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Abstract: Extracellular vesicles (EVs), comprising large microvesicles (MVs) and exosomes (EXs),
play a key role in intercellular communication, both in physiological and in a wide variety of patho-
logical conditions. However, the education of EV target cells has so far mainly been investigated as
a function of EX cargo, while few studies have focused on the characterization of EV surface mem-
brane molecules and the mechanisms that mediate the addressability of specific EVs to different
cell types and tissues. Identifying these mechanisms will help fulfill the diagnostic, prognostic, and
therapeutic promises fueled by our growing knowledge of EVs. In this review, we first discuss pub-
lished studies on the presumed EV “delivery code” and on the combinations of the hypothesized EV
surface membrane “sender” and “recipient” molecules that may mediate EV targeting in intercellular
communication. Then we briefly review the main experimental approaches and techniques, and the
bioinformatic tools that can be used to identify and characterize the structure and functional role of
EV surface membrane molecules. In the final part, we present innovative techniques and directions
for future research that would improve and deepen our understandings of EV-cell targeting.

Keywords: extracellular vesicles; exosomes; click chemistry; recipient cells; glyco-proteomics

1. Introduction

Intensified research into extracellular vesicles (EVs) in the last 20 years has revealed
a new paradigm in intercellular communication. Originally regarded as mere garbage
packaging, EVs rose to the privileged status of universal mechanism used by any cell type
to exchange almost any molecule involved in cell physiology and pathology [1–3]. The
basic principle underlying EV-dependent communication is quite simple, and resembles
that of most hormones: EVs are first released by their donor cells into the extracellular
space and then taken up by other close or distant recipient cells. The main purpose of this
efficient communication system is the education of recipient cells by donor cells; to carry
out this process, EVs exploit a variety of biological molecules (such as DNA, RNA, lipids,
proteins and enzymes) packed as cargo.

The field of EVs has attracted a lot of interest from biomedical scientists in the last
10 years, leading to thousands of published experimental papers and reviews, covering
almost every area of cell biology, physiology, and pathology. Although we understand
in the literature alternative and more detailed EVs classifications have been proposed,
for purpose of simplicity in this review we will distinguish two broad types of EVs
based mainly on their mechanism of formation and their size: microvesicles (MVs) and
exosomes (EXs).

Readers interested in a detailed account of EVs features, such as EVs release mecha-
nisms, role, composition, and functional effects elicited by EV cargo, could refer to several
of the comprehensive reviews that have appeared recently in the literature [4–8].

An important but seldom-addressed issue in this mass of often overlapping infor-
mation is: do EVs use a sort of “delivery code”? EVs must indeed maximize a key step
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to unleash the potential educational effects of their molecular cargo: uptake by recipient
cells. In simple words, such a delivery code would have to include two separate subtypes:
a donor delivery code and a recipient delivery code. This hypothesis raises several intrigu-
ing questions: (a) is it possible to deduce the type of parent donor cells and the type of
recipient cells by analyzing the molecules exposed on the outer membrane of EVs?; (b) do
the donor and recipient delivery codes leverage their own different patterns of “sender”
and “recipient” molecules to perform their duty? Cracking this presumed EV delivery
code by leveraging the data from studies aimed at deciphering the identity and functional
role of “sender” and “recipient” molecules, would have profound implications for a wide
range of crucial topics in cell biology. A variety of mechanisms is deployed in the formation
and release of EV subtypes: small EVs such as EXs derive from endosomal compartments,
while larger EVs are assembled via invagination of cell membranes, suggesting that EVs
protein expression patterns should resemble those of their parent cells. The identification
of biomarkers has practical applications both in EV classification and in the search for
reliable indicators for diagnosis and drug monitoring in several pathologies. The quest
to find these indicators is especially relevant to cancer and metastasis studies, since the
identification of EVs surface membrane molecules, especially glycoproteins, proteins, and
lipids, would enable the inference of several features of their cancer parental cells [9].
Indeed, many studies have clearly shown that cancer cell-derived EXs can be separated in
various ways [10] from the plasma of patients affected by diverse cancer types. Multi-omics
analysis of these cancer cell-derived EVs would allow the investigation, via liquid biopsies,
of key parameters involved in the response of parental cancer cells to therapy and in the
adaptive progression of the metastatic process.

One of the most promising fields of application, derived from deeper insights into the
ability of EVs to target specific tissue or cells, deals with EVs as a potential tool for drug
delivery [11,12]. EVs display important features and advantages over conventional drug
delivery systems, (a) EVs are not immunogenic; (b) EVs can be loaded with drugs and
other therapeutic agents; (c) EVs can cross almost any biological barrier; (d) EV surface
membrane molecules can be engineered to modulate their uptake into recipient cells; and
finally (e) EVs are highly suitable as a delivery tool for gene therapy or in small RNA-
mediated interference applications. However, several important problems need to be
addressed before these approaches can be approved by drug approval agencies.

The main problems are the homogeneous isolation and standardized large-scale
production of EVs necessary to implement drug loading systems. EVs display a variable
composition that depends upon several parameters such as parental cell type and cellular
activation state, conditions of in vitro propagation and growth biogenesis pathway, which
is in turn affected by intracellular cargo sorting routes [13,14].

Methods for loading EVs or modified EVs with drugs suitable for encapsulation [15]
are being investigated but this strategy needs refining due to its low efficiency and the risk
of toxicity.

Finally, the feature that most qualifies EVs as a promising vehicle for drug delivery
is the potential to modify and engineer EV surface membrane molecules to enhance their
selectivity and specificity toward target cells [16]. This feature has been fruitfully exploited
in harnessing EXs as a precise and reliable system for delivering drugs to treat the brain:
the bioavailability of such drugs is severely impaired by the blood brain barrier (BBB) [17].

Recent years have seen a rapid increase in our knowledge of the many features shared
by viruses and EVs, such as size, packaging mechanisms and patterns of release [18].
Notably, the main difference between viruses and EVs is the content of their molecular
cargo and the fact that EVs are not infectious, a key advantage for future applications (see
the conclusion section). Perhaps the most important common functional property is that
both viruses and EVs rely on the glycosylation of their surface membrane or envelope
proteins to bind with specific surface membrane components of target cells [19]. This
notion has been validated by a novel finding that highlights the crucial role of glycans
in the interaction between virus glycoproteins and their targeted receptors, implicated in
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the mechanism of accession to cells. The authors conducted a large-scale bioinformatics
analysis to identify specific glycan-attached amino acids in the SARS-CoV-2 spike protein,
which form the 3D conformations of the spike receptor binding domain that interacts
with the cell surface membrane ACE-2 receptor [20]. Although this virtual result requires
confirmation by different and complementary experimental techniques, it could represent
a starting point for studies aimed at investigating the composition, similarities, and differ-
ence between EVs and virus glycoproteins. Future perspectives and possibilities raised by
this issue are discussed in the future trends section at the end of the review.

In this review, we will first illustrate the principal techniques used to analyze EV
surface membrane molecules and then give an overview of experimental works that have
attempted to deduce their functional effects. We conclude by suggesting future trends and
innovative approaches to improve current knowledge of EV-recipient cell interactions.

2. EV Analysis

The initial step in the analysis of proteomic patterns relies on the methods used to
isolate EVs from different sources such as human biological fluids, tissues, and cell cultures.
Several excellent reviews [21–23] have described in detail all the critical parameters, such
as time, purity, complexity, and yield of the most-used isolation and purification methods,
thus providing a guide to the most suitable and feasible procedures as a function of
downstream applications. Here we will briefly discuss the most-used separation methods,
bearing clearly in mind that these methods, with few exceptions, have been devised mainly
to purify only exosomes (EXs), and their performance in separating MVs is not known.

The most common method is based on a three-step ultracentrifugation which allows
separation of MVs from EXs. However, this protocol suffers from low specificity, show-
ing variable overlap between MVs and EXs when their size is measured by NTA assay.
A refined version of this method is a density gradient UC that can separate MVs by density
with extreme precision and reliability, but on the downside this experimental protocol is
rather tedious and time-consuming.

To avoid the formation of tight clusters of MVs, some companies have developed
kits based on the capability of certain polymers, such as PEG or dextran, to trap and then
precipitate MVs at low speed. These applications are less harsh than UC; however, they
have major pitfalls: they lack specificity and selectivity toward MV subpopulations, and
they necessitate an additional clean-up test to remove salts and other impurities before
downstream analyses. Other less-employed methods used for EV separation include ultra-
filtration, size-exclusion chromatography (SEC) and immunoaffinity capture (IC) alone or
coupled with FACS-assisted separation. Although IC relies on the use of beads or magnetic
particles, FACS can sort and analyze subpopulations of EVs by leveraging fluorescent
labeled antibodies directed against EV surface membrane epitopes. The procedure is very
gentle and displays an extremely high-throughput yield, but it has three main drawbacks:
highly specific antibodies with strong affinity must be employed; EVs lacking specific
antigens on their surface are lost; and it requires dedicated and expensive nano-FACS
equipment with submicron separation capability, operated by skilled personnel.

In addition, none of the isolation methods separates EVs with a non-homogeneous
degree of purity, meaning the isolate may contain contaminant non-EV-like particles,
together with other, soluble contaminants [24,25]. Unfortunately, most EV isolation method
protocols do not specify whether the procedure retains the integrity and functionality of
surface membrane molecules, and future studies are required to carefully address this
important issue.

An innovative, efficient EX isolation and detection system called EXODUS allows
label-free separation of exosomes from different biofluids [26]. This approach, based on
negative pressure oscillation and double coupled harmonic oscillator-enabled membrane
vibration, displays several improvements over existing classical EX isolation protocols
in terms of speed, yield, and purity, thus allowing high resolution and high-throughput
EX analysis.
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The methods employed to characterize EV surface membrane proteins isolated from
donor tissue, liquid, or cells, can be divided in two main categories: (a) the direct approach
based on the plain MS analysis of all proteins extracted, followed by the use of bioinformat-
ics algorithms for the assignment of membrane topology, (b) indirect approaches based on
the treatment of EVs with tryptic enzymes or chemical reagents that cleave only molecules
protruding from the membrane surface, followed by MS analysis of the released fragments.

The direct proteomic approach analyzes total EV lysate partially enriched by prepara-
tory separation. Usually performed with LC, separation is followed by analytical iden-
tification of fragmented protein by tandem MS. This approach has been instrumental in
enabling the assembly of EV atlases or databases describing hundreds or thousands of
EV proteins [27–32]. Unfortunately, this methodology is not conclusive in pinpointing
EV surface membrane proteins because it does not discriminate between cargo proteins
and the inside or outside orientation of putative surface membrane proteins. A partial
solution for this impasse is represented by bioinformatics computational algorithms, listed
in Table 1, that can discriminate membrane spanning proteins among the whole group of
proteins detected by MS [33,34]. However, although this resource is quite powerful and
reliable, the inside-out or outside-in orientation of surface membrane proteins remains
challenging to determine from MS data, and is sometimes ambiguous even for the best
algorithms. This critical drawback requires additional information that must be obtained
with a complementary experimental approach able to identify outside-protruding epitopes
located on EV membranes with more precision.

Table 1. Programs for the analysis of membrane topology domains.

PROGRAM. FUNCTION URL Ref

EXPASY over 160 databases and software tools for life
science and clinical research

expasy.org, accessed on
3 June 2021 [35]

MOLBIOTOOLS Collection of free online apps for
molecular biology

molbiotools.com, accessed on
8 July 2021

MEMBRANOME 2.0
provides structural and functional data about

single-spanning (bitopic)
transmembrane proteins

membranome.org, accessed
on 8 July 2021 [36]

PREDICT PROTEIN 2013 predictions of regular and non-regular secondary
structure and intrinsically disordered regions

predictprotein.org, accessed
on 8 July 2021 [37]

PROTTER interactive integration and visualization of
annotated and predicted protein sequence

wlab.ethz.ch/protter/start,
accessed on 8 July 2021 [38]

SCRATCH PROTEIN
PREDICTOR

secondary structure prediction based on protein
evolutionary information

scratch.proteomics.ics.uci.
edu, accessed on 8 July 2021 [39]

SURFY in silico human surfaceome wlab.ethz.ch/surfaceome,
accessed on 8 July 2021 [40]

TMHMM prediction of transmembrane helices in proteins
cbs.dtu.dk/services/

TMHMM, accessed on 8 July
2021

[41]

TOPCONS Consensus prediction of membrane protein
topology and signal peptides

topcons.cbr.su.se, accessed on
8 July 2021 [42]

YASPIN HMM-based neural network secondary structure
prediction using PSI-BLAST PSSM matrices

ibi.vu.nl/programs, accessed
on 8 July 2021 [43]

In indirect approaches, selective fragments or chemically reactive groups located on
the EV surface membrane, react with specific agents as a preliminary step towards subse-
quent isolation and less cumbersome and more targeted MS analysis. Indirect approaches
themselves can basically be divided into two main subtypes: the shaving procedure and
the chemical modification of primary amines.

expasy.org
molbiotools.com
membranome.org
predictprotein.org
wlab.ethz.ch/protter/start
scratch.proteomics.ics.uci.edu
scratch.proteomics.ics.uci.edu
wlab.ethz.ch/surfaceome
cbs.dtu.dk/services/TMHMM
cbs.dtu.dk/services/TMHMM
topcons.cbr.su.se
ibi.vu.nl/programs


Cells 2021, 10, 1741 5 of 20

2.1. Shaving

The surface shaving method is based on the treatment of intact prokaryotic or eu-
karyotic cells with proteolytic enzymes followed by the isolation of cleaved peptides that
are usually identified by MS [44]. The main purpose of this technique is the experimen-
tal deduction of the portions or peptide fragments of proteins that span the membranes
and protrude from the outside. This procedure has been extensively applied to bacterial
cells and to various eukaryotic organism [45,46], but its implementation in the EV field
is lagging behind. Under appropriate and controlled conditions, the shaving treatment
does not substantially change the size and other physical features of treated EVs but,
interestingly, reduces their mobility thus underscoring once again the functional role of
surface membrane epitopes in regulating EV interactions [47].

The topology of EV surface membrane proteins was investigated by means of
a proteomic approach based on proteinase treatment combined with biotin tagging [48].
Quite surprisingly, FACS analysis and fluorescence imaging with antibody-recognizing
cytoplasmatic epitopes revealed that several EV membrane proteins are embedded in
the EV membrane in a topologically reverse orientation. This result clearly stresses the
need to combine experimental and theoretical approaches to disclose the relevance of
surface membrane protein orientations in EV functionality. However, such an approach
would have to be carefully planned to avoid misinterpretation of results due to (a) possible
inaccessibility of proteolytic enzymes to protein epitopes, or pockets masked by glycans;
and (b) wrong shaving procedure conditions that might lead to the formation of holes
in the membrane that would allow proteolytic enzymes to also cleave intracellular or
inner surface membrane proteins. Another cause of failure of this procedure might be
a limited quantity of cleaved EV proteins, resulting in very small amounts of peptide frag-
ments that could go undetected by subsequent MS analysis. Despite these drawbacks, it is
worth conducting future studies to standardize shaving experimental conditions to provide
a complementary method for the validation of bioinformatic analysis carried out on whole
EV protein lysate.

2.2. Primary Amine Reactions

The main goal of chemical modification of surface membrane molecules is the insertion
of specific chemical groups that could serve as docking or acceptor sites to be used as
separating tools. One of the most commonly used systems is protein biotinylation via
coupling of primary amine residues to NHS-biotin; the protein-NHS-biotin complex is
then separated from other interfering proteins by affinity chromatography with avidin
or streptavidin beads. Two main types of biotin coupling reagents are available: cell-
permeable sulfo-NHS-biotin labels the proteins in the cytosol or on the inner side of the
EV membrane while the cell-impermeable sulfo-NHS-LC-LC-Biotin labels the proteins on
the outer side of intact cells or EV membranes. This latter reagent, due to a larger spacer
arm between the biotin and amine reactive linker, could reduce the negative effect of steric
hindrances thus improving labeling efficiency at crowded cell or EV surfaces. Because
amine residues are sometimes not readily available for coupling, their expression could be
enhanced by selective treatment of EV membranes with simple molecules, as in the elegant
procedure proposed recently by Sharpless’s group [49]. To reduce problems associated
with the use of copper-catalyzed azide–alkyne cycloaddition (CuAAC) in click chemistry
reactions, the authors treated primary amines with fluoro-sulfuryl azide (FSO2N3), leading
to the formation of azide residues. Although the applicability of this method to the EV field
awaits further confirmation, it holds great promise for expanding the arsenal of chemical
modifications of surface membrane primary amine-bearing molecules.

3. EV Targeting

The uptake of EVs by recipient cells mainly occurs through membrane fusion and
endocytosis [14,50], which require the participation of distinct classes of molecules. The
most abundant and best-characterized ligands implicated in EV-cell interactions are glyco-
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proteins, lipids, and glycans, but the role of other surface membrane molecules such lectins,
heparan sulfates proteoglycans and EGFR should not be dismissed [51].

To have some glimpses of the molecules located on outer surface membranes that
could mediate in the EV-cell interactions [52], it is useful to look at reports describing the
selective and specific uptake of certain EV subpopulations by target tissues or cells [53].
Functional studies conducted so far have used one of two protocols: the former investi-
gates the uptake of one EV population by distinct types of recipient cells, while the latter
is based on a sort of reverse approach in which several EVs derived from different donor
cell are tested for their intrinsic ability to internalize into one specific cell type. In addition,
EV interaction with recipient cells depends on several parameters that include, but are
not limited to, transformation with ectopic expression of oncogenes [54], activation of
certain signaling pathways and different proliferation and mitotic states. For example,
EXs from oligodendroglia precursors are preferentially internalized by microglia but not
by other brain cell types [55], and bone marrow dendritic cell (DC) EXs are internalized
by splenic conventional DCs rather than by other immune cells [56]. In certain cases,
binding and internalization mechanisms may differ between cell types; the kinetics and
modality of uptake of microglia-derived MVs are different for microglia and astrocytes [57]
and the same has been observed for EXs derived from leukemic cells toward recipient
phagocytic cells [58]. Several in vivo experiments have confirmed targeted localization
of EVs derived from distinct cell types toward diverse organs and tissues. Human em-
bryonic kidney cell-derived EVs injected into mice localize mainly to the liver and the
spleen [59,60] and mesenchymal stem cell-derived EVs accumulated preferentially in the
organs where they can modulate injury recovery. Notably, melanoma-derived EXs may
enhance metastatic processes in lungs, bone, liver and spleen, probably educating re-
cipient cells in these compartments and thus preparing the soil for the formation of the
pre-metastatic tumoral niche [61].

In the central nervous system, EVs have been found to play a crucial role in inter-
cellular communication in both physiological and pathological conditions. For example,
in brain tumors, astrocyte-derived EVs are involved in reciprocal crosstalk with glioblas-
toma (GBM) cells [62] which may mediate pro- or antitumor roles of astrocytes in tumor
development. Another study broadened the functional role of astrocytes showing that
upon activation by interleukins, these cells could affect neuronal uptake, differentiation,
and firing via enrichment of surface membrane proteins such as integrins and the major
histocompatibility complex [63]. That EVs have a differential affinity for specific target
cells is supported by the finding that neuroblastoma-derived EXs interact with hippocam-
pal neurons and glial cells but are preferentially taken up by glial cells whereas cortical
neuron-derived EXs are endocytosed almost exclusively by hippocampal neurons [64]. This
report suggests that at least in the central nervous system, EV targeting may entail both
specific and non-specific mechanisms, probably reflecting the selective pattern of surface
membrane proteins. However, although these studies indicate a promising direction for
future in vivo and in vitro models, it should be remarked that few of them have clarified
the type and composition of surface membrane molecules involved in EV-cell interactions.
This consideration urges a widening of focus in future investigation of EV-cell interactions
from the cellular level to encompass the structural molecular level.

Quite surprisingly, only two studies have investigated the molecular identity of
conjectured sender or receiver biomolecules expressed on the outer membrane surface.
In the first seminal report [65], the authors found that EXs derived from different tumor
cell lines display organotropism toward specific tissues to prepare the pre-metastatic
niche. Proteomic analysis demonstrated that this mechanism is mainly mediated by
subclasses of EX integrins: specifically, integrins α6β4 and α6β1 preferentially trigger
lung metastasis, while integrin αvβ5 preferentially triggers liver metastasis. In addition,
functional experiments have shown that integrin engagement with recipient cells activates
the Src-dependent signaling pathway and induces S100 gene expression. These data
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strongly suggest that the characterization of tumor-derived EX integrin patterns represents
a very informative parameter to predict organ-specific metastasis.

The pivotal role exerted by cellular integrins [66,67] and integrin expression in EVs in
cancer-dependent mechanisms [68,69] has been further confirmed by a study which showed
that in mice, blood or cancer-derived EVs modulate anchorage-independent growth of
prostate cancer by recruiting β1 integrins [70]. In another study [71], heparan sulfate
proteoglycans (HSPGs), localized on the recipient cells’ outer membrane surface, acted as
receptors for cancer cell-derived EXs. This result could have a critical impact on EV biology,
because it strongly suggests that the pharmacological perturbation of the HSPG-dependent
uptake route, together with identification of the EV binding partners of HSPG, could be
a potential target for the modulation of EX-mediated tumor development. However, the
results of these two studies should be taken with caution: those of the first report have not
been fully reproduced and therefore require confirmation; while in the second study, the
overexpression of HSPG in target cells may invalidate the conclusion, likewise necessitating
validation in similar but more physiological experimental conditions.

3.1. EV Biomarkers

EV biomarkers may be the key to classifying EVs subtypes in addition to being
potentially reliable cancer biomarkers [72] that could improve the predictive performance
of liquid biopsies in clinical oncology. In support of this assumption, extensive profiling of
the pancreatic ductal adenocarcinoma (PDAC) EX surfaceome revealed multiple PDAC-
specific biomarker candidates [73]. In a similar report [74], in murine mast cell and human
urine-derived EXs, tissue-specific common protein patterns involved in transport, signaling,
and cytoskeletal proteins were detected. Proteomic analysis of EVs derived from human
dendritic cells [75] has allowed the classification of EVs based on the expression pattern of
five protein categories, thus allowing the authors to implement an EV immuno-separation
method based on the use of the tetraspanins CD63, CD81, or CD9 as associated markers.
In agreement with this finding, a recent MS-based proteomic approach defined markers
in human plasma EVs that can distinguish between individuals with or without certain
cancer types [76].

A targeted label-free proteomic strategy (SWATH-MS) demonstrated that certain com-
mon EV markers (CD9, CD63, ALIX, TSG101 and HSP70) were enriched in urinary EXs as
compared to MVs and urinary free proteins [77], validating this approach for distinguish-
ing between MV and EX protein expression patterns. In another application of proteomic
analysis of EVs derived from human colon and lung cancer cell lines [78], the authors
found that among nearly 30 cell line-specific markers, several proteins were involved in
integrin-, Rap1-, and EGFR-dependent signaling pathways, further strengthening the idea
that EV biomarkers may identify their parental tumor cells.

3.2. EV Engineering

Several chemical engineering approaches have been proposed to enhance the ability
of EVs to be taken up by recipient cells [79–82]. These modifications are mainly aimed at
improving the selectivity of drug cargo delivery to reduce the adverse effects of drugs;
and at synthesizing novel imaging reagents that will enable precise and early diagnosis
of illnesses. The addition of the Arg-Gly-Asp (RGD) peptide on the EXs outer membrane
surface improves targeting of blood vessels [17] thus enhancing not only the efficacy
of therapeutic intervention against angiogenesis but also the performance of imaging
procedures via click chemistry-dependent metabolic labeling. In another quite similar
approach [83], the conjugation of the c(RGDyK) peptide to EX surface membrane proteins,
via bio-orthogonal click chemistry, increased cRGDyK-EXs targeting in an in vivo mouse
model of brain ischemia. More strikingly, when the same cRGDyK-EXs were preloaded
with the drug curcumin, suppression of inflammation was observed, giving credit to the
promises of EXs as a drug delivery tool.
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4. Glycoproteomics—A Code within a Code?

Glycosylation is one of the most common post-translation modifications (PTM) of
proteins and the most relevant in terms of its impact on several key cellular events such as
cell-cell interaction, cell dissemination, cell attachment and immune response toward host
pathogens [84,85]. These mechanisms are mainly mediated by a complex and dynamic
re-arrangement of a wide variety of glycans bound to and protruding from proteins
present on the outer surface membrane. Glycans bound to the side chain nitrogen atoms
of the amino acid aspartic acid residues form N-linked glycoproteins whereas glycans
bound to the side chain oxygen atoms of amino acids serine and threonine residues form
O-linked glycoproteins.

The finding that almost all protein families expressed on the EV surface membrane,
such as integrins, tetraspanins, MMPs and other proteins, are heavily glycosylated [86–88],
strongly indicates that understanding this glycoprotein pattern is instrumental to deci-
pher the mechanisms by which EVs enter recipient cells [89–91]. In other words, surface
membrane EV proteomics is essentially glycoproteomics. The main goals of EV glycopro-
teomics consists of; (a) determining the positions and composition of the entire spectrum
of glycans and glycosylated proteins; (b) modifying EV surface membrane glycans by
metabolic glycoengineering (MGE) [92,93]. However, although glycoproteomics is likely to
shine in the near future as a key tool for unveiling EV-cell interactions, investigating these
interactions is not an easy task. There are several hurdles to overcome: first, in some situa-
tions, glycans form a wide array of chemical umbrellas covering and obstructing cleavage
sites recognized by the proteolytic enzyme used to fragment the backbones of proteins
on the EV surface membrane for subsequent MS analysis. Second, glycans include a vast
array of isomers that in turn can bind different protein glycosylation sites, thus further
complicating the interpretation of MS data output. Third, the complexity of matching MS
spectra with database archives requires the development of innovative and dedicated com-
putational applications to run on expensive, high-performance networks or, even better, on
cloud systems.

Recent years have witnessed improvements aimed at overcoming these problems:
dedicated MS instrumentation together with MS-based approaches, and implementation
of new powerful computational solutions for bioinformatics analysis of glycoproteins. The
relatively low abundance of certain classes of glycopeptides in EVs compared to whole cells
or tissues, requires specific enrichment strategies for the MS-based glycoproteomic assay.
Two comprehensive reviews [94,95] describe and comment the most common glycoprotein
enrichment techniques, such as lectin arrays and other affinity or interaction methods
(HILIC), together with strategies based on recent biological and chemical reagents such as
those used in click chemistry.

In the characterization of specific glycosylation sites for glycopeptide analysis, select-
ing the best beam-type collisional activation in tandem MS is critical for correct interpre-
tation of the results. Another work [96] explored the advantages and disadvantages of
several MS-related collision activation protocols for their ability to generate high quality
spectra for N- and O-glycopeptides. Although N-glycopeptides are optimally identified
by HCD and sceHCD methods, ETD-based methods are more suitable for site-specific
analyses of O-glycopeptides; this means that obtaining high quality spectra in N- and
O-glycopeptide analysis requires the use of two different dissociation protocols.

A recent work [97] exploits capillary zone electrophoresis coupled with electrospray
ionization mass spectrometry (CZE-ESI-MS) to implement a very sensitive platform for the
profiling of N-glycans derived from different sources. Notably, this procedure increased
detection sensitivity many-fold compared to previous instrument setup, thus allowing
the differentiation of several glycan isomers. To improve characterization and functional
validation of complex glycoproteins, other authors [98] developed a comparative platform
termed SugarQb that allows the identification of the glycosylation pattern and glycan
substitutions of proteins from different and complex matrices. SugarQuant [99] is another
very innovative tool, specifically aimed at improving the detection of N-glycopeptide
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fragments. This MS-based platform includes a protein aggregation capture (PAC) system,
a dedicated data MS3 acquisition and a processing algorithm (GlycoBinder), thus allowing
detailed characterization and precise quantification of a wide array of glycopeptides from
complex biological specimens. The characterization of O-glyco-peptides and O-glycans
can be achieved by a novel liquid chromatography technique coupled to a tandem mass
spectrometry (LC-MS/MS) platform using data-independent acquisition (DIA), termed
Glyco-DIA [100]. This system has the great advantage of providing proteome-wide quan-
tification as well as an associated glycosite identification analysis. The huge size and
complexity of datasets produced by large-scale glycoprotein and glycopeptide analysis
makes the correct interpretations of these data very challenging. In the attempt to speed up
analysis and improve glycan-related structure identification, novel search engines have
been developed to localize O-glycosites [101] and to identify N- and O-linked glycopep-
tides. The hope is that their application to the field of EV glycoproteomics could boost
research aimed at further proving or disproving the hypothesis of the elusive EV code.

Studies aimed at characterizing the composition of EVs have attempted to pinpoint
their primary structures and find a structure-activity correlation. However, the complexity
and branching of glycan isoforms, together with their pattern of binding to protein epitopes,
makes this a daunting goal. The most practical solution to this problem involves measuring
a functional parameter, such EV uptake in recipient cells, after two different treatments
that modify EV surface membrane glycan patterns: a subtractive treatment and an additive
treatment. The former involves EV treatment with chemical or enzymatic agents that
remove N- or O-glycans from surface membrane glycoproteins, to evaluate the ability of
these treated EVs to be taken up by recipient cells. Several enzymes with varying specificity
are used; PNGase F removes N-linked glycans and cleaves bonds between asparagine
and GlcNAc while Endo H and neuraminidase act preferentially on sialic acid-rich gly-
cans. Because no specific enzyme is available to release O-glycans, their removal is often
performed by means of chemical agents. However, this latter approach has major pitfalls
that could hinder correct interpretation of the results: reactions are usually carried out in
very harsh conditions that can damage the integrity of the glycans themselves or other
EV surface membrane molecules that could potentially co-modulate the uptake. Despite
these drawbacks, several reports have tried to find out a possible correlation between
glycan-depleted EVs and their internalization efficiency, tested in different recipient cells.
Treatment of mouse liver EVs with neuraminidase, an enzyme that removes the terminal
sialic acid residues, increases the uptake in the lung of treated EVs compared to untreated
EVs [102]. In addition, treated EVs spread more efficiently in the lymph nodes compared
to untreated EVs, thus suggesting that sialic acid glycoproteins play a prominent role in
directing their uptake in selected organs. Other authors [103] found that breast cancer
cell EXs deprived of surface membrane glycans were uptaken more readily in vivo by
human umbilical vein endothelial cells (HUVEC), thus suggesting that glycosylation has
a suppressive role in the modulation of EX uptake. The second additive approach is based
on protein glycoengineering whose main goal consists of modifying protein to reduce
their side-effects and to improve their biophysical and biological properties [79]. This goal
can be obtained by two different strategies: (a) biochemistry-glycoengineering based on
glycosidase and glycosyltransferase [104–106]; and (b) organic chemistry-glycoengineering
based on synthetic procedures [107].

Strategy (a) is rather cumbersome and strongly limited by the availability of reli-
able catalytic enzymes; this pitfall could possibly be circumvented using another class
of enzymes, called glycosynthases, that allow a more massive transfer of oligosaccha-
rides to proteins, to give a higher yield [108]. Strategy (b) is more flexible and makes it
possible to prepare compounds in which O-linked isoglycoforms are selectively bound
to specific amino acids, and thus to study the effect of these modifications on biolog-
ical parameters [109]. However, the practical downsides of these methods should be
taken into careful consideration; the protocols require optimization and standardization,
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making them suitable only for very experienced organic chemists with well-organized
research teams.

These considerations should not be taken as disincentive; although the procedures
have mainly been applied to the modification of therapeutic biological molecules such
as antibodies or of other recombinant proteins, future developments and refinements are
expected to greatly impact on the field of EV glycoproteomics. A slight modification of the
additive approach removes and then inserts specific high-affinity glycan-like ligands into
EV outer surface membrane molecules to assess changes in their uptake. Indeed, an elegant
study [110] has shown that the insertion of a glycoprotein ligand for antigen-presenting
cells (APC) into glioblastoma-derived EXs leads to a decrease in immunosuppressive
ability accompanied by a concomitant activation of their antitumor immunity. In partial
agreement with this result, another report [111] demonstrates that the surface membrane
modification of EXs with mannose and PEG could enhance their uptake into dendritic cells
and lymph nodes. In another very intriguing report, the authors found that breast cancer
cells release parental EVs with reduced bisecting GlcNAc [112], which could enhance
the metastatic potential of recipient cells. Quite interestingly, metastatic potential was
diminished in EVs bearing a high bisecting GlcNAc modification in the vesicular integrin
β1, thus demonstrating that specific surface membrane glycoprotein, such as integrins,
play a key role in EV uptake in target cells.

Metabolic Glycoengineering of Extracellular Vesicles

Metabolic glycoengineering (MGE) is based on the incorporation into the EV struc-
ture of a synthetic modified monosaccharide, structurally similar to a natural precursor
but bearing an unnatural chemical group. The necessary requirement is that the modi-
fied monosaccharide be processed by a biosynthetic pathway involved in the formation
of a membrane glycan bearing the unnatural functional group [113]. The application
of MGE to EVs is a giant leap forward in the development of methods aimed at sep-
arating and then analyzing the expression pattern of EVs and cell surface membrane
glycoproteins [114,115]. The basic protocol includes the preliminary separation and en-
richment of surface membrane labeled glycoproteins via click chemistry and affinity chro-
matography methods, followed by site-specific peptide characterization by HPLC/MS-MS.
Recent studies have greatly emphasized the key role of surface membrane glycans in the
regulation of cell-cell communications in oncology; cancer cells with high invasiveness and
metastatic properties display an overexpression of N-sialo-glycoproteins belonging to
an epitope localized on cell-adhesion domains. The combination of MGE with bio-
orthogonal click chemistry bears extraordinary advantages over other reactions; indeed,
click chemistry is very quick, highly specific, proceeds under physiological conditions and,
notably, several recent improvements [116,117] could bypass the toxicity related to copper
catalysis that can damage live cells or interfere with EV functionality. Although in theory,
MGE is a relatively easy and straightforward technique, some conditions and parameters of
modified precursor incubation need careful consideration and optimization. These variable
factors include the concentration and incubation time of precursors necessary to ensure
a detectable expression on the EV surface; the tendency of cells to uptake the precursors,
and the turnover rate and metabolism of modified glycans. Another problem could arise
from the heterogeneity of glycan structures and the associated complexity and redundancy
of the glycan metabolic pathway that can lead to the formation of glycan isomers.

Another approach, based on the addition of click chemistry groups, consists of
a two-step protocol [118]. Purified EXs were first cross-linked with alkyne groups to
primary amines of surface membrane proteins and then EXs were conjugated with azide-
fluor545 via copper-catalyzed azide–alkyne cyclo-addition. This method does not modify
either the size of EXs or their extent of docking or internalization into recipient cells, and
may therefore be a suitable and reproducible tool to add alkyne residues to EV surfaces for
further EV structural and localization experiments. One limitation of this methodology
is the presence of copper-like catalysts, which may damage EV viability; however, this
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drawback could be elegantly bypassed by procedures based on copper-free click chem-
istry. In another study, ref [119] EXs isolated from different cell lines were treated with
the DBCO-NHS (dibenzo-cyclooctyne-N-hydroxy-succinimidyl ester) reagent; the NHS
group binds the primary amines of proteins while the exposed DBCO group allows cross-
linking to azides via copper-free click chemistry. The incubation of modified EXs with
azide-alexafluor488 led to the formation of dye-labeled EXs that can be used to monitor EX
docking, intracellular tracking, and extent of uptake in target cells.

5. Analysis of Single Extracellular Vesicles

Although the intercellular heterogeneity of EVs has been clearly documented, their
intracellular heterogeneity is still open to speculation due to the paucity of experimental
data. Unfortunately, almost all studies so far published have carried out bulk analyses of EV
proteins, masking individual EV expression profiles and leading to erroneous conclusions.
Indeed, at present, the influence on cell culture models of parameters such as external
stimuli, proliferation, motility, and cell density on the heterogeneity of released EVs is
not known.

Efforts to overcome this issue have stimulated attempts to set up platforms devoted to
analyzing surface membrane patterns at the single EV level [120]. Recently, an innovative
and extremely sensitive proximity-dependent barcoding assay, using antibody-DNA conju-
gates coupled with next-generation sequencing, was implemented to profile the surface
membrane protein patterns of single EVs [121]. The authors reported that this assay was
able to measure the expression of 38 different proteins in human body fluids or cell culture-
derived EXs, thus strengthening the notion that the identification of EV surface membrane
protein patterns is a reliable tool to distinguish EVs derived from different sources. Mul-
tiplexed single EV protein profiling has been implemented in another similar procedure
that combines sequentially EV labeling with barcoded antibody-DNA in a microfluidic
device, followed by immuno-droplet digital polymerase chain reaction (iddPCR) [122].
When glioma cell-derived EVs were tested, the authors found that a considerable fraction of
droplets were positive for only one marker (i.e., EGFR or EpCAM) but a discrete percentage
(39%) of these EVs displayed positivity for both markers. Although in comparison with
traditional massive MS analysis, these two approaches detect a smaller number of proteins
and require DNA-barcoded antibodies coupled to microfluidic systems, their excellent
sensitivity paves the way for the development of future platforms in single EV analysis.

A tool combining separation of EVs based on their size with individual surface
membrane protein analysis by in situ fluorescence labeling, termed EV-Ident [123], found
a difference in expression of certain markers between breast cancer and prostate cancer
cell-derived EVs. Notably, this study allows the determination of EV markers in EVs from
separate sources based on their size, thus expanding our knowledge of medium and large
EVs, which are usually poorly investigated in other reports. Another approach based on
localized fluorescent imaging, termed digital profiling of proteins on individual EV (DPPIE),
uses an anti-CD9 antibody engineered biochip to capture EVs from clinical plasma samples
and then a multiple DNA aptamer coupled to rolling circle amplification (RCA) to generate
localized fluorescent signals [124]. This method, beyond providing several improvements
over existing bulk measurements such as ELISA, found that CD63/EpCAM/MUC1-triple-
positive EVs are significantly more numerous in breast cancer patients than in healthy
donors. Notably, this method was able to discriminate between EVs derived from lung
adenocarcinoma and lung squamous carcinoma patients.

The strong limitation of having to detecting tiny amounts of proteins localized on
single EVs has been partially overcome by the combination of FACS analysis with signal
amplification methods. Indeed, the implementation of FACS-assisted multiplex and mul-
ticolor in situ proximity ligation assay (in situ PLA) together with multiplex proximity
extension assays (PEA), was instrumental in the precise assessment of EV surface mem-
brane protein patterns and in the classification of EVs into subpopulations [125,126]. In
another almost identical approach [127], EVs were immobilized using a biotin-avidin cap-
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ture system and labeled with probes. Positive EVs were detected by fluorescence imaging.
This assay reveals not only the diversity of EVs but also distinct tetraspanine expression
patterns. Finally, to better stratify GBM-derived EVs, another team [128] implemented
a very sensitive, multiplexable method termed SEA (single EV analysis). In this platform
EVs are first immobilized using a biotin-streptavidin system and then further charac-
terized by immuno-fluorescence with antibodies directed against a panel of 11 different
specific markers including EpCam and EGFR-variant III. This study revealed some inter-
esting properties of examined EVs: (a) about half of EVs only expressed one or two of the
11 markers evaluated; (b) only a small percentage of EVs exhibited five or more markers;
(c) four EV marker subtypes accounted for most of the total population and (d) cluster
analysis identified 14 main populations based on marker expression. SEA analysis found
that 366 proteins out of a total 2178 were consistently present at higher levels in EVs than
in cells, and that EXs mostly express CD9, whereas 50% of large EVs are either CD9 or
CD81 positive [129]. In addition, an analysis of single EVs derived from GBM cell lines
or plasma of GBM patients [130] disclosed several interesting features of MVs including
the expression of tetraspanins together with the unexpected observation that tumoral MVs
represent about 10% of total plasma MVs in GBM patients. One major limitation of the
SEA approach resides in the lack of a standardized method to establish a valid cutoff for
a particular marker to differentiate between true negative EVs and false negative EVs
expressing the same marker but below the assay threshold. Once the improvements in new
technologies overcome this pitfall, we foresee that SEA technology will become a useful
tool in basic EV biology and in clinical settings.

6. EVs and Vaccines

The SARS-CoV-2 virus uses the spike proteins sticking out of its surface to attach
to and enter cells in the human body. These proteins are coated with glycans, which
disguise parts of the viral proteins to the human immune system. Chemical analysis of the
glycans coating the spike protein [131] will be critical in the development of new COVID-19
vaccines that rely on recombinant spike protein [132] triggering the immune response.

The similarities between viruses and EVs have prompted efforts by a drug company
to use EXs in vaccine development [133]. Indeed, this company is exploiting the intriguing
hypothesis that EXs could be a more efficient and safer delivery vehicle for mRNA than the
currently used lipid nanoparticles (LNPs). This fast-growing field, still in its early infancy,
has generated some interesting questions: (a) are EVs a better shuttle for mRNA delivery
than LNP, modified or attenuated viruses?; (b) do cells infected with conventional vaccines
release EVs bearing on their surface the exogenous protein codified by mRNA?; (c) is it
possible to modify, chemically or by metabolic engineering, the composition of surface
membrane EV glycoproteins to enhance their uptake in recipient cells?; and last but not
least (d) could modified EVs bearing on their surface the protein(s) used by the virus to
gain cell access, be used to trigger an immune response or compete with viruses to bind to
cell entry receptors?

7. Future Trends

Recent advances in the identification of EVs and cell glycoproteins, together with
methods for screening their reciprocal interactions, have greatly expanded our knowledge
of EV-cell interaction [134]. Unfortunately, none of the approaches applied so far has
been able to conclusively pinpoint the relationships occurring at molecular level during
EV docking with recipient cells. The problem is that the assays usually detect in vitro
affinity between isolated or purified molecules and immobilized probes in experimental
conditions that are very far from the membrane physiological context [135]. Indeed, the
pattern of possible reciprocal interactions between EV outer surface membrane compo-
nents and their cellular counterparts is quite complex and so far insufficiently investigated
(Figure 1). Therefore, in our modest opinion, defining EV-cell interactions at the molecular
level requires the further development of innovative technologies based on the combination
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of three different already-existing chemical methodologies: cross-linking, ligand-receptor
capture assay (LRC) and click chemistry. Problems associated with the molecular-level
study of interactions at the cell surface have recently been exploited by means of an ele-
gant combined chemo-proteomic technique [136]. HATRIC-based ligand-receptor capture
(HATRIC-LRC) is a powerful, innovative technology developed to characterize living cell
target receptors for a wide variety of ligands, including endogenous/exogenous peptides
acting as agonists/antagonists, small molecules, and viruses. HATRIC-LRC technology
exploits the chemical reactivity of the trifunctional cross-linker HATRIC, which bears three
different arms: (1) a NHS-ester to attach the ligand to be tested via reaction with primary
amines; (2) a 5-MA (5-methoxyanthranilic acid) hydrazone to covalently bind previously
oxidized glycans of the unknown target proteins at the cell membrane; and (3) an azide
group to pull down the formed tripartite complex by a classical azide–alkyne click chem-
istry reaction. Briefly, the procedure starts with mild oxidation of the glycans present on
the surface membrane of cells expressing the unknown target, followed by addition of the
HATRIC-ligand. The first NHS-ester arm targets proteins on the cell membrane; the second
arm covalently binds to the oxidized glycans; and then, after cell lysis, the third arm of
HATRIC pulls down the tripartite complex. The complex is treated with trypsin or other
proteases and proteins are identified by bottom-up MS-proteomics. The HATRIC-LRC tech-
nology platform requires a relatively small number of cells (about 1 million), compared to
the previously implemented LRC-TriCEPS method [137,138] and, in addition, it allows the
identification of links between HATRIC-bound ligands with surface N- and O-glycosylated
proteins under physiological conditions that do not alter cell viability.

Figure 1. Possible interactions between EV membrane surface molecules and their counterparts
in recipient cells. Dashed lines indicate all possible combinations of putative interactions. Protein
include any PTM modifications.

At this point an intriguing question arises: could an analogous platform be devised
and chemically engineered to pinpoint interactions between EVs and target cells at molecu-
lar level? A working hypothesis may consist of synthesizing a trifunctional ligand (TC)
with an arm bearing a residue for affinity purification (such as biotin) and the other two
arms bearing similar or different click chemistry reagents. This TC could be incubated with
previously modified EVs or cells, metabolically or chemically labeled with complementary,
matching click chemistry reagents or other compatible residues, thus allowing the TC
to form a bridge between interacting molecules. The TC-ligand complex will then be
purified by the separating arms, treated with proteases and/or glycosidase and finally
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analyzed by HPLC-MS. This latter technique should theoretically allow, following spectral
interpretation, correct assignment of EVs or target cells glycoproteins.

Interestingly, similar platforms have already been used to characterize the docking of
soluble protein ligands [139]; to target small-molecule drugs to receptors using tetrafunc-
tional probes [140] and finally in protein labeling and capture using cleavable trifunctional
reagents [141]. Should such an approach be implemented, two critical issues will need to
be addressed (a) the trifunctional ligand reacts with aldehydes derived from oxidized outer
surface membrane glycans, and this oxidation step may reduce assay specificity thus mask-
ing “true” physiological interactions; (b) kinetic studies will have to be carefully planned
because the trifunctional reagent complex could be rapidly internalized and cleaved by
endogenous proteases thus leading to misinterpretation of glycoprotein structures.

Finally, a recent study [142] has shown that some N-glycosylated members of the
small non-coding RNA family are displayed on the outer surface of several cell types.
These glycoRNAs appear to play an important functional role in cell-adhesion mechanisms
because they can interact with multiple members of the Siglec receptor family. Quite
notably, these small non-coding RNAs, such as the family of Y RNAs, are enriched in the
extracellular RNAs supernatant fraction and in EX RNAs derived from cultured human
glioma stem cells (GSCs) [143]. Future studies are therefore warranted to ascertain whether
these newly identified glycoRNAs, which would constitute a new piece in the EV delivery
code puzzle, are expressed on the outer membrane surface of EVs.

8. Conclusions

In conclusion, do EVs possess a delivery code? The verdict is not out yet: there are
some tantalizing findings, but they are still scarce and sometimes results have not been
properly replicated or confirmed in other studies. Many more experiments, using the most
recent and sophisticated analytical and structural techniques, are required. We foresee that
in the near future, the main progress in cracking the putative EV delivery code will emerge
from two different but complementary approaches.

The first is the synthesis of chemically modified metabolic precursors [144] to widen
the click chemistry armamentarium thus making available highly reactive probes and re-
porters. These new reagents will have to be compatible with in vivo and in vitro platforms
and their incorporation should bring reactive residues on EV and the outer surface of cell
membranes.

The second, theoretical and bioinformatic, will depend strictly on the implementation
of more and more sophisticated and powerful software, such as the recent ground-breaking
algorithm Alpha Fold, which can infer the folding of PTM proteins and other surface
membrane molecules.

This open verdict translates into a compelling call to the vast community of chemists,
cell biologist and glycol-proteomics scientists to combine their valuable contributions and
efforts to participate in a multidisciplinary project to work on unveiling EV-cell and cell-cell
interaction codes. The challenge is very daunting, but the potential outcomes will be of
seminal importance for the future of pharmacology and medicine.
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ACE: angiotensin converting enzyme; APC: antigen-presenting cells; BBB: blood brain barrier;
CuAAC: copper-catalyzed azide–alkyne cycloaddition; CZE-ESI-MS: capillary zone electrophore-
sis coupled to electrospray ionization mass spectrometry; DBCO-NHS: dibenzo cyclooctyne-N-
hydroxysuccinimidyl ester; DIA: data-independent acquisition; DPPIE: digital profiling of proteins
on individual EV; EGFR: epidermal growth factor receptor; ELISA: enzyme linked immunosorbent
assay; EpCAM: epithelial cell-adhesion molecule; ETD: electron transfer dissociation; EV: extracel-
lular vesicle; EX: exosome; FACS: fluorescence-activated cell sorting FSO2N3: fluor sulfuryl azide;
GBM: glioblastoma; GlcNAc: β-N-acetylglucosamine; HATRIC-LRC: HATRIC-based ligand-receptor
capture; HCD: higher-energy collisional dissociation; HILIC: hydrophilic interaction liquid chro-
matography; HPLC-MS: high pressure liquid chromatography-mass spectrometry; HSPGs: heparan
sulfate proteoglycans; HUVEC: human umbilical vein endothelial cells; IC: immunoaffinity capture;
iddPCR: immuno-droplet digital polymerase chain reaction; LC-MS/MS: liquid chromatography
coupled to tandem mass spectrometry; LNP: lipid nanoparticle; LRC: ligand-receptor capture assay;
5-MA: 5-methoxyanthranilic acid; MGE: metabolic glycoengineering; MPP: matrix metalloprotease;
MV: micro vesicle; NHS: N-Hydroxysuccinimidyl esters; NTA: nanoparticle tracking analysis; PAC:
protein aggregation capture; PDAC: pancreatic ductal adenocarcinoma; PEA: proximity extension
assay; PEG: polyethylenglycol; PLA: proximity ligation assay; PNGase F: N-glicosidasi F; PTM:
post-translation modification; RCA: rolling circle amplification; sceHCD: stepped collision energy
HCD; higher-energy collisional dissociation; SEA: single EV analysis; SEC: size-exclusion chromatog-
raphy; SWATH-MS: sequential window acquisition of all theoretical mass spectra; TC: trifunctional
compound; UC: ultracentrifugation.
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