higher flow rate, and
that EVs loss is only observed with the first 50-100 mL of cul-
tured media.®® Whereas it is far more time efficient than cen-
trifugation methods, taking only 20 minutes to concentrate
over 150 mL of sample compared to 2 rounds of UC for
90 minutes each.®® Importantly, UF can have a recovery of up
to 80% and may concentrate EVs up to 240-fold.*° This implies
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that UF-based methods are effective to concentrate EVs.
However, UF has some limitations such as it may result into
non-specific binding of EVs to membranes*>*® and thus may
present some loss of EV yield owing to trapping in filter pores.

3.7 General aspects of EVs isolation methods

Coincident with the EV-TRACK initiative, several groups have
compared methodologies to improve the efficiency of the iso-
lation and characterization of EVs. Even being considered gold
standard for purification, differential centrifugation can
provide technical difficulties to process large volumes of con-
ditioned medium and it has been suggested that repeated UC
steps can damage vesicles and reduce yield, impacting proteo-
mic and RNA studies.’® In this sense, the group of Dr Andreas
Moeller (QIMR Berghofer Medical Research Institute,
Australia) compared UC to UF for the isolation of exosomes
from cell culture conditioned medium and concluded that the
later provided faster and better recovery.’® They then further
compared four alternative methodologies (two precipitation-
based methods: ExoQuick and Exo-spin; one SEC-based
method: Izon EV columns; and one DG purification-
based method: Opti-Prep), concluding that precipitation-
based methods led to higher particle yield but less purity
(measured by particle to protein ratio), while qEV columns pro-
vided the purest preparations, including also plasma-derived
exosomes.

A recent work has compared four exosome isolation proto-
cols (single-step UC) and density-gradient UC-based protocols
using iodixanol (Optiprep) and two commercially available pre-
cipitation-solution based protocols EXO-Quick (EQ) and total
exosome isolation (TEI).*® The results showed Optiprep to be
the method of choice in terms of removing EV-associated
protein/RNA complexes contaminants, allowing the recovery of
exosome-specific proteins and RNA.*® This was reinforced in a
clinical study on plasma exosomes where Optiprep gradient
centrifugation was the single method capable of removing con-
taminating plasma proteins.*® Regarding the quality of the
RNA, Van Deun et al. found several differences of RNA profiles
between the methods, and strongly recommend to validate iso-
lation methods prior to consider exosome-specific content,
functions and biomarkers.

Moreover the group of Dr Pieter Vader (University Medical
Center Utrecht, The Netherlands) and Samir El Andaloussi
(Karolinska Institutet, Stockholm, Sweden), provided evidence
that SEC-isolated EVs better retain their functional activities,
as compared to UC-isolated EVs.*® They investigated differ-
ences in functionality of cardiomyocyte progenitor cell derived
EVs isolated using UC and SEC, concluding that SEC-isolated
EVs were more efficient in stimulating the migration of endo-
thelial cells, having EV-induced ERK1/2 phosphorylation as a
measurement to compare the UC-EVs and SEC-EVs
functionality.

Reinforcing the importance of UF the group of Dr An
Hendrix (Ghent University, Belgium) compared five commonly
used filters for their efficiency to recover exosomes from clini-
cal samples.>® Regenerated cellulose membrane filters, with
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pores of 10 kDa, showed higher efficiency. They also compared
colorimetric and fluorimetric kits to measure EV protein
content, and found the Qubit fluorometric assay to be the
most sensitive (considering the lower BSA standard of 200
pg mL™") and the more consistent in terms of quantification
among technical and biological replicates. This group also
suggested the Optiprep (Sigma Aldrich) to be the best method
to isolate EVs and proposed a protocol to remove Optiprep left-
overs from EVs. Other efforts have been done by Dr Marca
Wauben’s group (Utrecht University, The Netherlands) who
developed a fluorescence-based flow cytometric high-through-
put method for quantitative and qualitative analysis of nano-
sized cell-derived membrane vesicles (50-100 nm) which
cannot be visualized by conventional scatter-based analysis.”*°*

In order to ensure how pure are the EVs isolated by any of
the possible protocols, the ratio of EVs and non-EV com-
ponents can be assessed. One of the most used methods is the
determination of the number of EVs per microgram of
measured proteins in the isolated EVs. EVs purified using
sucrose DG from conditioned cell culture media provided
highly purified EVs: 3.3 x 10'° particles per pg protein.
However, when isolated from biofluids EVs are much more
contaminated by proteins giving ratios around 6.5 x 10° par-
ticles per pg protein for fresh serum and 1.1 x 10° particles per
ug protein for fresh urine.”” This calculation should be inter-
preted with caution as the ratio depends on the source of the
vesicles as well as the method of extraction.®®

4 Characterization of the isolated
EVs

After isolation, EV populations need to be characterized for
intended downstream applications, for which there is a variety
of techniques available. This section will discuss some of the
available options in light of the instrumental parameters of
each technique.

4.1 Electron microscopy (EM)

The use of electron microscopy (EM) has considerably pushed
the field of EVs and enabled the discovery of apoptotic vesi-
cles, microvesicles and exosomes. The nanometer-scale resol-
ving power of transmission electron microscopes has, however,
its drawbacks, which include lengthy sample preparation, lack
of multi-parametric phenotyping, and low throughput
capacity. These characteristics make large EM studies rather
challenging, with the amount of starting EVs material being
particularly critical. Yet, morphological characterization using
parameters such lipid and protein compositions, cellular
origin, size, density and morphology” is a key step for classifi-
cation of isolated EVs. Thus, efforts to mitigate the challenges
in the use of electron microscopy to study EVs are most
welcome in the field.

One of these common challenges relates to the amount of
available material for transmission EM preparation, micro-
tomy and visualisation. Some tissues and body fluids release
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an abundant amount of vesicles that are easily harvested by
differential centrifugation or affinity purification chromato-
graphy. However, most often than not, isolated EVs are few and
far between; and sample preparation itself can at times cause
further loss of material. In an attempt to overcome this issue,
recently there have been informal discussions, in conferences
and focused meetings, about the use of proteinaceous material
(e.g- matrigel, bovine serum albumin, or other inert protein) to
‘encapsulate’ EVs in a rich protein surrounding that is exten-
sively cross-linked during fixation. This is because the protein
around EVs, when cross-linked together, will form a firm
matrix around the vesicles, protecting them from falling apart.
Alternatively, the use of inert polysaccharides (e.g. agarose,
agar, methylcellulose) to embed isolated EVs in a small piece
of gel prior to EM processing has also been reported by indi-
vidual laboratories with success.

A routine EM method that has been used with great success
for the study of EVs is that of negatively-stained whole mount
preparation.” Here EVs are adsorbed onto a filmed metal grid,
chemically fixed and negatively stained prior to observation
using a transmission electron microscope. Whole mounts are
extremely useful for morphological analysis (e.g. EV size,
shape, density), and can be combined with immunolabelling
techniques. This method is particularly useful for the identifi-
cation and localisation of immunological epitopes on the
external surface of EVs, whereas EV-internal epitopes are
better visualised by positive staining methods.

Nevertheless, the visualisation of EVs by transmission elec-
tron microscopy, coupled or not with immunolocalisation
techniques, suffers mostly from two major challenges: lack of
contrast and preservation (of vesicle morphology and/or mole-
cular epitopes). This is particularly critical when considering
the potential of EVs as biomarkers in medical applications.
Some whole-mount preparations yield cup-shaped exosomes,
which has been suggested to be an artefact caused by sample
dehydration.”® Indeed, the preparation steps of chemical fix-
ation, dehydration, observation under vacuum, and electron
beam radiation damage could all interfere with an important
feature of exosomes, that of size.”***

Cryo-electron microscopy (cryo-EM) comes at hand here,
and hydrated exosomes studied by cryo-EM have been reported
as close-to-spherical nanoparticles.’®®” As fixation tends to be
physical (cryogenic) rather than chemical, cryo-EM is thought
to preserve EVs closer to their native state,’® in particular in
terms of their morphology and immunological epitopes used
in the identification of vesicle biomarkers. An interesting
feature described in cryo-EM of exosomes from prion-infected
cells was the presence of a second, internal membrane-bound
region of denser core and, in many cases, of hexagonal
shape.’” Vesicles derived from human plasma and studied by
the same method also show a variety of forms and sizes,
suggesting multiple membrane profiles in EVs. Elongated vesi-
cles, empty or not, were also observed, and so were EVs sur-
rounded by smaller spherical structures.’® Yet, because most
cryo-EM procedures do not include the use of heavy metals,
contrast of the material could be compromised if not for
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various optical and diffraction techniques - the work of col-
leagues such as Alain Brisson from the Institut de Chimie &
Biologie des Membranes & des Nano-objets (CBMN, Bordeaux,
France) in the development of suitable imaging analysis
methods, and of diagnostic assays using EVs, holds much
promise here.

4.2 Nanoparticle tracking analysis (NTA)

NTA is a light scattering technique that makes use of both
laser light scattering and the Brownian motion of particles to
obtain the particle size distribution and concentration. This
approach takes into consideration the particles’ speed in a
medium of known temperature and viscosity and allows the
calculation of its hydrodynamic diameter. The first studies of
EVs using NTA were published in 2011.'°° NTA is currently the
most popular quantitative method of EV analysis.>® This is
because few other high-throughput techniques have the appro-
priate resolution for single EV particle analysis. Whilst NTA
allows relatively high throughput, and claims to have resolu-
tion down to small diameters, its ability to size and determine
concentration accurately is however debatable.'® Moreover,
when performing NTA measurements, before dilution of
samples, attention should be given towards the lack of particu-
late matter in suspension buffers (usually phosphate buffered
saline) to avoid artificial inflation of EV counts. The addition
of a detergent such a Triton X to NTA preparations allows for
confirmation of EV-lipid moieties. Its fluorescent mode is also
capable of providing specific results for labelled particles. In a
recent application of fluorescent NTA, it was shown the use of
miRNA-specific molecular beacons encapsulated in cationic
lipoplex nanoparticles that fuse non-specifically with nega-
tively charged EVs and this allowed the precise quantification
of EVs carrying an specific miRNA and how many copies of
this miRNA could be found in these EVs.'®* This paves the way
to future therapeutic applications that rely in the identifi-
cation/quantification of specific markers.

4.3 Resistive pulse sensing (RPS)

RPS utilises the Coulter principle to determine the absolute
diameter and distribution of particles in a suspension in the
range of ~50-10 000 nm."*"'% RPS utilised in the EV field is
generally carried out using the gNano (Izon Science Ltd,
Christchurch, New Zealand). The qNano consists of two fluid
cells separated by a non-conductive membrane. An electric
current is passed through a single pore in the membrane and,
as particles pass through this pore, a transient attenuation of
signal occurs that is approximately proportional to the particle
volume. This system is calibrated using beads of a known dia-
meter and concentration.'** Sample volumes in the qNano can
be as low as 10 pL. By applying pressure differences between
the fluidic cells, pressure-driven flow overcomes the flow pro-
duced by diffusion, electrophoresis and electro-osmosis.
Disadvantages of this technique include: multiple pore sizes
are required to measure the full EV size range; pores are prone
to clogging; little phenotypic information regarding the EV’s
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derivation is gained; identifying EVs from similar sized con-
taminants is not possible.

4.4 Flow cytometry (FCM)

Although mostly used for cellular analysis, FCM is currently
one of the most popular techniques used to study EVs, in par-
ticular microvesicles.'®® Flow cytometers that have been devel-
oped for dedicated EV analysis, referred to as dedicated FCM
(dFCM), have been shown to be capable of resolving particles
consistent with biological vesicles to <30 nm. dFCM are
usually conventional flow cytometers that have been custo-
mised by a laboratory, although more recently they have also
become commercially available.’**"%® A persistent concern in
FCM is the ability to reliably distinguish between EVs that
carry a specific protein marker from those that do not, and
thus to accurately measure the proportion of EVs of a certain
type. Quantitative and qualitative analysis of EVs populations
present within a sample are needed. Although being a pre-
requisite for a correct data interpretation, the use of proper
controls that robustly validate the test samples and establish
background levels are generally missing.'®® Fluorescently-
stained polystyrene microspheres have been used as a stan-
dardisation method for EV analysis, yet their high refractive
index compared to EVs means that they cannot reliably be
used to directly approximate the size of EVs using FCM scatter
parameters. Furthermore, due to FCM collecting light at
different angles, scatter resolution cannot be compared using
polystyrene microspheres without the use of refractive index
normalisation using laser scatter physics modelling.'"’
Fluorescent sensitivity can be quantified using microspheres
that have a known quantity of molecules of equivalent soluble
fluorophore (MESF) that are recommended for standardising
EV analysis. Reviews dedicated to EV standardisation using
FCM can be found elsewhere."*®

5 Characterization of EV content
5.1 Characterization of EVs content: RNA

5.1.1 RNA purification. Several sources of bias due to
differences in experimental methodologies may explain discre-
pancies between results of EV-studies, including EV-RNA
related analysis. The two main RNA purification approaches
are silica membrane column-based kits and/or organic extrac-
tion and precipitation-based kits. One of the earliest studies
that systemically compared methods evaluated seven different
extraction protocols and concluded that there were major
differences in yield, purity and size distribution of the RNAs
extracted by the kits."'" Nowadays there is a plethora of com-
mercial kits available from many different companies, specifi-
cally tailored for EV isolation and subsequent RNA extraction.
Each method has its own peculiarities and attention must be
paid when comparing results from different studies, taking
into account the EVs and RNA isolation strategies employed.
Another important source of bias relates to the possible co-
purification of non-vesicular nucleic acids bound to the exter-
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nal surface of EVs. To avoid this and isolate only intra-vesicular
RNAs protected by the lipid membrane, ISEV recommends
before RNA extraction performing a proteinase treatment first
to eliminate protein complexes that may also protect RNAs
from enzymatic degradation, followed by RNAse treatment.'"?
However, residual RNase activity may also damage RNA upon
extraction of the luminal contents. Consequently careful con-
sideration of the aim of the study should be first taken into
account prior to RNase treatments.

The major drawback of working with EV-derived RNA,
especially in the case of those isolated from biofluids, is the
poor RNA yield, which is often below the detection limit of
current quantification techniques such as fluorimetry (Qubit)
and capillary electrophoresis (Bioanalyzer). One possible way
of overcoming this limitation is normalizing all samples by the
initial biofluid input volume used for extraction, and vacuum-
concentrating all the extracted RNA for downstream analysis.
Suggestions to improve EV-RNA yield include diluting biologi-
cal fluid prior to extraction''® and also the observation that
more starting material is not necessarily advantageous due to
potential over-loading of sample in column based extraction
methods.''* Despite the fact that more EVs are present in
serum, plasma is more commonly studied due to the absence
of EVs released by platelets during the clotting response.'"*

5.1.2 Microarray analysis. Microarray technology enabled
the seminal discovery in 2007/2008 of RNAs contained in vesi-
cles derived from mast cell lines'*® and glioblastoma primary
cells as well as patient serum samples.'’” These studies used
gene expression arrays and first identified thousands of tran-
scripts in EVs, including miRNAs and mRNAs.''®'"7 The
mRNA molecules were shown to be functional, leading to
protein production in the recipient cells upon transfer of the
EV-cargo.'"”

5.1.3 Quantitative reverse transcriptase-PCR (qRT-PCR)
and PCR arrays. Similarly, several studies used quantitative
real time PCR-based arrays to profile the RNA content of
EVs."'®* 2! This is by far the most widely used method to
evaluate and quantify the miRNA content of EVs, due to the
low requirements of starting RNA (as little as 1 ng total RNA,
using a pre-amplification protocol), the ability to evaluate hun-
dreds of miRNAs of interest and the straightforward analysis
of the data that requires simple calculations and no bioinfor-
matics. As most studies that evaluate the RNA-content of EVs
aim to identify biomarkers, qRT-PCR is a good, low-cost and
reliable tool. The major drawback of this approach is the need
defining a priori the list of possible markers, as their evalu-
ation depends on the probes/primers available in the selected
platform.

During the qRT-PCR procedure per se, one of the most
important factors is the amount of starting molecules. When
direct quantification of EVs cannot be performed, the normali-
zation of the input to volume of sample input is rec-
ommended.'® Moreover, in an attempt to enhance the
amount of amplifiable molecules, pre-amplification methods
can be used,"” with no apparent bias. Despite the qRT-PCR
approach used (specific probes or non-specific DNA dyes),
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results can be strongly biased according to the selected nor-
malization method. A major issue is the absence of known
endogenous controls to be used for qRT-PCR. In this sense,
the Sample and Assay Standards Working Group of the
Extracellular RNA Communication Consortium (ERCC),
recently suggested the use of spike-in controls to properly nor-
malize the RNA populations®® an approach that has been suc-
cessfully used.'**

5.1.4 Next gen