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a b s t r a c t

The discovery of extracellular vesicles (EVs), including exosomes, microvesicles, and apoptotic bodies,
has opened a new frontier in the study of signal transduction and understanding cell-to-cell commu-
nication. EVs play a key role regulating various biological processes such as tissue regeneration, blood
coagulation, immunomodulation or carcinogenesis. Therefore, they gain much attention as potentially
therapeutic and non-invasive diagnostic targets. In this aspect, a comprehensive characterization of the
EVs molecular content and understanding EVs functions are especially relevant. However, routine
isolation of a usually small amount of high purity EVs is challenging, and analysis requires highly sen-
sitive advanced analytical solutions. The utility of EVs in clinical settings is still limited due to the lack of
standardization in existing protocols. This review focuses on the implication of the state-of-the-art mass-
spectrometry based untargeted metabolomics approach for the molecular profiling of EVs, with the
emphasis on the analytical methodologies, highlighting potential challenges and limitations.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

1.1. Extracellular vesicles biology and significance

The number of scientific publications dedicated to the biology
of extracellular vesicles (EVs) has increased rapidly over the
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past decade. Those small, spheroidal particles surrounded by a
phospholipid bilayer, naturally released from various types of cells
and isolated from many body fluids or cell cultures are receiving
considerable attention due to their unique and potent biological
function [1e5]. EVs refer to various subtypes of secreted membra-
nous structures, classified according to their physical characteristics
(size and density), biogenesis and secretory pathway, commonly
described as exomeres (<50 nm), exosomes (~30e150 nm), micro-
vesicles (~100e1000 nm) and apoptotic bodies (>1000 nm) (Fig. 1)
[1e3,5,6]. Based on the current knowledge, these structures are
recognized as extremely important carriers of many active mole-
cules such as mRNA, miRNA, ecDNA, proteins, bioactive lipids, and
small molecules (metabolites) [1,4,7,8]. As carriers of biological
molecules, EVs have been shown to have pleiotropic physiological
and pathological functions. The number of EVs increases in
pathology-related conditions and their molecular cargo varies with
respect to associated state or cell type [6]. EVs play a crucial role in
intercellular communication by inducing interactions with target
cells' receptors. Moreover, EVs can also transfer receptors to target
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Abbreviations

AB Apoptotic Bodies
ACD Acid-Citrate-Dextrose
ACE2 Angiotensin-Converting Enzyme 2
AUC Area Under Curve
BALF Bronchoalveolar Lavage Fluid
BR-EVs Bioreactor-Derived EVs
CAFs Human Cancer-Associated Fibroblasts
capillary IC-MS Capillary Ion Chromatography-Mass

Spectrometry
CDEs Human Cancer-Associated Fibroblasts Derived

Exosomes
C-Evs Conventional Cell Cultures EVs
CIL Chemical Isotope Labeling
CL Cardiolipin
CoV Coronavirus
CRC Colorectal Cancer
DC Differential Centrifugation
DG Diacylglycerols
DGU Density Gradient Ultracentrifugation
DI-QTOF/MS Direct-Infusion-coupled to Quadrupole-Time-of-

Flight-Mass Spectrometry
DLS Dynamic Light Scattering
DMSO Dimethyl Sulfoxide
DVD/CAR/PDMS Divinylbenzene/carboxen/

polydimethylsiloxane
ecDNA Extrachromosomal DNA
EDTA Ethylenediaminetetraacetic acid
ELISA Enzyme-Linked Immunosorbent Assay
ELVs Exosomes-Like Vesicles
EpCAM-positive Epithelial Cell Adhesion Molecule-Positive
ESI Electrospray Ionization
EVs Extracellular Vesicles
Exo-MFA Exosome-Mediated Metabolic Flux Analysis
GC-Q/MS Gas Chromatography coupled to Quadrupole Mass

Spectrometry
GC-QqQ/MS Gas Chromatography coupled to Triple Quadrupole

Mass Spectrometry
GC-TOF/MS Gas Chromatography coupled to Time-of-Flight

Mass Spectrometry
GP Glycerophospholipids
HAdV Human Adenovirus
HDL High-Density Lipoproteins
HIV Human Immune Deficiency Virus
HSPME GC-MS Headspace Solid-Phase micro-Extraction/Gas

Chromatography-Mass Spectrometry
Huh7 Hepatocellular Carcinoma Cells
IC-MS Ion Chromatography with Mass Spectrometry
IDL Intermediate-Density Lipoproteins
IFN-g Interferon-gamma
IS Internal Standard
ISEV The International Society for Extracellular Vesicles
LASSO Least Absolute Shrinkage and Selection Operator
LC Liquid Chromatography
LC-MS Liquid Chromatography-Mass Spectrometry

LC-Q-Orbitrap/MS Liquid Chromatography coupled to
Quadrupole-Orbitrap-Mass-Spectrometry

LC-QTOF/MS Liquid Chromatography coupled to Quadrupole-
Time-of-Flight Mass Spectrometry

LC-QTRAP/MS Liquid Chromatography coupled to Quadrupole-
Ion-Trap-Mass Spectrometry

LDL Low-Density Lipoproteins
miRNA microRNA
MPE Malignancy Pleural Effusion
mRNA messenger RNA
MS Mass Spectrometry
MSCs Human Bone Merrow-Derived Mesenchymal Stem

Cells
MTBE Methyl tert-butyl ether
MVB Multivesicular Body
MVs Microvesicles
NanoE Nanoerythrosomes
nLC-MS Nanoflow Liquid Chromatography coupled to Mass

Spectrometry
NTA Nanoparticle Tracking Analysis
PBS Phosphate-Buffered Saline
PC Phosphatidylcholines
PE Phosphatidylethanolamines
PEG Polyethyleneglycol
PQN Probabilistic Quotient Normalization
QA Quality Assurance
QC Quality Control
RBCs Red Blood Cells
RMs Reference Materials
ROC Receiver Operating Characteristic
RT Retention Time
SD Standard Deviation
SEC Size-Exclusion Chromatography
SM Sphingomyelins
SP Sphingolipids
SPE Solid Phase Extraction
TCA-cycle Tricarboxylic Acid Cycle
TEM Transmission Electron Microscopy
TIC Total Ion Chromatogram
TPE Tuberculosis Pleural Effusion
U87 Glioblastoma Cells
UCF Ultracentrifugation
UHPLC-QqQ/MS Ultra-Performance Liquid Chromatography

coupled to Triple Quadrupole Mass
Spectrometry

UHPLC-QTOF/MS Ultra-Performance Liquid Chromatography
coupled to Triple Quadrupole Time-of-Flight
Mass Spectrometry

UHPLC-QTrap/MS Ultra-High Performance Liquid
Chromatography coupled to Hybrid Triple
Quadrupole Linear Ion Trap Mass
Spectrometer

UHR-FTMS Ultra High-Resolution Fourier Transform Mass
Spectrometry

VLDL Very Low-Density Lipoproteins
VOC Volatile Organic Compounds
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cells or even transfer cargo from one cell to another [4,9]. In that
way, they can reprogram the recipient cell and thereby affect the
immune system, exert cells’ proliferation, cell migration and induce
processes like inflammation, angiogenesis, or tumorigenesis [6,9].
Hence, EVs and particularly exosomes carry and deliver information
that is essential for health. According to current knowledge, they
play a significant role in diverse pathologies such as cancer [10],
diabetes [11], cardiovascular [12], neurodegenerative [13], or infec-
tious [14] diseases, among others. Recently, EVs, and in particular
exosomes, are attracting much interest due to the evidence of their
role in particular viral infections including human adenovirus
(HAdV), human immune deficiency virus (HIV), and coronavirus
(CoV) [14]. Exosomes, which are consistently produced by virus-
infected cells, transfer viral components such as viral miRNAs and
proteins from infected to healthy cells. Moreover, they contain virus-
specific receptors such as the tetraspanin CD9 and ACE2 that make
recipient cells susceptible to virus entry [15]. However, it has been
postulated that exosomes may also induce immune cell responses
[15], but still, the complete mechanisms of EVs action in viral in-
fections have not been fully elucidated, and more research is war-
ranted. The unique abilities of EVs are attracting much interest in
their potential for the identification of new biomarkers and new
diagnostics, and therapeutic options [16]. Currently, exosome-based
so-called liquid biopsies revolutionized molecular diagnostics
starting a new era of precision medicine as non-invasive tools for
early disease detection and monitoring disease progression [17].
Considering also the capability of EVs to efficiently cross the blood-
brain barrier and the ability to be modified or functionalized with
the addition of tumour target ligands, they give new perspectives for
innovative therapeutic strategies [18,19].

1.2. Challenges recognized in EVs-based research

Despite exciting findings and the growing interest, the use of
EVs in clinical applications is limited due to the lack of standardi-
zation in EVs isolation and analysis, which has become one major
challenge in the field [8,20,21] The use of disparate protocols for
sample handling, analysis, and data normalization leads to vari-
ability and inconsistency that significantly affects downstream's
analysis performance, makes inter-study comparisons difficult and
might even lead to questionable conclusions [21,22]. Thereby, the
International Society for Extracellular Vesicles made a great effort
in order to propose consensus for EVs nomenclature, standardiza-
tion of the methodologies for isolation, and EVs characterization.
Bringing the challenges, recommendations given in 2018 [22] and
recently released in 2020 [21,23] recognize hindrances, report on
the current advancements, and provide detailed guidance for the
improvement of the quality of EVs research.

Although there are different strategies currently available to
characterize EVs, including Western blot, electron microscopy,
Raman spectroscopy, nanoparticle tracking analysis, or flow cytom-
etry [8,21], the cutting-edge “omics” technologies (transcriptomics,
proteomics, and metabolomics) open great perspectives to decipher
EVs molecular cargo [7,24e26]. Key technological advances in
metabolomics and mass spectrometry technologies provide a
powerful approach to expand EVs research. Untargeted, global in
scope metabolomics approach is gaining more and more attraction
for a deeper understanding of the EVs metabolome landscape.
Therefore, the already established quality assurance (QA) and quality
control (QC) recommendations [27e30] could be adapted for EVs
based studies [27e30].

In this review, we summarize the current knowledge on extra-
cellular vesicles and highlight their potential clinical applications.
Furthermore, wewill focus on the pre-analytical (sample collection,
processing, EVs isolation, and metabolite extraction), analytical and
3

post-analytical factors. Particularly, we aim to consider associated
key issues and challenges in the aspect of untargeted metabolomics
workflow. We put special emphasis on the importance of imple-
menting robust and reproducible protocols to provide high-quality
research and reliable results.

2. Pre-analytical factors impact downstream analysis

2.1. Sample quality considerations

EVs can be isolated from various body fluids, tissues, or cultured
cell-conditioned media. Importantly, the selection of the source
from which they are obtained as well as each step of the pre-
analytical process may significantly impact the quality, amount,
or EVs heterogeneity. Therefore, it is crucial to standardize all the
procedures, including sample collection and EVs isolation.

More than 30 biological fluids are present in mammals, e.g.,
blood, saliva, urine, nasal secretions, breast milk, cerebrospinal
fluid, bronchoalveolar lavage, etc. Because of its various biophysical
and chemical characteristics, each must be treated individually in
terms of EVs separation [22]. The composition of EVs may also vary
depending on intrinsic and extrinsic factors. Therefore, it is
necessary to plan all procedures and report as many pre-analytical
parameters as possible (including pipetting, decanting or centri-
fugation, temperature, etc.) [21,31e33].

Blood is a rich source of EVs, widely applied for most studies, but
it contains hard-to-remove lipoproteins and chylomicrons [21,22].
Blood plasma is preferred because additional platelet-derived EVs
are released during clot formation while preparing serum [32].
However, large physical forces related to blood drawing, e.g.,
associated with a small-diameter needle used during venepuncture
may also activate and release the platelet-derived EVs, which may
cause in vitro haemolysis and the formation of erythrocyte micro-
particles. Therefore, it is recommended to use needles of 21-gauge
or larger to minimize shear forces [32,33]. It is also advised to
discard the first volume of collected blood, containing blood cell
remnants, which could contaminate the EVs isolate [31,33].

Importantly, several plasma-derived contaminants including
lipoprotein particles such as high-density lipoproteins (HDL), low-
density lipoproteins (LDL), intermediate-density lipoproteins (IDL),
very low-density lipoproteins (VLDL), and chylomicrons as well as
other components e.g., protein aggregates, protein-phospholipid
micelles, cell and membrane fragments or intact cells overlap
with extracellular vesicles (EVs) in terms of size or density and
could be co-isolated in EVs fraction [23,34,35].

The choice of anticoagulant is another important factor to be
considered, and it strongly depends on its properties and the
downstream analysis. Among the most commonly used anticoag-
ulants are ethylenediaminetetraacetic acid (EDTA), heparin, acid-
citrate-dextrose (ACD), and sodium citrate, where the last one
with the final concentration of 0.109 mol/L has been recommended
by the International Society on Thrombosis and Haemostasis
[32,36]. However, for instance, blood collected in heparin gave
considerably higher levels of annexin V-positive microparticles
than blood collected in sodium citrate. Furthermore, heparin shows
typical repeating building-block polymer in MS spectra. Cations
from the anticoagulant agents (e.g., lithium, sodium, potassium)
contaminate samples and affect MS-based metabolomics analysis
by causing ion suppression or enhancement [37e39]. Moreover,
anticoagulants may also impact the efficiency of the metabolite
extraction and the derivatization processes [39]. Several reviews
cover this subject in great detail [31,33,37e39]. l It is important to
highlight that irrespective of the sample source, and it is always
mandatory to consider biofluid-specific factors when designing EVs
based study [22,33].



Fig. 1. Based on the size and biogenesis process, EVs can be divided into three main subpopulations: (i) exosomes, (ii) microvesicles (MVs), and (iii) apoptotic bodies (AB). Exosomes
are generated by the internal budding of endosomes to produce a multivesicular body (MVB) which is released into the extracellular space after fusion with the plasma membrane.
MVs are generated by direct outward plasma membrane budding. The AB is membrane blebs formed during cell apoptosis.
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Special attention should be paid to EVs derived from cell culture
conditioned media. Particularly, basic characterization of releasing
cells and culture should be performed, as well as all harvesting
conditions should be reported (e.g., seeding density, passage
number, culture volume, surface coatings, gas tension, stimula-
tions/treatments, frequency, intervals of harvesting) [22]. Impor-
tantly, cells are widely cultured in vitro, in a medium enriched with
human, or other species serum, containing its own EVs that should
be removed before adding to the cell culture [33]. An increasing
number of vendors offer commercial exosome-free serum. Unfor-
tunately, the exact steps of the depletion method are often not
described, whichmakes it impossible to predict and control the EVs
release [22]. Emphasis should be placed on quantifying the per-
centage of dead cells present in the culture after conditioning time
since even their small number could release cell membranes, which
overcame true extricated EVs. The estimated acceptable dead cell
concentration should not exceed 5% [22]. Other sources of possible
contaminations such as EVs originating from bacteria, e.g., Myco-
plasma should be carefully evaluated [22,33].

Several critical remarks should be placed for EVs extraction from
tissue, where it is challenging to guarantee that recovered vesicles
originate from the extracellular space. It is difficult to achieve the
degree of tissue disruptionwhile minimizing cellular damage. Once
cells are destroyed, intracellular components and artificially pro-
duced vesicles may co-isolate with EVs fraction [22,23].

The tissues which EVs were isolated from include brain tissue
[40], visceral adipose tissue [41] or lymphoid tissues [42].

Before the analysis of urine EVs, one has to consider two critical
aspects regarding sample quality: urine collection and sample storage.
First or secondmorning urine samples can be collected as according to
EV protein analysis, EVs content was similar between these two
sample types [43]. Urine samples can be stored long-term, however,
the storage temperature is important and should be �80�C. Imme-
diately prior to sample preparation, urine has to be vortexed vigor-
ously as EVs could remain attached to the plastic [43]. It should also be
noted that uromodulin, the most abundant urine protein, may co-
precipitate with EVs, reducing the purity of isolated vesicles [23,44].

The most important factors influencing the sample quality,
which determines the accuracy of research are summarized in Fig. 2.

2.2. EVs isolation and purification

To obtain relevant results leading to coherent conclusions, EVs
should be isolated in a standardized manner. As a group of
4

heterogeneous particles of different size and content, the stan-
dardization seems to be an exceptional challenge. A multitude of
isolation techniques and their modifications exist, which result in
the separation of EVs subsets of various size, purity, and with
different molecular cargo [45,46]. The general principles of the
main isolation methods, along with recognized advantages and
disadvantages are presented in Table 1.

Ultracentrifugation (UCF), considered as a gold standard, was
the first technique applied for EVs isolation in 1996 [47], and still
in 2016 survey results showed that 81% of EVs research is based on
ultracentrifugation as an isolation technique [48]. This technique
is also predominant for EVs isolation for MS-based metabolomics
studies, as shown in Table 2. UCF isolates components according to
their size and density through sedimentation caused by a suc-
cessive rise in centrifugal forces and duration time [46]. Conse-
quently, it is possible to remove cell debris and apoptotic bodies,
then MVs, and finally exosomes pellet is formed at the highest
centrifugation force. This method was applied to isolate exosomes
from cell-cultured media as well as from biological matrices such
as plasma, urine, saliva, breast milk, and semen. A crucial aspect
related to quality assurance is the fact that isolation protocols vary
substantially between research projects [45]. However, numerous
parameters impact the isolation efficiency and should be consid-
ered during method development including (i) centrifugal g-
force; (ii) type of rotor; (iii) sample viscosity; (iv) time of centri-
fugation [46].

The general UCF procedure includes several centrifugation steps
at increasing acceleration and time: firstly at 400�g ~10 min and
2000�g ~30 min to remove cells and cell debris, then at 10 000�g
~40 min to eliminate apoptotic bodies (AB) and larger vesicles.
Although the supernatant obtained at this stage contains a high
concentration of exosomes, it can be contaminated by lipoproteins,
MVs, and proteins. Additionally, for more efficient isolation of
exosome fraction from contaminants, the last step with sedimen-
tation at 100 000�g for at least 70 min up to 18 h is performed
[46,49]. For consistency and reproducibility purposes, the same
value of rotor acceleration, rotor type, and centrifugation temper-
ature (preferably 4�C), are essential. The time should be adjusted to
the specified protocols. Prolonged centrifugation co-precipitates
other particles that have a negative impact on the sample purity
[46,50]. Finally, pellets are washed with a large volume of
phosphate-buffered saline (PBS) to separate the exosomes from
lipoproteins or protein aggregates [51,52]. It can be also assumed
that the majority of the reported studies usually employ single



Fig. 2. Considerations on the critical factors and challenges affecting the quality of untargeted metabolomics studies together with the principal steps of the metabolomics
workflow including (i) biological material collection and sample processing; (ii) EVs sample preparation e isolation and purification; (iii) metabolite extraction; (iv) metabolomics
analysis; (v) data processing; (vi) data treatment; (vii) biological interpretation. BMI e Body Mass Index, PEG e Polyethyleneglycol, NTA e Nanoparticle Tracking Analysis, TEM e

Transmission Electron Microscopy, DLS e Dynamic Light Scattering, ELISA e Enzyme-Linked Immunosorbent Assay, QC e Quality Control, QA eQuality Assurance, PBS e Phosphate-
Buffered Saline.
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[49,53,54] or double [55,56] PBS-washing, some authors applied
multiple, e.g., 4� PBS-washing cycles [57]. However, apart from
sample purity, washing also influences isolation yield crucially.
Thus, a balance should be maintained as washing steps decrease
isolation efficiency [45]. In a study by Nielsen et al. the number of
EVs was compared between a washed and non-washed pellet. The
introduction of a single washing step reduced the number of EVs to
almost 5% of the equivalent unwashed pellet. However, thewashing
step also reduced significantly the co-isolated plasma proteins by
more than tenfold, which is undeniably beneficial for the
5

downstream mass spectrometry analysis [58]. Generally, it may be
assumed that for metabolomics analysis, a single wash allows
achieving acceptable EVs purity while ensuring detectable levels of
metabolites in the analyzed extract. However, apart from sample
purity, washing also influences isolation yield crucially. Thus, a
balance should bemaintained as toomanywashing steps decreases
isolation efficiency [45]. The undeniable advantages of differential
UCF are its reproducibility and low cost. On the other hand, the
major limitation is the need to utilize specialized equipment for
centrifugation, long procedure (~5e10 h) and unavoidable



Table 1
Summary of the EVs isolation methods.

Method Background Principles Advantages Disadvantages

Ultracentrifugation
(Differential
Ultracentrifugation)

Separation is based on differences in size,
shape, and density. Particles sediment at
different centrifugal forces.

� reproducibility of the procedure
� low cost of used consumables and

reagents
� no reagent addition
� multiple samples at the same time

� lengthy methodology
� labor-intensive
� low yield
� not suitable for low sample volumes
� risk of contamination by particles of

similar size
� the necessity of utilization of specific

costly equipment
� low throughput
� the potential damage of exosomes
� lack of standardized procedure
� efficiency is influenced by numerous

parameters, limited use in clinical
practice

Sucrose Density Gradient
Ultracentrifugation

Combination of differential
ultracentrifugation with a density
gradient.

� EVs of higher purity than obtained by
ultracentrifugation

� easy methodology

� time-consuming
� high volume sampling required
� low yield
� strong centrifugation force has to be

put to overcome the viscous media
� contamination of viruses and

lipoproteins
Filtration (Ultrafiltration) Differences in particle size - the pore size

affects the isolated vesicles.
� fast and efficient
� easy to perform
� no special equipment required
� no reagent addition

� low exosome yield
� unable to separate contaminants of the

same size as EVs
� filters clogging
� risk of vesicle deformability under

forced pressure
Precipitation Water-binding polymers lower solubility

of EVs leading to their precipitation
� high yield
� easy and fast procedure
� low cost
� commercial kits available
� suitable for large volumes

� low purity (proteins and polymer)
� low specificity
� unable to capture subpopulations of

EVs

Microfluidics Isolation based on immunoaffinity
capture or physical or mechanical
properties of EVs (size, density, etc.)
Novel methodologies can be based on
acoustic, electrophoretic, and
electromagnetic manipulations.

� low sample volumes
� low cost
� low consumption
� high precision
� easy automation and integration
� fast and portable

� possible low reproducibility
� possible clogging of pores and channels
� lack of standardization and method
� validation
� low processing capacity

Size Exclusion
Chromatography

Based on molecule size and the size of
pores in the column gel.

� higher purity of exosome isolate
� no reagent addition
� intact exosomes
� high yield

� low volumes required
� low throughput
� sample dilution

Immunoaffinity-based Interaction between antigens on the
exosome surface and immobilized
antibodies.

� high purity
� isolation of exosomes subpopulations
� fast procedure (excluding pre-

enrichment)

� usually, sample pre-enrichment is
required

� low yield
� suitable only for low volumes
� high cost

Polymer Precipitation-
based Commercial Kits

Water in the solution is tied up by PEG,
which induces exosome precipitation.
The exosomes can be easily collected with
low-speed centrifugation.

� rapid
� easily scalable to large preparation

volumes with high yield
� does not require sophisticated

equipment
� capable of processing all type of

samples
� high efficiency

� presence of other extracellular
contaminants (e.g. lipoproteins,
viruses)

� requires complicated clean-up steps
and affects downstream analysis
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contamination of the final sample by proteins and non-vesicle
particles representing similar size as isolated exosomes [59].
Moreover, it is considered that centrifugation at high speed may
cause exosomes fracture and aggregation with biofluid contami-
nants [60].

To alleviate certain drawbacks of UCF, density gradient ultra-
centrifugation (DGU) has been developed as an extension to the
described procedure for increasing the exosome isolation efficiency
[61]. It includes two alternative methods: based on sucrose or
iodixanol gradient. Exosome pellets, resuspended after ultracentri-
fugation, are overlaid in the gradient medium with crescively
decreasing density from bottom to the top (e.g., in the 30% sucrose
solution with D2O) and subsequently, undergo centrifugation at
100 000�g acceleration. As a result, isolated particles drift and stop
6

at the point where medium density is the same as their own. DGU
increases sample purity and yield.Moreover, due to the applied high-
density medium, the destructive influence of high centrifugal forces
on exosomes structure is minimized [62]. The main disadvantage of
this method is a laborious protocol and the need for additional pu-
rification procedures to separate vesicles subpopulations from each
other and non-vesicles molecules with similar density.

Other EVs isolation methods, so far commonly applied in EVs-
based transcriptomics and proteomics analysis include ultrafiltra-
tion, precipitation, immunoaffinity-based, and size-exclusion
chromatography (SEC) are summarized in Table 1. Briefly, ultrafil-
tration separates molecules by their differences in size and mo-
lecular weight. Isolating particles are sequentially passed through
ultrafiltration membranes (usually cellulose) with various



Table 2
The overview of the most relevant EVs-based untargeted metabolomics studies ordered according to the year of publication.

Aim of the study EV type and origin Isolation method Metabolite extraction
&
Analytical platform

QA/QC procedure &
Normalization

Main metabolomics findings Ref.
Year

Non-invasive detection and
discrimination of colorectal
cancer.

CRC-derived exosomes; cell
culture conditioned
medium and serum

UCF methanol-water-chloroform
LC-QTOF/MS
GC-Q/MS

normalization to sum area-
mean centering

Identification of 37 (cell culture), 31
(serum) metabolites including
organic acids, amino acids and
conjugates, sugars, and 30 (cell
culture) and 56 (serum) lipids with
statistically significant changes. The
most significant changes were
observed for monomethyl
phosphate, D-pinitol, Myo-inositol,
xylitol (decreased) and glucose, L-
pyroglutamic acid, glycolic acid
(increased). Sphingolipid and
glycerophospholipid metabolisms
were associated with the strongest
discriminative power.

[103]
2020

Characterization of EVs
subpopulations composition.
Assessment of metabolic
differences between tuberculosis
and malignancy.

large and small EVs
derived from pleural effusion

UCF methanol-MTBE-water
UHPLC-QTrap/MS

NA Metabolic profiles of EVs
subpopulations overlapped with a
difference from each other and
considerably varied from EVs
derived from pleural effusion.
A panel of 4 biomarker candidates:
phenylalanine, leucine,
phosphatidylcholine 35:0, and
sphingomyelin 44:3 showed high
performance for TPE and MPE
stratification.

[84]
2020

Development of colorectal cancer
diagnostic model using stool
microbial EVs metabolomics and
metagenomics.

stool microbial EVs centrifugation (10 000�g)
10, min, 4�C

acetonitrile-isopropanol-water
GC-TOF/MS

log transformation; Pareto
scaling

In stool microbial EVs, 6 amino
acids, ethanolamine, phenol, 3
carboxylic acids, and 3 fatty acids
were upregulated while
aminoisobutyric acid and butanoic
acid were downregulated as
compared to healthy controls. Most
metabolic markers were strongly
correlated with the microbial
abundance of Firmicutes and
Proteobacteria.

[90]
2020

Assessment of immunosuppressive
properties of cancer-derived EVs.

EVs derived from breast cancer
cell line

UCF water-methanol-chloroform
LC-Q-Orbitrap/MS; capillary IC-
MS

normalization according to the
amount of EV protein and
particle number

After destruction by lymphocyte-
derived perforin, EVs secrete
adenosine, which has
immunosuppressive effects.
Another finding suggests that IFN-g
treatment promotes intracellular
tryptophan catabolism and
glycolysis, but does not affect the
metabolic profile in EV metabolites.

[104]
2020

Comparison of the metabolite
profiles of serum-derived
exosomes between head and
neck cancer patients and healthy
controls.

serum-derived
exosomes

UCF followed by SEC methanol
GC-QqQ/MS

Total Ion Current normalization Cancer serum-derived EVs
metabolite profile is characterized
by markedly upregulated 1-
hexadecanol and downregulated
citric acid, 4-hydroxybenzoic acid,
and propylene glycol. No metabolic
changes were observed in EVs as a
consequence of radiotherapy.

[106]
2020

(continued on next page)
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Table 2 (continued )

Aim of the study EV type and origin Isolation method Metabolite extraction
&
Analytical platform

QA/QC procedure &
Normalization

Main metabolomics findings Ref.
Year

Identification of exosome-derived
biomarkers for schizophrenia
based on a large multicenter
study.

serum-derived
exosomes

SEC methanol
LC-QTRAP/MS

pooled QC 25 metabolites (10 upregulated and
15 downregulated) differentiated
between patients with
schizophrenia and healthy controls.
Significant metabolites are related
to glycerophospholipid metabolism
and the biosynthesis of
phenylalanine, tyrosine, and
tryptophan. High ROC AUC value
implies their potential as indicators
of schizophrenia.

[65]
2020

Development of novel
immunoaffinitive magnetic
composites
(MagG@PEI@DSP@aptamer) as a
facile strategy for the capture
and release of exosomes.

exosomes secreted by breast
cancer cells

immunoaffinity-based
MagG@PEI@DSP@aptamer

50% methanol
LC-Q-Orbitrap/MS

the intensity of each ion feature
was normalized using IS

The use of the developed magnetic
composites provides reliable and
informative results. Exosomes
isolated with the novel method
were characterized by significantly
different metabolic profiles in the
comparison between breast cancer
cells and normal breast cells. The
main observations include
increased glutaminolysis and
downregulation of aspartic acid in
breast cancer.

[64]
2020

Investigation of the impact of cell
growth conditions (bioreactors
vs. conventional cell cultures) on
the EVs characteristics.

EVs derived from prostate
cancer cell lines

UCF acetonitrile
LC-QTOF/MS

pooled QC The use of bioreactor increased the
EVs yield >100 times compared to
the conventional cell culture
system. The growth conditions
significantly affected the EVs
metabolite profiles, e.g., bioreactor-
derived EVs contained significantly
less PC and PE, as well as SM.

[99]
2019

Exploring a lipid profile that can
classify non-small cell lung
cancer patients.

plasma-derived exosomes UCF acetonitrile-water-chloroform
UHR-FTMS

lipid features intensities
normalized using the summed
intensities of lipid features

Panels of 7 and 16 lipid features
selected with Random Forest and
LASSO methods, respectively,
distinguish lung cancer patients
from healthy individuals.

[91]
2018

Proof of concept for applying a
sensitive CIL nLC-MS technique
in exosome metabolomics
research. A comparative analysis
of samples obtained from
pancreatic patients before and
after chemotherapy.

serum-derived exosomes UCF methanol-water
CIL nLC-QTOF/MS

NA The developed workflow allowed
for the detection of ~1950
metabolites per sample. Significant
changes were noted in alanyl-
histidine, 6-dimethylaminopurine,
leucyl-proline, methionine
sulfoxide levels before and after
chemotherapy; however, the
sample size in this study was too
small to draw biological
conclusions.

[57]
2018

Characterization of the lipid
composition of airways EVs from
asthmatic and healthy subjects,
with and without second-hand
smoke exposure.

EVs derived from BALF UCF methanol-water-chloroform
DI-QTOF/MS

EVs containing 1 � 109

particles; ceramide IS; lipid
peaks normalized by the mean
and SD value of each sample

The levels of ten lipids belonging to
ceramides, sphingomyelins, and GP
were significantly different
between the compared groups. It
was observed that second-hand
smoke exposure reduces ceramide
levels, which may have a protective
anti-inflammatory function.

[92]
2018
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Development of the protocol for
exosome-mediated metabolic
flux analysis (Exo-MFA), to
predict fluxes involved in
metabolite trafficking from CAFs
to cancer cells.

Human cancer-associated
fibroblasts (CAFs) derived
exosomes (CDEs)

Commercial kit methanol-water-chloroform
GC-Q/MS

NA Exo-MFA algorithm integrates
experimental and computational
stable-isotope tracer techniques
and provides insight into
multicellular metabolic
interactions. Exo-MFA was
successfully employed to estimate
the packaging fluxes in CAFs that
constitute the metabolite cargo of
exosomes. The study finds that
lactate supply is provided by
exosomes for the regulation of
glycolysis pathway fluxes for 24 h,
while glutamine and TCA
intermediates are provided to
supply up to 35% of the TCA cycle
fluxes.

[102]
2017

Identification of differential content
of EVs-VOCs in in vitro cultures of
Plasmodium falciparum growing
at two different parasitemias and
study the relationship between
the higher EV-VOC density and
mosquito attraction.

RBCs-EVs form infected and
uninfected patients

UCF SPME extraction with the use of
DVD/CAR/PDMS fiber
HSPME GC-Q/MS analysis of
EVs-VOCs and UCF
supernatants

NA 18 VOCs were obtained from the
EVs of both infected and uninfected
RBCs with 1,2,3-propanetriol,
diacetate (diacetin) increased in the
infected EVs, regardless of the
parasitemia of the culture. The UCF
supernatant analysis, resulted in 56
VOCs, with pentane 2,2,4-trimethyl
being present in all the UCF of
uninfected erythrocytes but absent
from the parasite-infected ones.
Hexanal, was the only VOC present
in all samples from UCF from
infected erythrocytes and absent
from uninfected ones, suggesting
that it originates during parasite
infection.

[88]
2017

Characterization of metabolites and
determination of changes in
metabolic profiles of EVs
associated with prostate cancer.

Comparison of normalization
methods.

Urinary and platelet EVs from
prostate cancer patients before
and after prostatectomy and
healthy controls

UCF acetonitrile and water (80:20)
with 1% of formic acid
UHPLC-QqQ/MS
102 (urinary) and 111 (platelet)
metabolites

Different normalization
procedures compared: t V
volume, EV number, CD
optical density, other
metabolites, urine volum or
urine creatinine.

The study provides insights into the
amounts of required material
~1 � 1010 EVs for metabolomics
analysis.
Normalization to EV-derived
parameters or analysis of
metabolite ratios would have the
best potential.
2e26 fold lower levels of
glucuronate, D-ribose 5-phosphate
and isobutyryl-L-carnitine were
observed in all pre-prostatectomy
samples compared to the healthy
control and post-prostatectomy
samples.

* [76]
2017

Determination of metabolic content
of patient-derived exosomes.

Study of cancer cell metabolism in
prostate and pancreatic cancers
mediated CDEs.

Human cancer-associated
fibroblasts (CAFs) derived
exosomes (CDEs)

Commercial kit methanol-water-chloroform
GC-Q/MS

Normalization by protei
concentration

CDEs contain metabolites (amino
acids, lipids, TCA-cycle
intermediates, lactate, acetate) that
are utilized by cancer cells for
central carbon metabolism,
proliferation, and promote tumour
growth.

[98]
2016

(continued on next page)
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Table 2 (continued )

Aim of the study EV type and origin Isolation method Metabolite extraction
&
Analytical platform

QA/QC procedure &
Normalization

Main metabolomics findings Ref.
Year

Comparison of protein and lipid
content of exosomes, MVs.

Human cell culture (U87, Huh 7,
MSCs) derived exosomes and
MVs

UCF chloroform-methanol
DI-QTOF/MS

Fatty acid standards.
Lipid species normalized to
total protein content

Exosomes and MVs differ in lipid
types. Exosomes are characterized
by a higher content of glycolipids
and free fatty acids, while MVs are
represented by enrichment in
ceramides and sphingomyelins.
Lipidomes of Huh7 and MSC
exosomes were similar to each
other but different from U87. Huh7
and MSC exosomes contain more
CL, whereas U87 exosomes contain
more sphingomyelins.

[105]
2016

Description of methodology for
metabolic profiling of Exosomes-
Like Vesicles (ELVs).

ELVs derived from human
plasma samples from patients
with endometrioid
adenocarcinomaELVs isolated
from human pancreatic
carcinoma cell culture media

UCF water- methanol-chloroform-
acetonitrile
UHPLC-QTOF/MS

ELVs containing approximately
1011�12 particles/mL;
Two IS (%CV calculated)

Plasma-derived ELVs: 29% GP/SP,
17% nucleotides and derivatives,
16% fatty acid esters/amides/
alcohols, 10% peptides/peptide
conjugates, 10% steroids, prenols
and eicosanoids, 7% sugars and
sugar conjugates, 5% cyclic alcohols,
aliphatic and aromatic compounds,
3% amino acids/conjugates, 2%
organic acids and derivatives, 1%
others.
Cell culture media derived ELVs:
56% GP/SP, 14% fatty acid esters/
amides/alcohols, 7% nucleotides,
and derivatives, 6% amino acids/
conjugates, 5% steroids, prenols and
eicosanoids, 4% organic acids and
derivatives, 3% cyclic alcohols,
aliphatic and aromatic compounds,
2% sugars and sugar conjugates, 2%
others, 1% peptides/peptide
conjugates.

[89]
2016

EV e extracellular vesicle, QA/QCe quality assurance/quality control, CRC e colorectal cancer, UCF e ultracentrifugation, LC-QTOF/MSe liquid chromatography coupled to quadrupole e time-of-flight mass spectrometry, GC-Q/
MSe gas chromatography coupled to quadrupole mass spectrometry, MTBE - methyl tert-butyl ether, UHPLC-QTrap/MSe ultra high performance liquid chromatography coupled to hybrid triple quadrupole linear ion trap mass
spectrometer, TPEe tuberculosis pleural effusion, MPEemalignancy pleural effusion, GC-TOF/MSe gas chromatography coupled to time-of-flight mass spectrometry, IC-MSe ion chromatographywithmass spectrometry, IFN-
g e interferon gamma, SECe size exclusion chromatography, GC-QqQ/MS e gas chromatography coupled to triple quadrupole mass spectrometry, ROC e Receiver Operating Characteristic, AUCe area under curve, IS e internal
standards, PC e phosphatidylcholine, PE e phosphatidylethanolamine, SM e sphingomyelin, UHR-FTMS e ultra high-resolution Fourier transform mass spectrometry, LASSO - Least absolute Shrinkage and Selection Operator,
CIL e chemical isotope labeling, nLC-MS e nanoflow liquid chromatography coupled to mass spectrometry, BALF - bronchoalveolar lavage fluid, DI e direct infusion, SD e standard deviation, GP e Glycerophospholipids, CAF e
cancer-associated fibroblast, CDEs e CAF-derived exosomes, Exo-MFA e exosome-mediated metabolic flux analysis, TCA-tricarboxylic acid cycle, VOC e volatile organic compound, SPME e solid phase microextraction, DVD/
CAR/PDMS e divinylbenzene/carboxen/polydimethylsiloxane, HSPME e headspace solid phase microextraction, RBCs e red blood cells, MV e microvesicles, U87 e glioblastoma cells, Huh7 e hepatocellular carcinoma cells,
MSCse human bonemerrow-derivedmesenchymal stem cells, CLe cardiolipins, ELVse exosomes-like vesicles, CVe coefficient of variation, SPe sphingolipids, NAe data not available, * [76] this citation is referred to thewide
in scope metabolite profiling. However, due to its importance, we consider it as highly relevant for the provided discussion.
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molecular size and weight cut-offs [62]. In the end, the sample is
filtered through a 100 nm membrane filter to separate exosomes.
Isolated EVs are characterized by higher purity compared to UCF
method. Nonetheless, membrane clogging by aggregates and non-
vesicles contaminants vastly decrease isolation efficiency.
Furthermore, it is considered that passing through nanopores in-
duces changes in EVs morphology or their lysis [45].

EVs can also be isolated through precipitation from a solution
caused by the presence of a reagent (usually a polymer) that binds
water molecules and saturates the solution. A substantial disad-
vantage is the co-precipitation of proteins and polymer particles
affecting downstream MS analysis.

Immunoaffinity techniques are based on capturing EVs by an-
tibodies that attach to specific surface ligands. The technique is
most suitable for obtaining pure exosome fraction since certain
proteins such as CD63, CD9, and CD81 are characteristic for exo-
somes, but none of the other EVs [24]. However, the required
sample pre-concentration may hamper the method's applica-
bility [63]. Nevertheless, novel strategies based on immunoaffinity
emerge, including aptamer-based immunoaffinitive magnetic
composites (MagG@PEI@DSP@aptamer), developed and applied in
metabolomics study by Chang et al. [64]. Such composites were
able to capture a higher number of exosomes from cell culture
medium than UCF, and the authors were able to detect a higher
number of metabolic features.

Specific exosome fractions can be isolated using Exosome-
Human EpCAM Isolation Reagent (Thermofisher, United States),
which separates EpCAM-positive (epithelial cell adhesion
molecule-positive) human exosome subsets from a pre-enriched
medium. Magnetic beads are coated with an antibody specific for
the EpCAMmembrane antigen, and attached exosomes can then be
magnetically separated.

A technique that has recently been used for EVs isolation from
schizophrenia patients' serum samples is size-exclusion chroma-
tography (SEC) [65]. SEC enables particle separation in a column,
based on the molecule size. In this simple technique, a biofluid and
porous gel filtration polymer are used as mobile and stationary
phase, respectively. The porous gel allows for differential elution as
bigger particles enter the big size pores only, and therefore have a
shorter path to get to the end of the column and be eluted. The
method is rapid, cost-effective, enables to separate EVs from solu-
ble plasma proteins, however, it cannot differentiate between
exosomes and MVs of the same size as well as SEC isolates often
contain lipoproteins [46,66]. Nevertheless, SEC is considered to
produce EVs isolate of higher purity than UCF and precipitation
[67]. When identification of EVs subtype is needed, the additional
use of the immunocapture method is advised.

Microfluidics-based techniques have been strongly developed in
the last years [68]. It refers to processing small amounts of fluids
through micro-channels with dimensions of tens to hundreds of
micrometers. On such a small scale, fluids behave distinctly,
partially because surface forces dominate volumetric forces. The
most significant advantage of microfluidics is low reagent con-
sumption and fast analysis. Due to substantial issues with stan-
dardization and validation of microfluidics methods as well as their
low processing capacity, none of the currently available methods
can be applied to large scale studies such as untargeted metab-
olomics based projects [69].

A simple and rapid EVs isolation can be achieved with
commercially available kits or systems, which are based on previ-
ously describedmethods such as precipitation, immunoaffinity, SEC,
or microfluidics [70]. Precipitation-based kits comprise the vast
majority of commercial kits e.g., ExoQuick (System Biosciences,
United States), Total Exosome Isolation Reagent (Invitrogen, United
States), or miRCURY Exosome Isolation Kit (Exiqon, Denmark),
11
among others. Here, normally polyethyleneglycol (PEG) is the sub-
stance responsible for water-binding and EVs precipitation. Usually,
a few different kits are offered by the manufacturer appropriate for
different types of biological fluids - plasma/serum, urine, cell culture
media, or saliva. A huge stumbling block in applying commercial kits
for EVs isolation is sample contamination with PEGs, which is
particularly problematic when metabolite detection is based on
mass spectrometry. Even a slight amount of polymers in an analyzed
sample leads to ion suppression and interference with the ions
formed by metabolites, which in general causes lower sensitivity
[71]. The presence of PEGs manifests in numerous MS peaks
differing by a unit of ethylene oxide (44.026 Da). Moreover, PEGs are
not well separated on LC columns and elute in a wide RT window
producing abundant peaks due to their easy ionization [72]. Besides,
as a result of their adhesive properties, PEGs are difficult to remove
from LC and MS systems (LC tubing, needle, ESI source) as well as
they contaminate the chromatographic columns [73].

Another examples of EV isolation kits include ExoChip, based on
a combination of microfluidics and immunoaffinity techniques.
This microfluidic device functionalized with antibodies against
CD63 was proved to extract EVs with intact RNA, ready for micro-
RNA profiling [74]. Modified ExoChip, called new ExoChip was
developed to isolate cancer-specific exosomes. As phosphati-
dylserine is more specific for cancer-associated EVs than CD63, the
new ExoChip is conjugated with phosphatidylserine-specific pro-
tein [75]. Recently, also a commercial qEV column (Izon Science,
New Zealand) was applied in an untargeted metabolomics project
[65]. The qEVs are SEC-based columns that enable to obtain exo-
some fraction in 15 min. According to the manufacturer, the exo-
some isolate is significantly purer than the one obtained with UCF
or precipitation-based kits.

Notwithstanding the whole range of EVs isolation techniques,
there is still an urgent need to establish optimal standardized
procedures. Consistent conclusions cannot be drawn as each
technique captures a distinctive subset of EVs differing in size,
quantity, and purity. Although ultracentrifugation is often called a
‘gold standard’ in EVs isolation and has been applied for more than
20 years, the number of parameters affecting the final isolate yield
and purity make UCF difficult for standardization. Commercial kits
seem to be promising in future research as they enable the isolation
procedure to be standardized. Nonetheless, the aspect of sample
purity first needs to be improved. Certainly, each isolation pro-
cedure should be followed by EVs characterization using nano-
particle tracking analysis (NTA), transmission electron microscopy
(TEM), dynamic light scattering (DLS), or enzyme-linked immu-
nosorbent assay (ELISA) for validation of the isolated EVs fraction.
To give one example, Puhka et al. validated the quality of the EVs
isolation for metabolomics study by electron microscopy and
western blotting analysis [76].

2.3. The importance of sample handling and storage

Pre-analytical variables such as stability and storage procedures
of EVs should be of particular concern, mainly due to their diag-
nostic or therapeutic potential. MISEV2018 guidance indicates that
storage and retrieval conditions of bothmatrix and isolated EVsmay
affect EVs characteristics, including stability, a number of particles,
aggregation, and function [22]. Therefore, in terms of stability, when
planning EVs research, several factors should be taken into consid-
eration, e.g., storage container, time and temperature, the procedure
of freezing and thawing, number of freeze-thaw cycles, protective
additives or storage solutions. Technical challenges regarding pre-
analytical factors influencing EVs stability were recently reviewed
by Ramirez et al. [77]. Current EVs storage strategies include cryo-
preservation, lyophilization/freeze-drying, and spray-drying, which
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were previously thoroughly described [69,78]. Briefly, for cryo-
preservation one of the most critical factor, besides the controlled
freezing method, remains a proper choice of cryoprotectant,
ensuring EVs stability and minimizing cryodamage. Substances
serving as cryoprotectants can either penetrate across cell mem-
branes (penetrating cryoprotectants) or remain situated externally
(non-penetrating cryoprotectants). Examples of the first type like
glycerol, gelatin, ethylene glycol, polyvinyl alcohol, DMSO, protect
from ice crystals generation during the cooling process. Substances
of the second type, usually carbohydrates (e.g., sucrose, fructose,
glucose) counteract cryodamage by diminishing hyperosmotic lysis
of EVs. Among several protectors, trehalose is indicated as the most
effective and valuable in terms of cryopreservation and reduction of
EVs aggregation. Additionally, to increase the effectiveness of the
process cocktails of cryoprotectants are also utilized (e.g., trehalose/
sucrose; DMSO/trehalose).

Lyophilization, an extensively used technique in the preserva-
tion of peptides, proteins, or vaccines, is also recommended for
assurance of EVs stability. The lyophilized biomaterial is charac-
terized by a relatively long shelf-life and can be reconstituted by
water addition. However, due to freezing and dehydration pres-
sures generated during the freeze-drying process, and the conse-
quent risk of EVs damage, also in this technique addition of
protectants is of great importance. For this purpose, short saccha-
rides are usually employed (e.g., sucrose, fructose, glucose), with
trehalose suggested as a very effective storage cryoprotectant.
Saccharides act as stability enhancers in the lyophilization tech-
nique by forming an amorphous sugar glass on the outer part of the
EVs by which they increase their stability characteristics [78e80].

Spray-drying is another method employed to increase EVs
stability. It is a frequently used in the production of therapeutic
peptides, proteins, vaccines, with main advantages such as a
single-step process and the ability to produce particles in rela-
tively small sizes in a controllable manner [78]. Here, crucial pa-
rameters to be considered are atomization pressure and outlet
temperature, which should be precisely adjusted, as unproperly
optimized parameters can decrease EVs stability and contents.
Spray-drying so far is less often utilized in EVs studies, yet it is
listed in a US patent by Behfar, who engineered a method for
exosome delivery based on EVs with a platelet-rich solution as a
wound healing formulation proposal [81].

In most of the studies focused on EVs stability, the storage
temperature of �80�C was indicated as the most adequate in terms
of maintaining activity and contents [78,82,83]. It should be noted
though, that storage conditions can be selected on the basis of EVs
study purpose and ultimate application. For example, Wu et al.
reported that in studies on EVs integrity and quantity, storage of
EVs up to a week at 4�C could be acceptable, however, for contents
and activity studies, storage at �20�C or �80�C is necessary [83].

Exceptional potential dormant in EVs phenomenon, particularly
their diagnostic and therapeutic potential, impose further in-
vestigations focused on their stability during the storage. There is
still a need for further studies on the stability of EVs cargo from a
proteomic, transcriptomic and metabolomic perspective [77].
There is no doubt, that new recommendations, indicating standard
methodologies, will ease following research and simplify compar-
ison of results presented by different research groups [22,83].

2.4. Metabolite extraction as a critical step in metabolite profiling

Untargeted metabolomics requires an effective metabolite
extraction method that guarantees all metabolites' complete and
unbiased release from the EVs. However, this process is challenging
due to the high chemical diversity and the wide dynamic range of
metabolites that can vary by many of magnitude orders. Therefore,
12
no single method can completely extract all metabolites and no
single analytical platform is capable of their analysis. Importantly,
for efficient extraction of intracellular metabolites, the EVs mem-
brane needs to be first permeabilized, and then metabolites are
extracted by organic solvent [84]. To achieve high metabolite
coverage, protein removal by precipitation with cold organic sol-
vents such as methanol, methanol/ethanol (1/1, v/v), or acetonitrile
is the most widely used protocol for global untargeted metab-
olomics [85]. Protein removal preserves the LC-MS system integrity,
reduces matrix effects, and significantly increases the number of
detected metabolites [86]. Alternatively, organic solvents mixtures
or with water addition are commonly used to increase the range of
extracted metabolites. Here, combinations of e.g., a two-phase
solvent system composed of a mixture of chloroform-methanol-
water can be applied to recover both polar and non-polar metab-
olites. Nonetheless, due to chloroform's high toxicity, liquid-liquid
extraction using methyl tert-butyl ether has become an alterna-
tive that provides comparable metabolite coverage [87].

Although solid-phase extraction (SPE) is avoided in global
metabolomics analysis because of its selectivity, this method can be
recommended for the determination of volatile organic com-
pounds. Such a strategy was applied by Correa et al. in the HSPME/
GC-MS analysis of red blood cell EVs from Plasmodium falciparum
infected and uninfected individuals [88].

Consequently, the method of choice for sample preparation
should be non-destructive and non-selective to cover the wide
variety of metabolites present in the analyzed matrix. Moreover,
the resulting extracts should be compatible with the analytical
techniques used for subsequent analysis. An overview of the
extraction procedures and analytical platform used for the
untargeted analysis of EVs metabolome is provided in Table 2,
whereas Fig. 2 highlights the most important aspects of metabo-
lite extraction.

3. Metabolomics reveals molecular signature of extracellular
vesicles

In the post-genomic era, metabolomics is increasingly gaining
more and more attraction among the basic sciences. Metabolites
represent the downstream products of multiple reactions between
genes, transcripts, and proteins to provide a more holistic molecular
perspective that intends to understand the biological complexity
of the studied system. Importantly, high-quality untargeted
metabolomics studies require (i) proper experimental design; (ii)
thoughtful sample selection and handling; (iii) appropriate metab-
olite extraction; (iv) accurate data acquisition methods; (v) careful
data processing and interpretation. Each step of the workflow is
essential for the outcome of the study. Herein, in Fig. 2, we indicated
the most crucial factors that should be considered to conduct a
reliable EVs based untargeted metabolomics study.

Although a significant number of proteomics and tran-
scriptomics studies were conducted to elucidate the role of EVs
proteins and nucleic acids, still the EVs metabolome remains to be
explored more extensively. Particular composition depends on the
donor cell type, physiological or pathological state of the cell, and
the stimuli that have led to their secretion. One of the first studies
that applied the MS-based approach for evaluation of EVs metab-
olome compositionwas conducted by Altadill et al., in 2016 [89]. The
applied analytical platform and non-selective extraction protocol
enabled to the detection of numerous classes of lipids as well as
peptides, organic acids, nucleosides, sugars, or cyclic alcohols in the
EVs derived from plasma and cell culture media. In the other study,
Luo et al. [57] also reported a high number of amino acids, di-
peptides, purine bases, and nucleosides in serum EVs. Similarly, a
wide range of metabolites was detected in stool microbial EVs [90].
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Puhka et al. [76] detected the same above-mentioned compound
classes in urine and platelet EVs, together with other predominant
metabolites belonging to carnitines, vitamin B-related metabolites,
and amines. Moreover, this study proved that more than 85% of EVs
cargo has a cytoplasmic origin. This is a consequence of the cytosol
being engulfed by EVs while budding from cell membranes. It is
suggested that the rest of the EVs content is produced through
enzymatic activity within EVs. In addition to common classes of
metabolites, also volatile compounds were analyzed in the EVs [88]
where the group of Correa detected alcohols, alkylbenzenes, phe-
nols, aldehydes, alkanes, and benzene derivatives in the EVs of red
blood cells. Since EVs are characterized by high lipid content related
to their membrane structure, several studies focused only on the
analysis of lipid compounds in EVs [49,91e95]. The recent review
paper by Skotland et al. aims to present and compare in details
advancements in the lipid composition in EVs [96]. Whereas,
Peterka et al. performed comprehensive lipidomics characterization
of exosomes from human plasma and provide absolute molar con-
centrations of lipid species from 10 lipid classes. In the following
discussion, the authors refer to lipid classes as membrane lipids (PC,
LPC, Cer, SM) and lipids occurring in the internal space of lipid
membrane, but not incorporated in the membrane structure (TG,
DG, MG) [97]. Hough et al. [92] detected sphingomyelins (SM),
phosphatidylcholines (PC), ceramides, prostaglandins, and leuko-
trienes in EVs purified from the bronchoalveolar lavage fluid (BALF).
These lipids play an essential role in cellular signalling, survival, and
immune activation. According to Altadill et al. [89], 29% and 56% of
total metabolome composition comprise glycerophospholipids and
sphingolipids in the EVs obtained from plasma and cell culture
media, respectively. In the study of Royo et al. [93] SM, PC, and
phosphatidylethanolamines (PE) were also listed as the most
abundant in the EVs secreted by hepatocytes. Particular interest is
paid to the composition of cancer-derived EVs, produced in high
amounts, which could serve as potential cancer indicators. Zhao
et al. [98] found that exosomes secreted by cancer-associated
fibroblasts, key components of the tumour microenvironment,
promote tumour growth. Amino acids, lipids, and TCA-cycle in-
termediates included in their cargo are utilized by cancer cells for
central carbonmetabolism. In another study, breast cancer-secreted
EVs’ composition was compared with the content of tumour cells
[94]. EVs contained more cholesterol and SM than their original
cells, while PC and PE were depleted in EVs. Furthermore, unsatu-
rated diacylglycerols (DG) were highly enriched in cancer cell-
secreted EVs. The authors suggest that through protein kinase C
activation, DG contributes to cell proliferation and tumour pro-
gression. It is important to note that according to the study of Pal-
viainen et al. [99], the composition of cell-derived EVs is dependent
on cell growth conditions. Bioreactor-derived EVs (BR-EVs) were
compared with the EVs obtained from cells grown in conventional
cell cultures (C-EVs). C-EVs were characterized by the significantly
higher content of PC, PE, and SM in comparison to BR-EVs. There-
fore, the cell culture conditions should be carefully planned, stan-
dardized and described in scientific reports.

With the advancement in studies on profiling EVs molecular
cargo, free web-enabled tools including Vesiclepedia [7], ExoCarta
[100], and EVpedia [101] help scientific communities to identify key
components in the EVs datasets. Currently, Vesiclepedia contains
data obtained from 1254 EVs studies, 38 146 RNA entries, 349 988
protein entries, and 639 lipid/metabolite entries [7]. The develop-
ment of such resources has added another dimension in elucidating
molecular mechanisms underlying EVs biological properties and
their physiological functions.
13
3.1. Application of EVs studies to the clinical settings

The potential of EVs and especially exosomes for explanation of
mechanisms underlying disease development was mostly studied
in the case of cancer-related conditions including: prostate cancer
[76,98,99] pancreatic cancer [57,89,98,102], colorectal cancer
[90,103], breast cancer [64,104], lung cancer [91], endometroid
adenocarcinoma [89], hepatocellular carcinoma [105], glioblastoma
[105] or head and neck cancer [106]. Metabolomics studies were
also applied to study metabolic reprogramming of tuberculosis and
malignancy [84] and characterize lipid composition of airways EVs
from asthmatic and healthy subjects, with and without second-
hand smoke exposure [92]. In another study, Du et al. conducted
a largemulticenter project to identify exosome-derived biomarkers
for schizophrenia [65]. Correa et al. performed the analysis of EVs-
VOCs in in vitro cultures of Plasmodium falciparum growing at two
different parasitemias and studied the relationship between the
higher EV-VOC density and mosquito attraction [88]. The main
findings of the aforementioned studies have been summarized in
Table 2.

The ultimate goal of untargetedmetabolomics studies, including
EVs based research is to translate the results from basic science to
the clinic. There is no doubt that there is a great potential in the
EVs based studies, however, much work is needed to validate
previous findings. That remains the challenge due to the method-
ological variability across the studies. Therefore, even promising
the results of those studies need to be carefully interpreted.

4. Key elements of a successful metabolomics study

4.1. Quality assurance/quality control (QA/QC) procedures

Well-defined and properly applied QA/QC procedures in untar-
geted metabolomics studies provide proper standardization and
harmonization for multi-laboratory experiments [30]. Both QA and
QC are part of a quality management system that centres on ful-
filling analytical quality requirements [28]. QA and QC approach
constitutes a crucial point to ensure high quality and reproduc-
ibility in untargeted metabolomics. The most common types of QC
refers to QC samples (i) raw (pooled intra-study); (ii) external
(surrogate); (iii) commercially available; (iv) group-specific; or (v)
post-extraction QC sample [27,28]. The implementation of QC re-
sults in several advantages including (i) analytical system equili-
bration and control; (ii) signal intensity control; (iii) system
performance control; (iv) estimation of measurement precision; (v)
signal drift correction and normalization. Therefore, it is highly
recommended that QC is homogenous and representative in terms
of studied sample composition as it assures measurement stability
monitored through its interactionwith the analytical platform (e.g.,
through matrix-specific and sample-specific ionization suppres-
sion) [28]. For integrity and stability, QC samples should undergo
the same storing conditions and freeze-thaw cycles as experi-
mental samples, if applicable. QC replicates should be analyzed
through the whole analytical batch and used to calculate precision
for each metabolite feature. However, the preparation of QC sam-
ples is dependent on the type of sample to be studied and the
amount of biological material available. A pooled post-extraction
QC samples may provide a reliable alternative for low sample vol-
ume that can possess technical difficulties for sample pool or sub-
aliquot preparation. Nonetheless, this type of QC allows only to
control variation derived from analytical measurements and data
preprocessing but does not consider the variation related to the



D. Dudzik, S. Macioszek, W. Struck-Lewicka et al. Trends in Analytical Chemistry 143 (2021) 116382

Po
br

an
o 

z 
R

ep
oz

yt
or

iu
m

 G
da

ńs
ki

eg
o 

U
ni

w
er

sy
te

tu
 M

ed
yc

zn
eg

o 
/ D

ow
nl

oa
de

d 
fr

om
 R

ep
os

ito
ry

 o
f M

ed
ic

al
 U

ni
ve

ris
ty

 o
f G

da
ńs

k 
20

24
-0

4-
25
sample preparation procedure [28,29]. In such instances, as it could
be in the case of EVs, the alternative solution's choice is particularly
important. Thus, the application of an artificial QC sample (e.g., the
mixture of authentic chemical standards) or standard reference
materials (RMs)might be evaluated in order to ensure the quality of
the measurements. In such a case, it should be considered that not
all metabolites from the biological samples will be present in such
QC; therefore, the resulting data must be carefully interpreted.
Reference materials could benefit in (i) calibration and analytical
platform sensitivity quantification; (ii) assay validation between
assays, instruments and laboratories; and (iii) standardized quality
control reference materials. Despite great potential, the use of RMs
in EVs studies is limited. Currently, only uncertified RMs are
commercially available, and they can lack accuracy and lead to bias
in sample characterization and measurement inaccuracy [27].
Valkonen et al. focused on the perspectives for the RM develop-
ment which reflect properties equal to EVs and they evaluated the
use of nanoerythrosomes (NanoE), vesicles from erythrocytes, that
due to their resemblance to EVmight be considered as potential RM
[107]. More recently, Welsh et al. provided a detailed discussion on
the RM application and highlighted the urgent need for their
incorporation as a standard protocol for EVs-based research [108].
Another important action has been taken through the European
Joint Research Project METVES II (Standardization of Concentration
Measurements of Extracellular Vesicles for Medical Diagnoses;
www.metves.eu) that was established with the overall aim to
enable the standardization of concentration measurements of cell-
specific EVs by developing RM and related reference measurement
methods [109]. The detailed discussion on the QC approach
adapted to untargeted metabolomics workflow has been reviewed
extensively [27,29].

A crucial aspect of QA/QC that cannot be underestimated is the
analysis of the blank samples (collection blanks, extraction blanks,
solvent blanks) that can be helpful to estimate carry-over, identify
contaminants and other artefacts originating from e.g. tubes, sol-
vent impurities, sample additives, preservatives or other sources
[27]. An alternative method that can limit the analytical bias and
enhance data quality, especially in studies with limited sample size
and sample volume is the analysis of technical replicate e.g., a
triplicate of the same biological sample performed to determine
method reproducibility. Such a strategy allows to calculate mea-
surement precision and allows to minimize the false findings [27].

Regarding the most relevant untargeted metabolomics-based
studies focused on EVs analysis, published during the last 5 years
(Table 2), there are no sufficient details concerning QCs preparation
and application that is presumably limited by available low sample
size. However, a recently published study attempts to implement
standard QC protocol recommended for metabolomics analysis [65].
Nevertheless, the QA/QC procedures cannot be omitted and it has to
be considered as an obligatory step in any biomedical analysis.

4.2. Metabolomics data integrity

Advanced technologies and high-throughputmass spectrometry-
based metabolomics platforms allow the measurements of thou-
sands of metabolite variables generating highly complex multidi-
mensional data. Therefore, key considerations should be taken on
their integrity. Metabolomics data consequently need to undergo
several processing steps, namely, (i) background noise removal; (ii)
peak peaking and deconvolution; (iii) alignment; (iv) missingness
imputation; (v) filtration; (vi) normalization, which is crucial for the
data quality and relevant for the interpretation of the results. Several
previous reviews cover in detail the aspects of metabolomics data
14
management [110e112]. Therefore, we will only comment on the
most critical step, data normalization, which is still considered as the
main bottleneck in untargeted metabolomics including EVs based
studies. Emphasis should be placed that raw metabolomics data are
prone to the unwanted variation that might significantly enhance
systematic bias and lead to spurious correlations [113,114]. Such
unwanted variation can occur due to both experimental and bio-
logical factors and could be associated with the pre-analytical,
analytical, and post-analytical stages of the study [113]. There is
strong evidence that especially sample handling procedures can
influence sample integrity and change their molecular characteris-
tics. Indeed, it has been recognized that in EVs-based studies sub-
stantial variability is introduced due to the isolation procedure,
which is challenging regarding size overlap between different EVs
subtypes and their heterogeneous distribution [16,115]. Further-
more, contaminating artefacts co-isolated in EVs fractions like serum
lipoproteins, protein aggregates or components of intracellular
compartments that are not completely removed during sample
processing can significantly bias downstream analysis and data
interpretation [16,22]. Therefore, the total available EVs sample
quantity and thus the concentration of metabolites can significantly
vary from one sample to another [116]. Thus, currently, the results
are incomparable among studies. Clearly stated, only the high quality
of EVs sample can guarantee accurate and precise characterization of
their cargo and examine the true concentration differences. Several
factors associatedwith sample heterogeneity, contributing to overall
variation derived from study design, through sample handling,
collection, pre-processing, measurement, to the final data treatment
and interpretation have been reviewed extensively [27]. Untargeted
metabolomics often requires the use of multiple analytical platforms
and several analytical batches. Therefore, every experiment is also
subjected to a within-platform variation that can arise from e.g.,
inconsistencies in sample extraction and preparation, temperature
changes, the mobile phase pH shift, sample degradation, the fluc-
tuations of the ionization efficiency caused e.g., by matrix effect and
can lead to the loss of instrument performance during analytical run
[27]. Such lack of precision consequently impacts the quality of
metabolomics data. Hence, any unwanted variation must be
removed to focus on the true biological information of interest. It
should be clearly stated that without proper normalization EVs
metabolomics data can provide confusing or misleading results.

To address this issue, appropriate either sample-based or data-
based normalization strategies can be employed. Sample-derived
approaches include: (i) intrinsic (e.g., total protein content,
selected metabolite); (ii) cell-based (e.g., count, volume, markers);
(iii) weight-based (biofluid volume and tissue mass); (iv) reference
compound (e.g., internal standard); (v) QC-based factors and others
as osmolarity or specific gravity. Normalization strategies belonging
to data-based procedures count on (i) statistical methods (mean,
quantile, median fold change, PQN, cubic spline, etc.) (ii) analytical
platform factors (e.g., TIC, the sum of peak area, etc.); [116e119]. The
normalization strategies in untargeted metabolomics studies are
widely discussed in the literature. Several reviews cover the basis of
the normalization algorithms and their application for various bio-
logical conditions [113,116e118,120e122]. However, limited
normalization methods have been applied so far for untargeted
metabolomic analysis of EVs, and there is no clear recommendation
of which strategy is the most appropriate [22]. As an option, char-
acteristics of isolated EVs (e.g., particle counts, the total amount of
protein, nucleic acid, or lipids) or EVs source characteristics (e.g., the
initial volume of biofluid, a mass of tissue or number of cells) is
taken into consideration [22]. Clearly, data normalization is a big
challenge in metabolomics studies, whether targeted or untargeted.

http://www.metves.eu
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Without an appropriate normalization method, both strategies can
lead to erroneous data. Therefore, we want to highlight the study
reported by Puhka and co-workers due to its importance [76]. This
study compared alternative normalization methods: EVs based
(volume, number, CD9 optical density, othermetabolites) and urine-
derived factors (volume, creatinine) in the targeted LC-MS/MS
analysis of over 100 metabolites in the isolated EVs, original urine
samples, and platelets. The study concludes that normalization to
EVs volume, number, and CD9 optical density yields comparable
results. Moreover, the authors provide insight into the amount of
EVs sample (approximately 1 � 1010) that is required for successful
metabolite profiling [76]. Number of EVs detected in plasma ranges
from 104 to 1012 mL�1, in this instance, it is important to standardize
the required sample concentration for EVs based studies to achieve
comparable results [123]. In the other study reported by Royo et al.
the metabolic signals derived from UPLC-MS analysis of the serum
samples incubated with EVs released from hepatocytes were
normalized by total peak area, and the observed shift was corrected
for QC time [124]. Another study by Wojakowska et al. used TIC to
normalized GC-MS data from the analysis of head and neck cancer
and control samples, either serum or serum-derived exosomes
[106]. Kim et al. in the GC-TOF-MS analysis conducted on the gut EVs
from colorectal cancer patients and healthy individuals applied the
total count method [90], previously described and evaluated in
metagenomic data by Pereira et al. [125]. An alternative normali-
zation method that could benefit EVs results is quantile normali-
zation described inmetabolomics studies [113] and recently applied
also for transcriptomic analysis of pancreatic cancer-derived exo-
somes [126]. Tadokoro et al. investigated immunosuppressive me-
tabolites within cancer cell-derived EVs and normalized data
against particle number and protein amount [104]. However,
particular caution should be taken as protein concentration can vary
between different EVs subtypes, and in isolated EVs could be over-
estimated due to co-existed contamination [8]. Additionally, EVs
sample storage destabilizes the protein content, therefore if appli-
cable, it should be measured immediately after isolation [127]. As a
general recommendation, this strategy is not preferred for untar-
geted metabolomics studies [113]. An interesting option to consider
is a sequential normalization approach proposed by Gagnebin et al.
based on the combination of pre-acquisition and post-acquisition
sample normalization that allows for the correction of the analyt-
ical and concentration variability [119]. What makes the choice of
optimal normalization strategy the most difficult is the fact that
metabolomics profiles are prone to changes considering all afore-
mentioned variables. Thus, the challenge remains to develop a data
normalization method that would take into account all discussed
factors, and always model-driven specific context should be
considered to decrease data variability. Already published EVs based
studies together with metabolomics recommendations can serve as
practical benchmarks for further EVs research improvement and
development of the standard operating procedures.

5. Concluding remarks

A growing number of studies provide valuable knowledge and
understanding of the EVs role in both health and disease.
Although EVs hold great promise as potential diagnostic or
prognostic biomarkers as well as therapeutic and drug delivery
agents, their use in the clinical settings first requires methodo-
logical standardization. It has been recognized that EVs based
research is particularly challenging due to their complex biogen-
esis and vast heterogeneity in size, composition, and origin. High-
throughput untargeted metabolomics provides great perspectives
to decipher EVs molecular cargo. However, it is accompanied by
many herein discussed challenges that must be properly
15
addressed to get meaningful results from complex and multidi-
mensional data. Understanding the assumptions throughout
metabolomics workflow and already established guidelines would
help overcome the numerous limitations of EVs-based research.
The lack of global consensus and standard operating protocols,
including quality assurance and quality control procedures in EVs
studies leads to significant variations in the reported results and
makes inter-study comparisons impossible. Hence, given the
ubiquitous nature of these limitations, considerable effort should
be taken to guarantee the reliability of conducted research. We
believe that given considerations might be useful for the scientific
community in designing high-quality EVs studies also, but not
only, based on untargeted metabolomics analysis.
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