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Abstract: Extracellular vesicles (EVs) are an important mediator of intercellular commu-
nication and the regulation of processes occurring in cells and tissues. The processes of
EVs secretion by cells into the extracellular space (ECS) leads to their interaction with its
participants. The ECS is a dynamic structure that also takes direct part in many processes of
intercellular communication and regulation. Changes in the ECS can also be associated with
pathological processes, such as increased acidity during the development of solid tumors,
changes in the composition and nature of the organization of the extracellular matrix (ECM)
during fibroblast activation, an increase in the content of soluble molecules during necrosis,
and other processes. The interaction of these two systems, the EVs and the ESC, leads to
structural and functional alteration in both participants. In the current review, we will
focus on these alterations in the EVs which we termed post-secretory modification and
processes (PSMPs) of EVs. PSPMs can have a significant effect on the immediate cellular
environment and on the spread of the pathological process in the body as a whole. Thus, it
can be assumed that PSPMs are one of the important stages in the regulation of intercellular
communication, which has significant differences in the norm and in pathology.

Keywords: extracellular vesicles; biomolecular corona; post-secretory modifications;
extracellular matrix

1. Introduction
Extracellular vesicles (EVs) are constantly present in the extracellular space (ECS) and

mediate many processes, such as signaling induction and extracellular matrix (ECM) for-
mation. In addition, they are of great interest as therapeutic agents and prognostic markers
in medicine [1]. The differentiation of EVs into subtypes is a complex and non-trivial task.
EVs can be classified based on their biogenesis, origin, biological function, or content [2,3].
However, the most widely used classification of EVs today is based primarily on their
genesis. In general, there are three classes of EVs, known as exosomes, microvesicles, and
apoptotic bodies. All three subtypes of EVs have a lipid bilayer membrane that surrounds
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their contents (i.e., proteins, mRNA, and miRNA). Exosomes and microvesicles are regu-
larly released and taken up by cells to support intercellular communication. They have
very similar properties and are very difficult to separate. One of the main differences be-
tween them is their mode of genesis. Exosomes are formed by the endolysosomal pathway
following the invagination of endosomal membranes to form multivesicular bodies and are
released after their fusion with the cell plasma membrane, while microvesicles are formed
as a result of the cell membrane protruding outward [4]. Apoptotic bodies are typically
the largest and, as their name suggests, are released by apoptotic cells. However, they are
not simply remnants of apoptotic cells and play an important role in immune regulation
and activate pathways that promote phagocytosis and the removal of dead cells’ bodies [5].
Due to the low specificity of the identified molecular markers, most studies consider total
EVs. Moreover, the term “exosomes” is sometimes used to refer to all EVs. In addition, a
fourth type of EV was recently identified—migrasomes, which are formed on the restriction
fibers of migrating cells (Table 1) [6].

Table 1. Characteristics of EV subtypes.

Subtype Size Surface Marker Biogenesis Ref.

Exosomes 50–150 nm

Classical panel: CD9, CD63,
TSG101, Alix, Hsp70

Potential specific markers:
LAMP1, LAMP2,

Rab27, Rab27b

Inward budding of a late
endosome, also known as a
multivesicular body (MVB)

with subsequent fusion with
the cell surface and realese of

exosomes into the
extracellular space

[7–9]

Microvesicles/Ectosomes 100–500 nm
MT1-MMP, GP1b,

GPIIb/GPIIa, P-selectin,
Integrin, Mac-1

Direct budding out of a cell’s
plasma membrane and

shedding into the
extracellular space

[10]

Apoptotic bodies 1000–5000 nm Annexin V,
Thrombospondin, C3b Remnants of apoptotic cells [11]

Migrasomes 500–3000 nm TSPAN4, NDST1, PIGK, CPQ,
EOG, IntegrinA5

Formation of primary
swelling on the retraction
follicles of migrating cells

and filling with migrasomes
with the formation of a

pomegranate like
structure (PLS)

[6,12]

There are many unresolved issues in the life cycle of EVs. In 2019, Leonid Margolis
and Yoel Sadovsky formed eight main directions and unsolved mysteries of the biology
of EVs: (1) the size diversity of EVs, (2) the biogenesis of EVs, (3) the loading of EVs with
molecular cargoes, (4) the specificity of released EVs to recipient cells, (5) the correlation
of EVs and viral particles, (6) the delivery and unpacking of EVs in recipient cells, (7) the
mechanisms of changing the biology of recipient cells under the influence of EV cargo,
and (8) the functional significance of EVs in pathologies and normal state [13]. Most of the
proposed tasks are already traditional for EVs researchers. However, we would like to add
a ninth important direction to this list. The ninth direction is related to the transformation
and modification occurring with EVs in the ECS. Newly formed EVs released by cells first
enter the ECS, where they interact with its components, as well as the conditions existing
there until they are absorbed by recipient cells. The ECS environment is quite dynamic and
multicomponent. The main non-cellular participants in the ECS are considered to be the
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ECM, which is an interstitial fluid with various mediators of cellular communication [14].
Unfortunately, the processes occurring in the EVs remain largely a mystery. It is at this
stage that various post-secretion processes and modifications (PSPMs) can occur with
them. Recently, it has been shown that recipient cells can re-release internalized intact
EVs following their initial uptake [15]. In this case, the internalization of EVs by recipient
cells is not their final stage, since the re-released EVs retain their functional properties. We
consider the stage of cargo release or extra/intracellular destruction of EVs to be the final
stage. Thus, by PSPMs, we mean all events from their release to destruction that change
the properties of EVs or control their interaction with recipient cells.

These transformations are another important stage of regulation of cellular interactions
and allow for a more fine tuning of the existing extracellular microenvironment. The
specific conditions of the cellular microenvironment contribute to the functional role of
EVs. Extracellular systems determine various states that regulate cell biology. A striking
example can be seen in the mechanisms of assembly of the ECM [16], where the interaction
of different types of collagens with matrix formation occurs outside the cell through the
participation of extracellular enzymes and other participants of the ECS in this process.
Similarly, we assume that there may also be a large set of extracellular mechanisms that
perform modifications with vesicles secreted by cells and thus form the post-secretome of
the cell population both in vitro and in tissues and organs. In this regard, it seems extremely
important to study the cell secretome as a tool for intercellular interactions in the presence
of most components of the ECS and, accordingly, the low indicativeness of the vesiculome
isolated from a monocomponent system as a characteristic of the cell status. In addition,
because of the extensive PSPMs, it is necessary to more strictly standardize the methods for
isolating EVs from samples.

Thus, this review aims to summarize the available data on the PSPMs and to form an
applicable picture of the extracellular fate of EVs.

2. Alteration of the EV Surface
First of all, during secretion, EVs enter the extracellular space, which differs from the

conditions inside the cell. Moreover, some EVs spread through tissue and are eventually
found in a wide variety of biological fluids, including blood, lymph, saliva, ascitic fluid,
synovial fluid, urine, etc. Such a sharp change in environmental conditions cannot but affect
the properties of exosomes. A striking example is tumor stroma, which is characterized by
hypoxia, high cellular density, interstitial pressure, and increased acidity. The influence of
such factors in vivo, unfortunately, has been poorly studied. However, some aspects have
been covered. The surface of EVs is an important functional part of these structures, which
primarily determines their interaction with the cell environment and is in direct contact
with extracellular conditions. The difference between these conditions and intracellular
ones obviously leads to a change in the surface of EVs.

2.1. Alteration of Lipid Bilayers

The lipid composition of EV membranes and the plasma membrane of cells varies
and often depends on EV biogenesis. The formation of MVBs as a precursor of exosomes
is accompanied by the recruitment of cytosolic lipids of various origins such as organelle
membranes, lipid droplets and lipoproteins [17]. This leads to the inclusion of triacylglyc-
erols and cholesterol esters in the exosomal membranes [18]. In addition, increased levels
of cardiolipin were found in exosomes, suggesting the contribution of mitophagy to the re-
lease of these EVs [19]. Enrichment with cholesterol and sphingolipids makes them similar
to the detergent-resistant domains of lipid rafts [20]. The critical role of these lipid rafts in
microvesicle biogenesis has been described in other reviews [21,22]. Quantitative changes
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in the lipid composition of EVs during release remain a mystery due to the complexity of
the studies. Tore Skotland and colleagues, having analyzed a large amount of data, came to
the conclusion that the quantitative lipid composition of EVs is heterogeneous and depends
on many factors. Qualitative changes in the lipid composition of the EV membrane after
secretion are also a likely but unproven event. We suggest that these phenomena may be
mediated by lipid-modifying enzymes. Their involvement in EVs biogenesis has already
been described, and it is likely that their activity may persist after release [23].

The asymmetry of the EV membrane is also an extremely interesting and mysteri-
ous issue. For EVs, membrane asymmetry is one of the stages of biogenesis, and it is
especially important for microvesicles. The violation of lipid layer asymmetry is a less
energy-consuming procedure compared to maintaining asymmetry, which is supported by
the work of a large number of enzymes including flippases, floppases, scramblases, etc. [24].
These mechanisms are especially characteristic of the plasma membrane of cells. During the
processes related to the budding and formation of microvesicles, the membrane asymmetry
can also be preserved in EVs. In the exosomal pathway, the asymmetry at the of biogenesis
can be maintained by the acidic environment and other factors within the MVB. Regardless
of the biogenesis pathways, after release from the cell, the membrane’s asymmetry distur-
bances are possible due to the flip–flop transpositions of lipids in the bilayer, which can be
accelerated by the action of physicochemical influences of the environment (Figure 1).
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Figure 1. Changes in the asymmetry of the EV’s lipid bilayer during biogenesis. Green lipids—specific
asymmetric for plasma membrane. Yellow lipids—specific asymmetric for MVB’s inner vesicles.

Asymmetry relative to phosphatidylserine (PS) shows a dual nature in EVs. For exo-
somes, PS is typically located in the inner layer [25], while for microvesicles and apoptotic
bodies, it is concentrated in the outer one and is a signal for macrophagy [26]. However,
some studies show that PS can also be located in the outer layer of the exosome mem-
brane [27,28]. The authors associate this phenomenon with plasma membrane homeostasis
under stress conditions and suggest the transition of PS to the outer layer during EVs’
biogenesis. Whether PS is able to move to the outer layer of the EVs membrane after release
from cells or during EV storage remains a controversial issue. Similar controversial data
concern the location of cholesterol in the EV membrane [29]. The overall asymmetry of
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the EV’s membrane is indeed poorly understood. However, extrapolating the data, one of
the key factors in this process is the pH gradient. The pH gradient is probably one of the
first events modifying EVs during and after secretion. This is especially true for exosomes,
which are in an environment with a pH of 5.5 at the maturation stage in MVB and enter
a more neutral environment of pH 7.4 during secretion. A reporter system for tracking
exosome secretion was developed based on this pH change [30]. It was also previously
determined that the increased acidity of the cellular microenvironment (as in the general
cancer phenotype of about 6.5) causes an increased release of exosomes from the cell, but
the mechanisms of increased secretion are unclear [31]. It is known that the absorption
of EVs by recipient cells, with the exception of fusion, is mediated by their entry into
endosomes, the maturation of which increases acidity, which induces their fusion with
the endosome membrane and the release of EV contents into the cytoplasm. How acidic
pH increases the tendency of membrane layers to fuse is not fully understood. Previously,
protein interactions and pH conditions played a key role in the processes of MVB fusion
in endosomes [32]. However, Morandi et al. showed that acidic pH is a prerequisite for
the occurrence of this process [33]. Moreover, at the level of early MVB, the level of acidity
inhibits the collapse of exosomes. Presumably, this is due to a violation of the asymme-
try of the lipid bilayers. With different acidity inside the vesicles and the environment
surrounding them, the flip–flop transposition of lipids within the bilayer is observed [33].

The direct effect of pH on membranes is partly explained by the acido-basic properties
of lipids. The effects of acidic pH and temperature also affect the rigidity and fluidity of
the lipid membrane and, accordingly, modulate the fusogenic properties of EVs [34]. The
polarization of lipid vesicles is another process induced by a pH gradient in the region
of low concentration of H + ions, after which the clustering and coalescence of ordered
Lo domains occurs [35]. The application of knowledge about the effect of pH on the EV’s
surface is extremely wide. The original tool was developed by Kim et. al. They developed a
system of pH-dependent peptides to form regulated pores in lipid bilayer membranes [36].

In addition to asymmetry, the polarization, local deformation, and migration of EVs
in a pH gradient were detected. Under these conditions, (i) the interaction of lipid heads
to H+ or OH- groups as well as (ii) H+ and OH- gradients create conditions for chemical
reactions of binding or catalysis [37]. EV migration was demonstrated in the work of
Atsuji Kodama and colleagues using phospholipid GUVs as an example and modeling
a pH gradient using NaOH microinjection with EVs starting to move toward the tip of
the micropipette [38]. The mechanisms of vesicle migration activity under the action of
a pH gradient are still a controversial issue, but this phenomenon is associated with the
formation of a surface tension gradient on the surface of liposomes. The lipid membrane of
EVs is a highly dynamic system that responds to environmental conditions. Many aspects
contribute to the quantitative and qualitative composition of EVs as well as the asymmetry
and polarization of the EV’s membrane even after secretion.

2.2. Formation of a Biomolecular Corona on the Surface of EV

Another aspect of the impact of the extracellular environment can be considered—a
high concentration of various soluble biomolecules. By analogy with other nanoscale
structures (viral particles, nanoparticles, liposomes, etc.), it was suggested that biomolecular
shells called protein corona can form on the surface of natural EVs [39]. The hypothesis
was confirmed when it was shown that EVs, when incubated with blood plasma, are
covered with a protein corona [40], which has functional significance and is involved in
many intercellular communications [41]. The development of this hypothesis showed the
participation of many soluble components in the formation of the corona around EVs under
various conditions including proteins, lipids, polysaccharides, lipoproteins, glycoproteins,



Cells 2025, 14, 408 6 of 28

etc. That is why it is more correct to call this shell a biomolecular corona (BMC) [42,43].
Nucleic acids became an unexpected component of the BMC. Various studies prove the
association of DNA with the EV membrane [44–46]. However, it remains unclear whether
DNA is attached inside the cell during biogenesis or in the ECS after secretion. The
formation of the BMC occurs at the stage of EV origin. In the exosomal pathway, the BMC
is formed in the multivesicular bodies and surrounds all internal exosomes. When EVs
are formed by separating the cytoplasmic membrane, the BMC initially associated with it
is preserved [43]. In both cases, the structure of the BMC can be divided into two layers,
where the first is characterized by a more rigid and low-mobility structure—«hard corona»,
while the second is more dynamic and changeable—«soft corona» (Figure 2) [39].
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The consequence of the formation of a BMC around EVs is a change in the potential
for fusion with recipient cells. It has been shown that coating with opsonins (LDL, IgG
and C3b) facilitates uptake, while coating with dysopsonins (albumin, ApoA4, ApoC3, and
clusterin) reduces uptake [47]. In addition, we assume no less participation of proteolytic
enzymes of the ECM and chemical conditions of the pericellular space. In addition, the
BMC has a number of important physiological actions such as healing processes and in
immune modulation [48].

The potential for using the BMC in medicine may lie in its artificial modification or the
creation of exosomes with a programmable BMC. These ideas were embodied in the work
of Jun Yong Wu and colleagues in the creation of liposomes with increased permeability
through the blood–brain barrier due to the coating of particles with the angiopep-2 protein
(Ang), which protects the particles from destruction in the bloodstream [49]. Martin Wolf
and colleagues selected a strategy for ligating antibodies to vesicles with the most optimal
properties, and they formed a natural BMC [41].

2.2.1. Post-Translational Modifications of Components

The BMC formed during the interaction of EVs with the environment creates favorable
conditions for intermolecular interactions of its components, which can lead to posttransla-
tional modifications (PTMs). The main PTMs of proteins found in EVs are phosphorylation,
acetylation, oxidation, nitrosylation, methylation, glycosylation, ubiquitination, sumoyla-
tion, lipidation, isoprenylation, etc. Most of the modifications were studied in light of their
participation in the packaging of EV cargo components [50]. Distinguishing intracellular
PTM from the extracellular is a rather complex and non-trivial task.
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Extracellular enzymes form the basis for the PTM of EVs. Many enzymes that carry out
PTMs are found in the BMC. These enzymes can modify the components of the BMC, the
EV membrane and other components of the ECS [51]. Thus, glycosidases (sialidase NEU3,
NEU1) associated with the BMC are able to cleave chains of sialic acids; this process can be
accompanied by the release of molecules, which was shown by the example of the release
of neurotrophins during the destruction of retaining polySia [52,53]. Insulin-degrading
enzyme (IDE) is another enzyme found in the BMC that is capable of performing many
processes, including the degradation of insulin, amylin and glucagon as well as modulation
of the ubiquitin–proteasome system, indicating it may regulate protein turnover and
homeostasis [54]. In the BMC of EVs, the function of IDE has been shown in the degradation
of extracellular Aβ by microglia [55]. MT1-MMP, a transmembrane protein found on the
surface of many cell types, has also been detected in the membrane of EVs [56]. It is believed
that it is integrated into EVs during biogenesis, especially in microvesicles budding from
invapodia, where MT1-MMP concentration is the highest [57]. The modification activity
in EVs is expressed in various actions. Thus, shedding by cleaving syndecan-1, ICAM-1
and CD44 leads to EVs release from the membrane surface. Cleavage of the host of soluble
molecules including proMMP-2 and proMMP-13 indicates involvement in the regulation
of activity of some soluble molecules [58].

Extracellular glycosylation is one of the probable PTMs occurring with EVs. As is
known, fibronectin and tenestin are found on the surface of exosomes (the mechanism
is described in the following reference [59]). These components can be glycosylated in
the extracellular space similar to glycosylation in the ECM as part of aging processes and
other pathologies [60]. Potentially, all natural processes of extracellular enzymatic and
non-enzymatic PTM characteristic of natural ECM in addition to glycosylation can occur
with the ECM components of EVs [61].

The biological significance of the described extracellular processes of PTM components
of EV remains to be identified. On the one hand, they can be part of the natural extracellular
maturation of EV. On the other hand, they can be part of pathological processes disrupting
intercellular communication by analogy with disorders of healing processes mediated
by glycosylation of the ECM and disruption of the interaction of integrin receptors with
the ECM [62].

2.2.2. Formation of Multimolecular Machine

The interaction of the components of the BMC is not limited to post-translational modi-
fications. Some interactions lead to the formation of multimolecular functional apparatuses.
Most studies related to the processes of interaction of soluble components of the BMC with
EVs do not associate these processes with the BMC, but we believe that these processes
occur in a single system of the EV’s BMC [63]. It is also worth noting that when studying
the BMC, it is difficult to separate absorbed components from newly built-in components.

Nathalie Cloutier and colleagues showed that EVs can be a platform for the citrul-
lination of autoantigens on the EV’s surface in the BMC by peptidylarginine deiminase
4 (PAD4) with the subsequent formation of mEV-IC (medium-sized extracellular vesicle-
containing immune complex) with the deposition of immunoglobulins against citrullinated
autoantigens inducing inflammatory processes [64]. A similar picture is reflected in the
activation of immune cells by EV antigen-presenting cells. Secreted EVs in the ECS acquire
MFGE8 (milk fat globule epidermal growth factor 8), interacting with phosphatidylserine.
In this complex with EVs, MFGE8 can bind to integrins αVβ3 and αVβ5 of recipient cells
and induce immune activation [65,66]. In addition to the previously described mechanisms
of participation of the BMC of EVs in immune processes, participation in the activation of
the complement system is likely. The C1q component is able to bind to the lipid negatively
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charged components of EVs via the highly cationic region C1qA14-26 or, as suggested, to
the anionic proteins of EVs [67]. The further fate of such EV and C1q complexes is not yet
identified; according to suggestions, activation of the classical pathway of complement
activation may occur further. A similar event may also be mediated by the binding of
immunoglobulins to antigens on the EV surface and the subsequent attachment of C1q [68].
Also, a more complex complement activation system based on the BMC was demonstrated
on the basis of EV monocytes. Pentameric CRP (pCRP) binds to the EV’s membrane and
undergoes conformational changes to form neoepitope-expressing (pentameric) CRP, which
can subsequently bind to C1q and also activate the complement system [69].

The attachment of other immune components to EVs such as antibodies with the
subsequent activation of cascades exhibits a dual nature. On the one hand, EVs that have
receptors of infected cells on their surface neutralize the humoral response [70]. But on
the other hand, such interaction protects against the antibody-dependent enhancement
of infection. A similar picture was shown for Zika virus (ZIKV) and E-coated EVs [71]. In
general, the picture shows that EVs are able to control the immune response to various
pathological conditions.

Conformational changes in proteins are also an unlikely process for the components
of the BMC. The participation of EVs in conformational changes during the interaction
of proteins with their membrane was shown using the example of incorrect folding of
αsyn when small EVs enhance synucleinopathy during the interaction of secreted αsyn
with the EV membrane. The authors attribute the main contribution to this process to the
lipid composition of EVs but also do not exclude the participation of membrane-associated
proteins [72]. But we assume that these processes are associated with the BMC to no
lesser extent.

Another example of the multimolecular apparatus on the surface of EVs are matrix
vesicles. They will be discussed in more detail in the following sections. During their
attachment to the ECM, the processes of hydroxyapatite synthesis in the vesicle lumen
are launched and mediated by the work of various enzymes [73]. Views on the life cycle
of MVs are still controversial, from the issue of their biogenesis to the destruction and
accumulation of the mineral. The modern understanding of MVs is changing, and there
is more and more evidence that MVs can be formed in different ways [73]. According to
one of them, secreted exosomes can become MVs, and at the stage of origin in endosomes,
they acquire stimuli for mineralization [74,75]. Comparison of the proteomes of MVs and
apical microvilli, as the main site of their biogenesis, revealed the absence at the stage of
origin of some participants, including chondroitin sulfate proteoglycan 2, cysteine-rich
angiogenic inducer 61, immunoglobulin J chain, macroglobulin α2, syndecan 2, syntaxin
4A and vitronectin [76]. This allows us to assume that these components are acquired by
MT already in the VKP and are part of the BMC.

3. Intervesicular Extracellular Interactions
During the interaction of EVs with each other, a variety of events can occur. Direct

studies of these processes, unfortunately, are insufficient to build a complete picture.
Extrapolating from liposome studies, it can be assumed that this interaction can lead to
three possible outcomes: repulsion, adhesion with the preservation of isolated cavities, and
the unification (fusion) of EVs. The repulsion of membranes occurs in aqueous solutions
due to the interaction of polar groups of phospholipids and hydration shells [77]. This
process provides protection against the collapse of cellular organelles.
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3.1. Mutual EVs Sticking

The adhesion of EVs is a documented outcome of their interaction, which is associated
with the interaction of the EV’s BMC with each other, which can lead to coagulation and
the formation of thromboses [78].

In addition to the participation of the BMC, the adhesion of EVs can occur at the
level of interaction of lipid membranes. A special case of such adhesion of EVs can be
considered the activity of platelets. Platelets, as a special group of apoptotic bodies, as
well as microvesicles, are characterized by a negatively charged lipid membrane due to the
high content of PS. Due to this, when interacting with coagulation factors (factors VII, IX, X
and prothrombin) containing positively charged γ-carboxyglutamic acid and anticoagulant
proteins S and C, their adhesion occurs with the formation of a thrombus [79].

It should be noted that the adhesion of EVs can be controlled by the composition of
the membrane. The anticoagulant properties of EVs can be associated with the presence
of the C protein receptor on the membrane, and when it interacts with the ligand, the
anticoagulant properties are preserved [80]. Moreover, due to the content of proteins on the
membrane, TFPI (Tissue Factor Pathway Inhibitor) PAI-1 (Plasminogen Activator Inhibitor
1), EVs can exhibit fibrinolytic activity [81,82].

3.2. EVs Extracellular Fusion

The fusion of exosomes with each other is a possible process that we hypothesize.
Canonical mechanisms of EV fusion are associated with absorption by recipient cells and
their subsequent events in the cell. The main pathways of cellular absorption are endocy-
tosis, pinocytosis, phagocytosis, and membrane fusion [83]. However, these mechanisms
are strictly regulated by various systems and practically do not occur spontaneously. The
mechanism of EV fusion is primarily accompanied by membrane fusion. The spontaneous
convergence of membranes with the subsequent fusion of lipid layers in the body, as
mentioned earlier, is limited by repulsive forces. To overcome this barrier and induce mem-
brane fusion, it is necessary to ensure a convergence of membranes of less than 20 Å [77].
Therefore, such processes must be mediated by various auxiliary mechanisms [84].

We assume that in vivo exosome fusion with each other with cargo aggregation can
occur. An obvious consequence of such an interaction is an increase in the heterogeneity
of the population of the EVs by size. Unfortunately, there is no direct evidence of these
fusions of EVs in vivo or in vitro. Next, we will try to extrapolate data from works with
artificial liposomes to natural EVs.

In fact, there are two approaches to overcome the limitations of lipid bilayer fu-
sion. The first is associated with a decrease in the membrane charge or a decrease in the
contact of lipid layers with water using chemical fusogens. The second is based on the
use of protein/peptide fusogenic agents [85]. Both of these approaches are used in the
MFHE technology.

The first approach can be realized by various mechanisms in vivo. As described earlier,
an acidic environment and high temperature can enhance the fusogenic properties of EVs
and induce their fusion by mediating an increased layer flip–flop transposition of lipids
and decreased membrane charge [33]. Unfortunately, there is no direct evidence of this
process. However, there are interesting data on similar processes in vitro when creating
artificial vesicles. An interesting mechanism of exosomal fusion was recently demonstrated
in the work of Sumit Kumar, where the controlled fusion of exosomes was provided by the
interaction of catechol-integrated membranes with each other mediated by the inclusion of
metal ions [86]. It is worth mentioning that in the case of the first approach, the BMC of
EVs will interfere with their spontaneous fusion. However, with a decrease in its density
and other factors, such an event is possible.
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The second approach to membrane alteration based on fusogenic agents can also
be observed in vivo. A striking example of such an auxiliary mechanism for EV fusion
can be fusogens. Fusogens are a group of proteins that provide controlled membrane
fusion by bringing lipid layers closer together (to a distance of ~1 nm) [87]. For activity,
EV’s fusogens require the availability of a specific receptor on the acceptor membrane, for
example syncytin-2 and syncytin 2-specific receptor (HFSD2a) [88]. These processes have
not been shown for intervesicular to interaction, but they remain likely.

In practice, EV fusion using fusogens is used to create the previously described hybrid
therapeutic vesicles. Thus, due to the expression of baculo-viral envelope protein gp64 on
the EV membrane, it was possible to achieve pH-controlled EV with artificial liposomes [89].
A similar mechanism was used in the work of Ilya Zubarev, where a genetically engineered
insertion of the viral spike receptor increased the internalization of exosomes with cells [90].

The properties of membranes for fusion are used in the creation of artificial liposomes
of various sizes. The most common technique for preparing a suspension of liposomes
based on their fusion is spontaneous fusion under controlled conditions, and the charac-
teristics of the resulting liposomes depend on this process. The direct use of the fusion of
EVs is used in the creation of hybrid therapeutic exosomes called membrane fusion-based
hybrid exosomes (MFHEs) [91]. The main components for MFHEs are liposomes loaded
with therapeutic agents and EVs. Due to this composition, the procedure for packaging
therapeutic agents into the cavity of exosomes is simplified while maintaining high bio-
compatibility. The main methods of MFHE synthesis are freeze–thaw cycles, incubation,
PEG incubation, and extrusion [92].

The question of the consequences of such a fusion of EVs also remains open. It is
obvious that during fusion, the size of EVs increases equivalent to the previous EVs. The
mixing of cargoes can induce their interaction with a variety of outcomes.

In addition to mutual interaction, EVs can interact with other circulating structures
of the ECS such as viral particles. To a certain extent, virions are structurally and even
functionally similar to EVs [93]. Thus, it was determined that EVs from symbiotic vaginal
lactobacilli inhibit human immunodeficiency virus HIV-1, and inhibition occurs at the level
of the virus, since EVs block gp120 receptors on the surface of the virus, stopping their
attachment to cells [94]. Similar data were obtained for ACE2-positive EVs and SARS-CoV2
virions [95]. Unfortunately, the mechanisms of this blocking of the interaction of virions
with target cells have not been determined. Probably, EVs stick to virions and, upon
such close contact, they collapse and the virion is packaged into the EV cargo (Figure 3).
This results in the formation of multilamellar or multivesicular EVs, which are attracting
increasing attention. The formation of such complex structures in vivo is associated with
biogenesis mechanisms and is described in more detail in other reviews [96,97]. However,
we assume that these structures can also be formed extracellularly during intervesicular
interactions in the ECS.

Studies of these processes can shed light not only on the functioning of cells and their
communications but also help to develop new approaches to therapeutic intervention in
various pathological conditions. In addition, they will help researchers optimize work
with EVs in the selection of isolation methods and the processes occurring with them
during storage.
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4. Volume Alteration and Deformation of the EV
Osmotic processes are an inevitable and integral part of the EV life cycle. The critical

role of osmotic characteristics in the processes of exocytotic fusion of vesicles with the cell
membrane was shown using the full collapse and kiss-and-run models [98]. In addition to
their functional significance, osmotic processes maintain the EV structure. At the biogenesis
stage, extracellular osmotic hypertonic stress can quickly cause vesicle compression while
maintaining a constant neurotransmitter concentration, which suggests an osmometric
function of vesicles [99].

These processes play a critical role in the distribution of EVs in tissues, since the
porosity of the ECM network does not allow large EVs exceeding the pore size to pass [100].
On the one hand, this problem is solved by the ECM remodeling agents of EVs. On the other
hand, dynamic changes in EVs are no less important for ensuring distribution. Deformation
and change in EVs is a necessary process in their distribution in the extracellular space
(Figure 4) [101].

A key role in volumetric changes in EVs is given to aquaporins (AQPs). AQPs are a
family of small (~30 kDa) membrane-spanning proteins that provide rapid, passive, and
bidirectional movement of water, small neutral solutions, and some ions into and out of
cells in response to osmotic or concentration gradients. To date, AQPs are considered
as one of the key transmembrane osmosensors of the cell along with mechanosensors
of ion channels [102]. Orthodox AQPs 1, 2, 3, 4, 5, 7 and 9 were found on the surface
of mammalian EVs [103]. Their role in EVs is associated with adaptability to various
osmolar conditions of the extracellular environment to maintain the integrity of vesicles.
The assumption is indirectly proven by functions in cells. For example, AQP1 moves into
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exosomes as RBCs mature [104]. In addition, the critical role of AQP6 in EVs functionality
was shown in the synaptic vesicle model. The swelling of synaptic vesicles potentiates
their fusion at the cell plasma membrane and is required for the expulsion of intravesicular
contents [105,106]. Thus, the disruption of EV swelling processes mediated by vesicle
acidification by H+-ATPase and AQP6 function led to the disruption of neurotransmission
on account of the AQP-6-mediated gating of water into synaptic vesicles [107,108]. Another
role of AQP in EVs was shown in protecting the latter from lysis. The inhibition of AQP5
functions with antibodies or HgCl2 (AQP5 inhibitor) caused the swelling and subsequent
lysis of parotid secretory granules in isoosmotic KCL solution [109]. In models of secretory
vesicles, the role of AQP was shown in the processes of exocytosis (fusion with the plasma
membrane and release of vesicle contents) and vesicle swelling as one of the key stages of
regulation of this process [110]. We suggest that a similar role of AQP can be observed in
EVs, especially in the processes of their absorption by recipient cells by fusion or fusion with
the membrane endosomes following absorption. Thus, we conclude that the osmosensory
role of AQP in EVs provides (i) EV distribution in the ECS, (ii) EV functional properties,
(iii) the maintenance of EV integrity, and (iv) the regulation of absorption by recipient
cells. Protein factors can also play an important role in EV deformation. Thus, α-syn
was shown to participate in the processes of EV release/absorption, EV deformation
and EV fragmentation [111]. Artificial DOPC:DOPS liposomes begin to fragment upon
interaction with α-syn only when monosialotetrahexosylganglioside (GM1) is included
in the liposomes. The putative mechanism of this phenomenon is associated with the
interaction of α-syn with GM1 liposomes, which, due to the large hydrophilic heads and
short tails of the latter, induces a deeper immersion of α-syn into the membrane [112]. This
demonstrates the dual role of α-syn in neuronal signal transmission. On the one hand, it
facilitates the endo/exocytosis of EVs; on the other hand, it disrupts their traffic [113].
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Smaller deformation changes in EVs can occur under the influence of a pH gradient.
As described earlier, liposome migration is observed during such a gradient. This process
is carried out with the deformation of vesicles, and the stretching of spherical liposomes to
a drop-shaped form occurs toward the highest concentration of OH- anions [38].
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In addition to passive regulation, it is assumed that the dynamics of EVs can be
controlled by the active activity of cytoskeletal components found in large EVs (LEVs). This
EV subtype is characterized by large sizes up to several micrometers, negative staining
for DAPI, the presence of intact organelles and a functioning cytoskeleton [114]. The
presence of an active cytoskeleton allows these LEVs to deform and exhibit mobility, and
the presence of adhesion molecules ensures their attachment to matrix components. The
authors associate the role of these LEVs with the transfer of subcellular organelles such
as mitochondria and increased tumor resistance. In our opinion, LEVs can also function
as a utilizer of large cellular components, such as organelles. Such large sizes make them
less accessible to cells [115]. Their mobility and deformability ensure movement into
the bloodstream, which suggests further utilization [116]. In smaller EVs, cytoskeletal
components were also found that caused a change in shape other than spherical. Similar
subpopulations of EVs were found in human ejaculate and in the human mast cells of the
HMC-1 line [117,118]. This phenomenon is associated with the protrusive pathway of EV
biogenesis and, as a consequence, the presence of actin filaments in them [119]. In this case,
whether the altered shape of EV is simply a consequence of the presence of actin filaments
or some advantage over the spherical one is unknown and remains a controversial issue.

5. Attachment of the EV to Extracellular Matrix
The multicomponent nature of the extracellular space suggests that secretory exosomes

interact not only with recipient cells. One of the best-studied examples is the interaction of
the extracellular matrix with exosomes to deliver extracellular matrix proteins.

It is already becoming indisputable that EVs are an important integral and functional
component of the ECM [120]. The properties of the ECM have a broad impact on EVs at all
stages of their life cycle. For example, at the biogenesis stage, the rigidity of the matrix and
the number of cell contacts with it inversely determine the intensity of MVB fusion with
the plasma membrane and, accordingly, the release of exosomes [121].

In this section, we focused on the attachment of EVs to various participants of the
extracellular space, including the ECM, which is associated with further absorption by
recipient cells. Many aspects of the interaction of EVs with extracellular matrices have
already been described in an outstanding review of Koushik Debnath et al. [101]. The
main components of the extracellular matrix are collagens, proteoglycans (PGs) and gly-
cosaminoglycans (GAGs), elastin and elastic fibers, laminins, fibronectin and other proteins,
such as matricellular proteins [122]. The attachment of EVs to the ECM can be roughly
explained by two purposes: the first is associated with the delivery of ECM remodeling
agents, while the second is associated with the subsequent internalization with cells or
both of these purposes simultaneously [123]. Thus, it was shown that exosomes of dermal
fibroblasts in three-dimensional cultivation contain, in addition to a large set of extracellu-
lar matrix components, many stimuli for the migration, proliferation, and inflammatory
reactions [124]. From this point of view, the ECM with adsorbed EVs can be considered as
an attractant (Table 2).

Previously, we described the mechanisms of EV passage through smaller pores of the
ECM, but cases of EV attachment to the ECM have been proven [94]. The direct interaction
of EVs with the matrix can be mediated both by the interaction of receptor proteins with
the matrix and directly by the lipid membrane; the subtleties of the biophysical interaction
of EVs with the ECM are described in detail in the review [101].
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Table 2. Examples of crosslink EVs to ECM.

EV’s Membrane Protein EV’s Lipid Membrane

Covalent binding to matrix
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A special subgroup of EVs closely related to the ECM, which was mentioned earlier, are
the matrix vesicles (MVs) first described in connective tissues [125]. Later, the mechanism
of MV formation was described as ‘Verdämmerung der Zellen’ [126], which describes their
emergence from the plasma membrane of mineral-forming cells such as chondrocytes,
osteoblasts and odontoblasts [127]. MV produced by chondrocytes and bone cells are
released from the ECM only when treated with collagenase, which is explained by their high
affinity for collagen fibrils and high activity; in addition, they have a special mechanism of
biogenesis associated with outward budding from the apical microvilli of mineralization-
competent cells and high activity of tissue non-specific alkaline phosphatase (TNAP)
as a key enzyme of biomineralization [73]. The mechanism of EV attachment to the
ECM remains completely undefined. The most promising components retaining MVs are
considered to be collagen type I [128]. The anchoring components of MVs holding them on
collagen fibers are considered to be AnxA2, AnxA5, AnxA6 and TNAP [73]. In support
of this, a recent study of the mechanisms of MT attachment using vesicle-biomimetic
proteoliposomes containing TNAP and annexin A5 (medium-sized EV protein) showed
binding to collagen fibrils via annexin A5 only in the absence of TNAP. The authors associate
the results with the dynamics of MT binding processes to the ECM, which is caused by the
interaction between MT components, both native and acquired [129].

The population of MVs associated with the ECM obtained during tissue decellular-
ization was termed matrix-bound nanovesicles (MBVs) [130]. Notably, in this case, MVBs
have reduced or no canonical exosome markers (CD63, CD81, CD9, and Hsp70) [131]. The
mechanism of their attachment to the ECM was not described. The study of MBVs cargo
and free MVs showed differences in protein components and miRNAs. MBV-associated
miRNAs are associated with organ development, while free MVs cargo was associated
with cell growth, development, and proliferation. In addition, differences are observed
in the lipid composition. MBVs are characterized by a high content of cardiolipin, which
suggests the involvement of the mitochondrial apparatus in their biogenesis [130].

The biological significance of EV adhesion to the ECM requires additional study.
However, there is evidence that such an interaction can mediate absorption by recipient cells.
Thus, it was shown that extracellular fragments of fibronectin interact with heparan sulfate
receptors on the EV surface and mediate the interaction of the EV and fibronectin complex
with myeloma/bone marrow stromal cells, thereby controlling EV absorption [132]. The
control of uptake has also been shown by the interaction of EVs with soluble heparin,
which is thought to block EV receptors and inhibit their binding to recipient cells as
well as induce their aggregation [133]. The attachment of EVs to ECM components may
mediate the degradation and remodeling of the latter, leading to altered cell invasion
and migration [134]. Unfortunately, the mechanisms of remodeling of such attached
EVs on the ECM have not been identified. Presumably, this may be associated with the
activity of GMC components and transmembrane components such as MT1-MMP, IDE,
and others described earlier. Another ECM remodeling agent of EVs can be considered
aggrecan kinases providing remodeling of the aggrecan-rich ECM, which are characteristic
of cartilage tissues and brain tissues [135].

The processes of EV attachment to the ECM can be inhibited by the formation of
the BMC described earlier. Moreover, matrix-remodeling enzymes such as MT1-MMP,
metalloproteinases (MMP2, 3, 9, 13, 14), adamazines (ADAM-10, ADAM-17, ADAMTS-
5, ADAMTS-8), hyaluronidase, and heparonase were found among the components
of the BMC, which are capable of releasing ECM-attached EVs and other complexes
and molecules [134].

The use of the property of exosomes to attach to skeletal proteins was found in
regenerative medicine when creating cell-free exosome-laden scaffolds [136]. We suggest
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that the uptake of exosomes by non-cellular components of the extracellular matrix may
also be a tool for exosome selection and the evasion of recipient cells from interactions with
them. In addition, the extracellular matrix network may control the spread of EVs through
high density. As described earlier, the difference between the pore diameter of the ECM
and EVs does not allow the free spread of the latter [100].

The attachment of EVs to ECS components is not limited to interaction with the ECM.
However, other EV acceptors are less studied. Another likely acceptor of circulating EVs
can be considered NETosis traps formed during neutrophil-specific programmed death.
As mentioned earlier, the EV membrane is able to associate DNA on itself [44–46]. This
suggests that circulating EVs can attach to NETosis networks. The nature of EV binding
to DNA was not described. One of the probable models is the interaction of nucleic acid
binding protein on the EV surface with circulating nucleic acids [137]. In addition to
membrane attachment, this event can be provided by dsDNA receptors TLR.

6. Extracellular Disrupt of the EV
The involvement of EVs in extracellular processes is an indisputable fact. This section

will discuss the main processes and mechanisms associated with extracellular EV destruction.
EV destruction with the subsequent release of cargo might have different consequences.

As mentioned earlier, EVs are a supplier and agent for the construction and modeling
of the ECM. Collagen components of the ECM, according to the canonical mechanism, are
too large to be packaged into vesicles [138] and are therefore secreted into the extracel-
lular space in the form of tubular structures emanating from the Golgi apparatus to the
plasma membrane [139]. Meanwhile, non-collagenous water-soluble ECM components
(fibronectin, tenascin, etc.) are poorly studied and can potentially be secreted by EVs.
Knockouts of genes associated with COP2 vesicles do not affect the secretion of fibronectin
components, which suggests other secretion pathways [140,141]. With regard to Tenascin-C,
it was shown that exosomal secretion is the main source of its delivery to the extracellular
space [59]. During the endosomal absorption of fibronectin and tenascin molecules during
cell migration, their relocation to the surface of exosomes with subsequent release from the
cell is observed [132,142,143].

Biomineralization and calcification is another process mediated by the extracellular
destruction of EVs. As previously described, matrix vesicles responsible for these processes
have a number of features. Their life cycle is associated with the accumulation of phosphates
and calcium ions inside the lumen and the subsequent synthesis of hydroxyapatite [73].
This is synthesized as a “needle-shaped” or “ribbon-like” structure and, upon reaching a
critical size, it ruptures the MV membrane and interacts with collagen fibrils [144]. Also,
the probable mechanism of MV rupture is associated with the activity of phospholipases,
which is described in detail in the review by Saida Mebarek et al. [145].

Another isolated example of the extracellular destruction of EVs can be considered
the rupture of migrasomes. The first study of migrasomes showed both a hollow and
multivesicular structure of migrasomes called a pomegranate-like structure [146]. The life
cycle of migrasomes implies a probable rupture or loss of tightness in the mature state
with a sequential release of vesicles, chemokines, cytokines, and growth factors and other
cargo components [147]. The mechanism of this stage of migrasome rupture, unfortunately,
remains unclear. Yaxing Zhang and colleagues identified the study of the mechanisms of
migrasome rupture as one of the key areas of research on these organelles. This in turn
determines the functional role of migrasomes in intercellular communication [148]. We as-
sume that this process may be associated, on the one hand, with the activity of extracellular
phospholipases, similar to the MV rupture [145]. On the other hand, cell-regulated mecha-
nisms recruited to the migrasome to induce rupture may be responsible for this mechanism.
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Spontaneous rupture, in our opinion, is unlikely, because the migrasome structure itself
is quite resistant to degradation and the loss of tightness. This was shown during the
development of vaccines based on engineered migrasome-like vesicles (eMigrasomes). The
resulting eMigrasomes were morphologically identical to native migrasomes and showed
an impermeability to agents that mimic the size of the normal protein, and they retained
their number and morphology even after storage for 14 days at room temperature. The
authors attribute high stability to the membrane enriched with cholesterol and high rigidity,
because when cells were treated with selective extracts of cholesterol from the plasma
membrane—MβCD, the resulting eMigrasomes ruptured within 30 min [149].

In the applied aspect, researchers often face the goal of avoiding extracellular de-
struction and preserving EVs for research or therapeutic purposes. The significance of the
non-programmable extracellular destruction of EVs may be associated with the disruption
of intercellular communication. However, given that EVs, in addition to mediators, are also
a tool for recycling cellular components, this event may be associated with the clearance of
waste fragments. It is indeed a difficult task to distinguish secreted soluble factors from
those released from destroyed EVs. But research in this area can shed light on many issues.

7. Therapeutic Application of EVs
In the past decade, researchers have been exploring the potential of EVs as diagnostic

biomarkers and as therapeutic tools. EVs are natural drug delivery systems for the treat-
ment of different diseases including cardiovascular diseases, neurological diseases, skin
disorders, lung diseases, osteoarthritis, damaged tissue repair, and other diseases [150].
The diverse functions and characteristics of EVs highlight their importance in a wide range
of biological processes and the potential for their use in a variety of clinical applications.
Stem cell research and the global COVID-19 pandemic have given impulse to the devel-
opment of cell and cell-free therapy for infectious diseases. The application of EVs is a
promising treatment strategy that allows solving the problems associated with the safety of
cell therapy and increasing its effectiveness [151]. It has been established that EVs have the
same immunomodulatory and anti-inflammatory and other effects as their parental cells.
However, there are different mechanisms underlying the interaction of various EVs derived
from different types of mesenchymal stem cells (MSCs) with immune cells. For example,
EVs derived from bone marrow, adipose tissue and umbilical cord have an influence on the
T cells, increasing IL-10 and TGF-beta [152], through regulating TGF-beta and PGE2 [153]
and through the COX2/PGE2/NF-kB signaling pathway [154].

The regenerative potential of EVs is mainly explained by the regulation of cell pro-
liferation, differentiation, angiogenesis apoptosis, and inflammation [155]. The precise
mechanisms underlying the therapeutic effect of EVs remain to be fully elucidated. How-
ever, several factors have emerged as promising candidates for mediating regenerative
potential: microRNAs (miRNAs), messenger RNAs (mRNAs), and different proteins.

The intravenous administration of EVs is the one of the most used methods for
laboratory research and clinical trials. Despite the cell-free therapy effectiveness, there are
several disadvantages of using EVs for the treatment of various diseases, such as their rapid
removal from the bloodstream and low amounts of effective substances. In addition, the
spatiotemporal dynamics of EVs in vivo have remained largely unresolved due to the lack
of a suitable method. Conventional EV-labeling methods are mainly based on fluorescent
(FL) dyes (PKH2, PKH26). However, these lipophilic FL dyes can spontaneously form
nanometer-sized micelles, resulting in the incorrect detection of EVs [156]. In addition, it has
been shown that the increase in the size of PKH-labeled EVs compared to their unlabeled
counterparts may affect their biodistribution, transport, and uptake by recipient cells [115].
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A study by Rodriguez et al. demonstrated that the use of ex vivo stimulation of
whole blood with fluorescently and genetically labeled EVs is a reliable, sensitive, and
physiologically relevant model suitable for studying blood cell–EV interactions. It has
been shown that EVs with pLenti-palmGRET reporter plasmid encoding the dual reporter
palmitoylated EGFP-nanoluciferase protein were detected in association with CD20+ B cells
within 1 min of intravenous administration [157]. Moreover, vesicles from two different
cell sources have been shown to interact with CD20+ B cells to an apparent advantage. It
remains to be seen whether this tropism is supported by EVs from other cell types.

New evidence shows EVs administrated into the bloodstream become coated with a
“corona” [39,43] of proteins and other molecules that can influence the particles–cellular
interactions. It is possible that non-surface-engineered EVs must adsorb plasma com-
ponents to mediate interactions with B cells. B cells constitute a vital component of the
adaptive humoral immune system. However, it is unclear whether the surface interaction
or internalization of EVs by B cells occurs. Is there a change in the functional state of B cells?

8. PSPMs’ Contribution to the Optimization of Protocols for Working
with EV

The main tool for standardizing work with EVs is represented by ISEV guidelines and
recommendations [158,159]. However, even within the framework of these recommenda-
tions, the results of EV isolation can vary greatly and create contradictory research findings.
The problem of separating EVs into subpopulations of exosomes, microvesicles, etc. has
not yet been solved in practice. In this regard, it is worthwhile to be careful when naming
the fractions of isolated EVs.

We conditionally divide EV studies into structural and functional. The former are
focused on the study of the load, composition and structure of EVs; for this area, it is most
important to obtain well-purified EVs in large quantities. The second area is associated with
the study of the role of EVs in the functioning of the body (intercellular communication,
secretion, modulation of the ECS, etc.), for which it is important to preserve the native
properties of EVs. A no less significant contribution is made by the methods of storing EV
preparations. Accordingly, we believe that the method of EV isolation and storage should
be selected based on the objectives of the study. In confirmation of this, it was shown that
the BMC of EVs can regulate the uptake by recipient cells and even retarget them to a
specific group of cells [160,161]. The effect of isolation methods on the preservation of EV
BMC has been well studied to date. Unfortunately, at the moment, a method for isolating
EVs with the best preservation of BMC has not been determined. However, it is known that
the most common methods such as ultracentrifugation and size-exclusion chromatography
showed an extremely low preservation of BMC [41]. It is noteworthy that the BMC of EVs
after isolation by ultracentrifugation can be restored with the preservation of physiological
activity by incubating the isolated EVs with a late fraction of ultracentrifugation containing
soluble components [162]. Presumably, this stage can become a solution to the serious
problem of maintaining BMC.

Structural studies of EVs are not so demanding on the methods of EV isolation. The
main problem is the contamination of samples with various cellular components or soluble
molecules. A comparison of four methods of EV isolation according to the criteria of
biophysical characteristics called ‘EV-nano-metrics’ from a condensed medium of breast
cancer cells—(i) ultracentrifugation, (ii) density ultracentrifugation, (iii) size exclusion or
immunoaffinity, and (iiii) precipitation—showed controversial results. In terms of the
amount of isolated EVs, precipitation isolation turned out to be the most effective; however,
atomic force microscopy showed the highest number of aggregates and polymeric residues
in this case [163]. One of the approaches to overcome the limitations of isolation methods
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is a combination of methods, so the use of ultracentrifugation followed by size-exclusion
chromatography (SEC) showed higher proteome preservation compared to the use of each
method separately [164].

We believe that the development of new methods for isolating and storing EVs will
help researchers optimize these procedures. One of the promising solutions for the isolation
of EVs can be considered microfluidic isolation from various environments. This tool allows
for both labeled receptors-dependent isolation [165] and size-dependent isolation [166]. It
is equally important to expand the methods for studying EVs. One such promising method
is spectroscopy, which provides a comprehensive molecular fingerprint of EVs without
requiring sample labeling or complex pre-processing steps that can induce artifacts [167].

The solution to many technical problems can be the study of EVs in situ. But, un-
fortunately, the methods for implementing these studies are very limited and difficult
to create. In vivo and in vitro studies of EVs without isolation have received a strong
impetus in recent years, which is associated with the development of methods for intravital
visualization. More and more relevant reporter systems are appearing that allow tracking
single EVs [168].

9. Conclusions
Post-secretory modifications of exosomes are an obvious but unfortunately poorly

understood mechanism of intercellular regulation. We assume that PSMPs, due to their
dependence on the entire cell population, are a promising marker of pathological processes.
Their biological role is quite difficult to predict. Most likely, they are part of the normal
process of the post-secretory maturation of EVs and an additional stage in the regulation of
intercellular communication. From this point of view, a balance arises between the release,
absorption and removal/destruction of synthesized EVs.

In addition to regulating the absorption of EVs, PSMPs presumably provide an extra-
cellular maturation of EVs, which is critical in the physiological effect on recipient cells.

Applied research in this area has somewhat overtaken fundamental research. Thanks
to the exosome-based target delivery system, it has become feasible to create more stable
and resilient liposomes. A deeper understanding of the post-secretome mechanisms can
become a source of new methods of cell influence and regulation for the treatment of various
diseases. In addition, research in this area will help to better understand the processes
occurring with therapeutic nanocarriers, in particular artificial EVs, in the human body and
optimize them. Some examples have been described earlier in the relevant sections.

The cumulative study of cell ‘vesiculoma’ is often interpreted as an indicator of the cell
status. However, when accepting the fact of post-secretory processes, it becomes obvious
that the secretome reflects the state of the entire cell population and the conditions of the
ICP. When studying extracellular vesicles of liquid biopsies such as blood, urine, bronchial
lavages, etc., the number of participants potentially changing their characteristics is so large
that it becomes difficult to isolate their initial characteristics.

Based on the available data, we have identified only a few aspects of PSPMs such as
changes in the EV surface, interexosomal interactions, volumetric changes and deformation,
the attachment of EVs to ECS participants, and extracellular destruction. Needless to say,
the real picture is much more complex and still emerging.
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ACE2 angiotensin-converting enzyme 2
AQP aquaporin
BMC biomolecular corona
COP2 Coat Protein Complex II
COX2 cyclooxygenase-2
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine
DOPS 1,2-dioleoyl-sn-glycero-3-phospho-L-serine
ECM extracellular matrix
ECS extracellular space
EV extracellular vesicles
GUV giant unilamellar vesicles
HIV human immunodeficiency virus
LUV large unilamellar vesicles
MBV matrix bound vesicles
mEV-IC medium-sized extracellular vesicle-containing immune complex
MFHE membrane fusion-based hybrid exosomes
MMP matrix mettaloproteinase
MSC mesenchymal stem cell
MV matrix vesicles
MVB multivesicular bodies
MβCD methyl-β-cyclodextrin
NF-kB nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells
PAI-1 Plasminogen Activator Inhibitor 1
PGE2 prostaglandin E2
PS phosphatidylserine
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PSMP post-secretion processes and modifications
SEC size-exclusion chromatography
SUV small unilamellar vesicles
TFPI Tissue Factor Pathway Inhibitor
TGF-beta transforming growth factor beta
TNAP tissue-non-specific alkaline phosphatase
ZIKV Zika virus
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et al. Formation of a Protein Corona on the Surface of Extracellular Vesicles in Blood Plasma. J. Extracell. Vesicles 2021, 10, e12140.
[CrossRef]

41. Wolf, M.; Poupardin, R.W.; Ebner-Peking, P.; Andrade, A.C.; Blöchl, C.; Obermayer, A.; Gomes, F.G.; Vari, B.; Maeding,
N.; Eminger, E.; et al. A Functional Corona around Extracellular Vesicles Enhances Angiogenesis, Skin Regeneration and
Immunomodulation. J. Extracell. Vesicles 2022, 11, e12207. [CrossRef]

42. Papafilippou, L.; Nicolaou, A.; Kendall, A.C.; Camacho-Muñoz, D.; Hadjidemetriou, M. The Lipidomic Profile of the Nanoparticle-
Biomolecule Corona Reflects the Diversity of Plasma Lipids. Nanoscale 2023, 15, 11038–11051. [CrossRef] [PubMed]

43. Buzas, E.I. Opportunities and Challenges in Studying the Extracellular Vesicle Corona. Nat. Cell Biol. 2022, 24, 1322–1325.
[CrossRef] [PubMed]

44. Németh, A.; Orgovan, N.; Sódar, B.W.; Osteikoetxea, X.; Pálóczi, K.; Szabó-Taylor, K.É.; Vukman, K.V.; Kittel, Á.; Turiák, L.;
Wiener, Z.; et al. Antibiotic-Induced Release of Small Extracellular Vesicles (Exosomes) with Surface-Associated DNA. Sci. Rep.
2017, 7, 8202. [CrossRef] [PubMed]

45. Fischer, S.; Cornils, K.; Speiseder, T.; Badbaran, A.; Reimer, R.; Indenbirken, D.; Grundhoff, A.; Brunswig-Spickenheier, B.; Alawi,
M.; Lange, C. Indication of Horizontal DNA Gene Transfer by Extracellular Vesicles. PLoS ONE 2016, 11, e0163665. [CrossRef]

46. Shelke, G.; Jang, S.C.; Yin, Y.; Lässer, C.; Lötvall, J. Human Mast Cells Release Extracellular Vesicle-Associated DNA. Matters Zür.
2016, 2, e201602000034. [CrossRef]

https://doi.org/10.1016/j.addr.2020.03.002
https://www.ncbi.nlm.nih.gov/pubmed/32151658
https://doi.org/10.1038/s41589-020-00688-0
https://www.ncbi.nlm.nih.gov/pubmed/33199908
https://doi.org/10.1016/j.plipres.2017.03.001
https://doi.org/10.1016/j.tcb.2015.08.003
https://doi.org/10.1371/journal.pone.0147360
https://doi.org/10.1080/15384101.2017.1371889
https://doi.org/10.1111/tra.12586
https://doi.org/10.1038/s41596-019-0245-4
https://doi.org/10.3390/cancers10100370
https://doi.org/10.1002/1873-3468.13472
https://www.ncbi.nlm.nih.gov/pubmed/31175663
https://doi.org/10.1093/pnasnexus/pgac156
https://www.ncbi.nlm.nih.gov/pubmed/36714848
https://doi.org/10.1016/j.bbalip.2013.10.004
https://www.ncbi.nlm.nih.gov/pubmed/24140720
https://doi.org/10.1021/la203101y
https://doi.org/10.1016/j.bpj.2021.01.010
https://doi.org/10.1016/j.bbamem.2018.02.026
https://doi.org/10.1039/C5SM02220G
https://doi.org/10.1186/s12964-023-01089-1
https://doi.org/10.1002/jev2.12140
https://doi.org/10.1002/jev2.12207
https://doi.org/10.1039/D2NR05982G
https://www.ncbi.nlm.nih.gov/pubmed/37357917
https://doi.org/10.1038/s41556-022-00983-z
https://www.ncbi.nlm.nih.gov/pubmed/36042293
https://doi.org/10.1038/s41598-017-08392-1
https://www.ncbi.nlm.nih.gov/pubmed/28811610
https://doi.org/10.1371/journal.pone.0163665
https://doi.org/10.19185/matters.201602000034


Cells 2025, 14, 408 23 of 28

47. Papini, E.; Tavano, R.; Mancin, F. Opsonins and Dysopsonins of Nanoparticles: Facts, Concepts, and Methodological Guidelines.
Front. Immunol. 2020, 11, 567365. [CrossRef]

48. Meidert, A.S.; Hermann, S.; Brandes, F.; Kirchner, B.; Buschmann, D.; Billaud, J.-N.; Klein, M.; Lindemann, A.; Aue, E.; Schelling,
G.; et al. Extracellular Vesicle Associated miRNAs Regulate Signaling Pathways Involved in COVID-19 Pneumonia and the
Progression to Severe Acute Respiratory Corona Virus-2 Syndrome. Front. Immunol. 2021, 12, 784028. [CrossRef]

49. Wu, J.-Y.; Li, Y.-J.; Wang, J.; Hu, X.-B.; Huang, S.; Luo, S.; Xiang, D.-X. Multifunctional Exosome-Mimetics for Targeted Anti-
Glioblastoma Therapy by Manipulating Protein Corona. J. Nanobiotechnol. 2021, 19, 405. [CrossRef]

50. Moreno-Gonzalo, O.; Villarroya-Beltri, C.; SÃ¡nchez-Madrid, F. Post-Translational Modifications of Exosomal Proteins. Front.
Immunol. 2014, 5, 383. [CrossRef]

51. Sanderson, R.D.; Bandari, S.K.; Vlodavsky, I. Proteases and Glycosidases on the Surface of Exosomes: Newly Discovered
Mechanisms for Extracellular Remodeling. Matrix Biol. 2019, 75–76, 160–169. [CrossRef]

52. Paolini, L.; Orizio, F.; Busatto, S.; Radeghieri, A.; Bresciani, R.; Bergese, P.; Monti, E. Exosomes Secreted by HeLa Cells Shuttle on
Their Surface the Plasma Membrane-Associated Sialidase NEU3. Biochemistry 2017, 56, 6401–6408. [CrossRef] [PubMed]

53. Sumida, M.; Hane, M.; Yabe, U.; Shimoda, Y.; Pearce, O.M.T.; Kiso, M.; Miyagi, T.; Sawada, M.; Varki, A.; Kitajima, K.; et al. Rapid
Trimming of Cell Surface Polysialic Acid (PolySia) by Exovesicular Sialidase Triggers Release of Preexisting Surface Neurotrophin.
J. Biol. Chem. 2015, 290, 13202–13214. [CrossRef] [PubMed]

54. Tundo, G.R.; Sbardella, D.; Ciaccio, C.; Grasso, G.; Gioia, M.; Coletta, A.; Polticelli, F.; Di Pierro, D.; Milardi, D.; Van Endert, P.;
et al. Multiple Functions of Insulin-Degrading Enzyme: A Metabolic Crosslight? Crit. Rev. Biochem. Mol. Biol. 2017, 52, 554–582.
[CrossRef] [PubMed]

55. Tamboli, I.Y.; Barth, E.; Christian, L.; Siepmann, M.; Kumar, S.; Singh, S.; Tolksdorf, K.; Heneka, M.T.; Lütjohann, D.; Wunderlich,
P.; et al. Statins Promote the Degradation of Extracellular Amyloid β-Peptide by Microglia via Stimulation of Exosome-Associated
Insulin-Degrading Enzyme (IDE) Secretion. J. Biol. Chem. 2010, 285, 37405–37414. [CrossRef]

56. Itoh, Y.; Seiki, M. MT1-MMP: A Potent Modifier of Pericellular Microenvironment. J. Cell. Physiol. 2006, 206, 1–8. [CrossRef]
57. Hakulinen, J.; Sankkila, L.; Sugiyama, N.; Lehti, K.; Keski-Oja, J. Secretion of Active Membrane Type 1 Matrix Metalloproteinase

(MMP-14) into Extracellular Space in Microvesicular Exosomes. J. Cell. Biochem. 2008, 105, 1211–1218. [CrossRef]
58. Itoh, Y. Membrane-Type Matrix Metalloproteinases: Their Functions and Regulations. Matrix Biol. 2015, 44–46, 207–223. [CrossRef]
59. Albacete-Albacete, L.; Navarro-Lérida, I.; López, J.A.; Martín-Padura, I.; Astudillo, A.M.; Ferrarini, A.; Van-Der-Heyden, M.;

Balsinde, J.; Orend, G.; Vázquez, J.; et al. ECM Deposition Is Driven by Caveolin-1–Dependent Regulation of Exosomal Biogenesis
and Cargo Sorting. J. Cell Biol. 2020, 219, e202006178. [CrossRef]

60. Xiao, P.; Zhang, Y.; Zeng, Y.; Yang, D.; Mo, J.; Zheng, Z.; Wang, J.; Zhang, Y.; Zhou, Z.; Zhong, X.; et al. Impaired Angiogenesis in
Ageing: The Central Role of the Extracellular Matrix. J. Transl. Med. 2023, 21, 457. [CrossRef]

61. Adams, J.C. Passing the Post: Roles of Posttranslational Modifications in the Form and Function of Extracellular Matrix. Am. J.
Physiol.-Cell Physiol. 2023, 324, C1179–C1197. [CrossRef]

62. Haucke, E.; Navarrete-Santos, A.; Simm, A.; Silber, R.; Hofmann, B. Glycation of Extracellular Matrix Proteins Impairs Migration
of Immune Cells. Wound Repair Regen. 2014, 22, 239–245. [CrossRef] [PubMed]

63. Ramos, A.P.; Sebinelli, H.G.; Ciancaglini, P.; Rosato, N.; Mebarek, S.; Buchet, R.; Millán, J.L.; Bottini, M. The Functional Role of
Soluble Proteins Acquired by Extracellular Vesicles. J. Extracell. Biol. 2022, 1, e34. [CrossRef] [PubMed]

64. Cloutier, N.; Tan, S.; Boudreau, L.H.; Cramb, C.; Subbaiah, R.; Lahey, L.; Albert, A.; Shnayder, R.; Gobezie, R.; Nigrovic, P.A.;
et al. The Exposure of Autoantigens by Microparticles Underlies the Formation of Potent Inflammatory Components: The
Microparticle-associated Immune Complexes. EMBO Mol. Med. 2013, 5, 235–249. [CrossRef] [PubMed]

65. Hanayama, R.; Tanaka, M.; Miwa, K.; Shinohara, A.; Iwamatsu, A.; Nagata, S. Identification of a Factor That Links Apoptotic
Cells to Phagocytes. Nature 2002, 417, 182–187. [CrossRef]

66. Véron, P.; Segura, E.; Sugano, G.; Amigorena, S.; Théry, C. Accumulation of MFG-E8/Lactadherin on Exosomes from Immature
Dendritic Cells. Blood Cells. Mol. Dis. 2005, 35, 81–88. [CrossRef]

67. Bradley, A.J.; Brooks, D.E.; Norris-Jones, R.; Devine, D.V. C1q Binding to Liposomes Is Surface Charge Dependent and Is Inhibited
by Peptides Consisting of Residues 14–26 of the Human C1qA Chain in a Sequence Independent Manner. Biochim. Biophys. Acta
BBA Biomembr. 1999, 1418, 19–30. [CrossRef]

68. Dunkelberger, J.R.; Song, W.-C. Complement and Its Role in Innate and Adaptive Immune Responses. Cell Res. 2010, 20, 34–50.
[CrossRef]

69. Braig, D.; Nero, T.L.; Koch, H.-G.; Kaiser, B.; Wang, X.; Thiele, J.R.; Morton, C.J.; Zeller, J.; Kiefer, J.; Potempa, L.A.; et al.
Transitional Changes in the CRP Structure Lead to the Exposure of Proinflammatory Binding Sites. Nat. Commun. 2017, 8, 14188.
[CrossRef]

70. Kato, T.; Fahrmann, J.F.; Hanash, S.M.; Vykoukal, J. Extracellular Vesicles Mediate B Cell Immune Response and Are a Potential
Target for Cancer Therapy. Cells 2020, 9, 1518. [CrossRef]

https://doi.org/10.3389/fimmu.2020.567365
https://doi.org/10.3389/fimmu.2021.784028
https://doi.org/10.1186/s12951-021-01153-3
https://doi.org/10.3389/fimmu.2014.00383
https://doi.org/10.1016/j.matbio.2017.10.007
https://doi.org/10.1021/acs.biochem.7b00665
https://www.ncbi.nlm.nih.gov/pubmed/29039925
https://doi.org/10.1074/jbc.M115.638759
https://www.ncbi.nlm.nih.gov/pubmed/25750127
https://doi.org/10.1080/10409238.2017.1337707
https://www.ncbi.nlm.nih.gov/pubmed/28635330
https://doi.org/10.1074/jbc.M110.149468
https://doi.org/10.1002/jcp.20431
https://doi.org/10.1002/jcb.21923
https://doi.org/10.1016/j.matbio.2015.03.004
https://doi.org/10.1083/jcb.202006178
https://doi.org/10.1186/s12967-023-04315-z
https://doi.org/10.1152/ajpcell.00054.2023
https://doi.org/10.1111/wrr.12144
https://www.ncbi.nlm.nih.gov/pubmed/24635174
https://doi.org/10.1002/jex2.34
https://www.ncbi.nlm.nih.gov/pubmed/38938684
https://doi.org/10.1002/emmm.201201846
https://www.ncbi.nlm.nih.gov/pubmed/23165896
https://doi.org/10.1038/417182a
https://doi.org/10.1016/j.bcmd.2005.05.001
https://doi.org/10.1016/S0005-2736(99)00013-9
https://doi.org/10.1038/cr.2009.139
https://doi.org/10.1038/ncomms14188
https://doi.org/10.3390/cells9061518


Cells 2025, 14, 408 24 of 28

71. Zhao, F.; Xu, Y.; Liu, N.; Lv, D.; Chen, Y.; Liu, Z.; Jin, X.; Xiao, M.; Lavillette, D.; Zhong, J.; et al. Extracellular Vesicles from Zika
Virus-infected Cells Display Viral E Protein That Binds ZIKV-neutralizing Antibodies to Prevent Infection Enhancement. EMBO J.
2023, 42, e112096. [CrossRef]

72. Ugalde, C.L.; Gordon, S.E.; Shambrook, M.; Nasiri Kenari, A.; Coleman, B.M.; Perugini, M.A.; Lawson, V.A.; Finkelstein, D.I.; Hill,
A.F. An Intact Membrane Is Essential for Small Extracellular Vesicle-induced Modulation of A-synuclein Fibrillization. J. Extracell.
Vesicles 2020, 10, e12034. [CrossRef] [PubMed]

73. Bottini, M.; Mebarek, S.; Anderson, K.L.; Strzelecka-Kiliszek, A.; Bozycki, L.; Simão, A.M.S.; Bolean, M.; Ciancaglini, P.; Pikula,
J.B.; Pikula, S.; et al. Matrix Vesicles from Chondrocytes and Osteoblasts: Their Biogenesis, Properties, Functions and Biomimetic
Models. Biochim. Biophys. Acta BBA Gen. Subj. 2018, 1862, 532–546. [CrossRef] [PubMed]

74. Gebauer, D.; Kellermeier, M.; Gale, J.D.; Bergström, L.; Cölfen, H. Pre-Nucleation Clusters as Solute Precursors in Crystallisation.
Chem. Soc. Rev. 2014, 43, 2348–2371. [CrossRef] [PubMed]

75. Yang, L.; Zhang, Y.; Cui, F.Z. Two Types of Mineral-Related Matrix Vesicles in the Bone Mineralization of Zebrafish. Biomed. Mater.
2007, 2, 21–25. [CrossRef]

76. Thouverey, C.; Malinowska, A.; Balcerzak, M.; Strzelecka-Kiliszek, A.; Buchet, R.; Dadlez, M.; Pikula, S. Proteomic Characteriza-
tion of Biogenesis and Functions of Matrix Vesicles Released from Mineralizing Human Osteoblast-like Cells. J. Proteom. 2011,
74, 1123–1134. [CrossRef]

77. Martens, S.; McMahon, H.T. Mechanisms of Membrane Fusion: Disparate Players and Common Principles. Nat. Rev. Mol. Cell
Biol. 2008, 9, 543–556. [CrossRef]

78. Siwaponanan, P.; Keawvichit, R.; Udompunturak, S.; Hunnangkul, S.; Reesukumal, K.; Sukapirom, K.; Pattanapanyasat, K.;
Krittayaphong, R. Altered Profile of Circulating Microparticles in Nonvalvular Atrial Fibrillation. Clin. Cardiol. 2019, 42, 425–431.
[CrossRef]

79. Antonova, O.A.; Yakushkin, V.V.; Mazurov, A.V. Coagulation Activity of Membrane Microparticles. Biochem. Mosc. Suppl. Ser.
Membr. Cell Biol. 2019, 13, 169–186. [CrossRef]

80. Pérez-Casal, M.; Downey, C.; Fukudome, K.; Marx, G.; Toh, C.H. Activated Protein C Induces the Release of Microparticle-
Associated Endothelial Protein C Receptor. Blood 2005, 105, 1515–1522. [CrossRef]

81. Lacroix, R.; Dubois, C.; Leroyer, A.S.; Sabatier, F.; Dignat-George, F. Revisited Role of Microparticles in Arterial and Venous
Thrombosis. J. Thromb. Haemost. 2013, 11, 24–35. [CrossRef]

82. Lacroix, R.; Plawinski, L.; Robert, S.; Doeuvre, L.; Sabatier, F.; Martinez De Lizarrondo, S.; Mezzapesa, A.; Anfosso, F.; Leroyer,
A.S.; Poullin, P.; et al. Leukocyte- and Endothelial-Derived Microparticles: A Circulating Source for Fibrinolysis. Haematologica
2012, 97, 1864–1872. [CrossRef] [PubMed]

83. Mulcahy, L.A.; Pink, R.C.; Carter, D.R.F. Routes and Mechanisms of Extracellular Vesicle Uptake. J. Extracell. Vesicles 2014, 3, 24641.
[CrossRef] [PubMed]

84. Brukman, N.G.; Uygur, B.; Podbilewicz, B.; Chernomordik, L.V. How Cells Fuse. J. Cell Biol. 2019, 218, 1436–1451. [CrossRef]
[PubMed]

85. Mondal Roy, S.; Sarkar, M. Membrane Fusion Induced by Small Molecules and Ions. J. Lipids 2011, 2011, 528784. [CrossRef]
86. Kumar, S.; Karmacharya, M.; Michael, I.J.; Choi, Y.; Kim, J.; Kim, I.; Cho, Y.-K. Programmed Exosome Fusion for Energy

Generation in Living Cells. Nat. Catal. 2021, 4, 763–774. [CrossRef]
87. Segev, N.; Avinoam, O.; Podbilewicz, B. Fusogens. Curr. Biol. 2018, 28, R378–R380. [CrossRef]
88. Prada, I.; Meldolesi, J. Binding and Fusion of Extracellular Vesicles to the Plasma Membrane of Their Cell Targets. Int. J. Mol. Sci.

2016, 17, 1296. [CrossRef]
89. Ishikawa, R.; Yoshida, S.; Sawada, S.; Sasaki, Y.; Akiyoshi, K. Development and Single-particle Analysis of Hybrid Extracellular

Vesicles Fused with Liposomes Using Viral Fusogenic Proteins. FEBS Open Bio 2022, 12, 1178–1187. [CrossRef]
90. Zubarev, I.; Vladimirtsev, D.; Vorontsova, M.; Blatov, I.; Shevchenko, K.; Zvereva, S.; Lunev, E.A.; Faizuloev, E.; Barlev, N.

Viral Membrane Fusion Proteins and RNA Sorting Mechanisms for the Molecular Delivery by Exosomes. Cells 2021, 10, 3043.
[CrossRef]

91. Sato, Y.T.; Umezaki, K.; Sawada, S.; Mukai, S.; Sasaki, Y.; Harada, N.; Shiku, H.; Akiyoshi, K. Engineering Hybrid Exosomes by
Membrane Fusion with Liposomes. Sci. Rep. 2016, 6, 21933. [CrossRef]

92. Mazur, F.; Chandrawati, R. Membrane Fusion Models for Bioapplications. ChemNanoMat 2021, 7, 223–237. [CrossRef]
93. Nolte-‘t Hoen, E.; Cremer, T.; Gallo, R.C.; Margolis, L.B. Extracellular Vesicles and Viruses: Are They Close Relatives? Proc. Natl.

Acad. Sci. USA 2016, 113, 9155–9161. [CrossRef] [PubMed]
94. Ñahui Palomino, R.A.; Vanpouille, C.; Laghi, L.; Parolin, C.; Melikov, K.; Backlund, P.; Vitali, B.; Margolis, L. Extracellular Vesicles

from Symbiotic Vaginal Lactobacilli Inhibit HIV-1 Infection of Human Tissues. Nat. Commun. 2019, 10, 5656. [CrossRef] [PubMed]
95. El-Shennawy, L.; Hoffmann, A.D.; Dashzeveg, N.K.; McAndrews, K.M.; Mehl, P.J.; Cornish, D.; Yu, Z.; Tokars, V.L.; Nicolaescu, V.;

Tomatsidou, A.; et al. Circulating ACE2-Expressing Extracellular Vesicles Block Broad Strains of SARS-CoV-2. Nat. Commun.
2022, 13, 405. [CrossRef] [PubMed]

https://doi.org/10.15252/embj.2022112096
https://doi.org/10.1002/jev2.12034
https://www.ncbi.nlm.nih.gov/pubmed/33318779
https://doi.org/10.1016/j.bbagen.2017.11.005
https://www.ncbi.nlm.nih.gov/pubmed/29108957
https://doi.org/10.1039/C3CS60451A
https://www.ncbi.nlm.nih.gov/pubmed/24457316
https://doi.org/10.1088/1748-6041/2/1/004
https://doi.org/10.1016/j.jprot.2011.04.005
https://doi.org/10.1038/nrm2417
https://doi.org/10.1002/clc.23158
https://doi.org/10.1134/S1990747819030036
https://doi.org/10.1182/blood-2004-05-1896
https://doi.org/10.1111/jth.12268
https://doi.org/10.3324/haematol.2012.066167
https://www.ncbi.nlm.nih.gov/pubmed/22733025
https://doi.org/10.3402/jev.v3.24641
https://www.ncbi.nlm.nih.gov/pubmed/25143819
https://doi.org/10.1083/jcb.201901017
https://www.ncbi.nlm.nih.gov/pubmed/30936162
https://doi.org/10.1155/2011/528784
https://doi.org/10.1038/s41929-021-00669-z
https://doi.org/10.1016/j.cub.2018.01.024
https://doi.org/10.3390/ijms17081296
https://doi.org/10.1002/2211-5463.13406
https://doi.org/10.3390/cells10113043
https://doi.org/10.1038/srep21933
https://doi.org/10.1002/cnma.202000582
https://doi.org/10.1073/pnas.1605146113
https://www.ncbi.nlm.nih.gov/pubmed/27432966
https://doi.org/10.1038/s41467-019-13468-9
https://www.ncbi.nlm.nih.gov/pubmed/31827089
https://doi.org/10.1038/s41467-021-27893-2
https://www.ncbi.nlm.nih.gov/pubmed/35058437


Cells 2025, 14, 408 25 of 28

96. Broad, K.; Walker, S.A.; Davidovich, I.; Witwer, K.; Talmon, Y.; Wolfram, J. Unraveling Multilayered Extracellular Vesicles:
Speculation on Cause. J. Extracell. Vesicles 2023, 12, e12309. [CrossRef]

97. Saadeldin, I.M.; Ehab, S.; Cho, J. Relevance of Multilamellar and Multicompartmental Vesicles in Biological Fluids: Understanding
the Significance of Proportional Variations and Disease Correlation. Biomark. Res. 2023, 11, 77. [CrossRef]

98. Shin, W.; Arpino, G.; Thiyagarajan, S.; Su, R.; Ge, L.; McDargh, Z.; Guo, X.; Wei, L.; Shupliakov, O.; Jin, A.; et al. Vesicle Shrinking
and Enlargement Play Opposing Roles in the Release of Exocytotic Contents. Cell Rep. 2020, 30, 421–431.e7. [CrossRef]

99. Fathali, H.; Dunevall, J.; Majdi, S.; Cans, A.-S. Extracellular Osmotic Stress Reduces the Vesicle Size While Keeping a Constant
Neurotransmitter Concentration. ACS Chem. Neurosci. 2017, 8, 368–375. [CrossRef]

100. Tomlins, P.; Grant, P.; Mikhalovsky, S.; James, S.; Mikhalovska, L. Measurement of Pore Size and Porosity of Tissue Scaffolds.
J. ASTM Int. 2004, 1, 1–8. [CrossRef]

101. Debnath, K.; Las Heras, K.; Rivera, A.; Lenzini, S.; Shin, J.-W. Extracellular Vesicle–Matrix Interactions. Nat. Rev. Mater. 2023,
8, 390–402. [CrossRef]

102. Hill, A.E.; Shachar-Hill, Y. Are Aquaporins the Missing Transmembrane Osmosensors? J. Membr. Biol. 2015, 248, 753–765.
[CrossRef] [PubMed]

103. Verkman, A.S.; Mitra, A.K. Structure and Function of Aquaporin Water Channels. Am. J. Physiol.-Ren. Physiol. 2000, 278, F13–F28.
[CrossRef] [PubMed]

104. Blanc, L.; Liu, J.; Vidal, M.; Chasis, J.A.; An, X.; Mohandas, N. The Water Channel Aquaporin-1 Partitions into Exosomes during
Reticulocyte Maturation: Implication for the Regulation of Cell Volume. Blood 2009, 114, 3928–3934. [CrossRef] [PubMed]

105. Kelly, M.L.; Cho, W.J.; Jeremic, A.; Abu-Hamdah, R.; Jena, B.P. Vesicle Swelling Regulates Content Expulsion during Secretion.
Cell Biol. Int. 2004, 28, 709–716. [CrossRef]

106. Clarke-Bland, C.E.; Bill, R.M.; Devitt, A. Emerging Roles for AQP in Mammalian Extracellular Vesicles. Biochim. Biophys. Acta
BBA Biomembr. 2022, 1864, 183826. [CrossRef]

107. Jeremic, A.; Cho, W.J.; Jena, B.P. Involvement of Water Channels in Synaptic Vesicle Swelling. Exp. Biol. Med. 2005, 230, 674–680.
[CrossRef]

108. Shin, L.; Basi, N.; Jeremic, A.; Lee, J.; Cho, W.J.; Chen, Z.; Abu-Hamdah, R.; Oupicky, D.; Jena, B.P. Involvement of vH+ -ATPase in
Synaptic Vesicle Swelling. J. Neurosci. Res. 2010, 88, 95–101. [CrossRef]

109. Matsuki, M.; Hashimoto, S.; Shimono, M.; Murakami, M.; Fujita-Yoshigaki, J.; Furuyama, S.; Sugiya, H. Involvement of
Aquaporin-5 Water Channel in Osmoregulation in Parotid Secretory Granules. J. Membr. Biol. 2005, 203, 119–126. [CrossRef]

110. Sugiya, H.; Matsuki, M. AQPs and Control of Vesicle Volume in Secretory Cells. J. Membr. Biol. 2006, 210, 155–159. [CrossRef]
111. Jiang, Z.; De Messieres, M.; Lee, J.C. Membrane Remodeling by α-Synuclein and Effects on Amyloid Formation. J. Am. Chem. Soc.

2013, 135, 15970–15973. [CrossRef]
112. Andersson, A.; Fornasier, M.; Makasewicz, K.; Pálmadóttir, T.; Linse, S.; Sparr, E.; Jönsson, P. Single-Vesicle Intensity and

Colocalization Fluorescence Microscopy to Study Lipid Vesicle Fusion, Fission, and Lipid Exchange. Front. Mol. Neurosci. 2022,
15, 1007699. [CrossRef] [PubMed]

113. Gaspar, R.; Idini, I.; Carlström, G.; Linse, S.; Sparr, E. Transient Lipid-Protein Structures and Selective Ganglioside Uptake During
α-Synuclein-Lipid Co-Aggregation. Front. Cell Dev. Biol. 2021, 9, 622764. [CrossRef] [PubMed]

114. Johnson, S.M.; Dempsey, C.; Parker, C.; Mironov, A.; Bradley, H.; Saha, V. Acute Lymphoblastic Leukaemia Cells Produce
Large Extracellular Vesicles Containing Organelles and an Active Cytoskeleton. J. Extracell. Vesicles 2017, 6, 1294339. [CrossRef]
[PubMed]

115. Caponnetto, F.; Manini, I.; Skrap, M.; Palmai-Pallag, T.; Di Loreto, C.; Beltrami, A.P.; Cesselli, D.; Ferrari, E. Size-Dependent
Cellular Uptake of Exosomes. Nanomed. Nanotechnol. Biol. Med. 2017, 13, 1011–1020. [CrossRef]

116. Johnson, S.M.; Dempsey, C.; Chadwick, A.; Harrison, S.; Liu, J.; Di, Y.; McGinn, O.J.; Fiorillo, M.; Sotgia, F.; Lisanti, M.P.; et al.
Metabolic Reprogramming of Bone Marrow Stromal Cells by Leukemic Extracellular Vesicles in Acute Lymphoblastic Leukemia.
Blood 2016, 128, 453–456. [CrossRef]

117. Höög, J.L.; Lötvall, J. Diversity of Extracellular Vesicles in Human Ejaculates Revealed by Cryo-electron Microscopy. J. Extracell.
Vesicles 2015, 4, 28680. [CrossRef]

118. Zabeo, D.; Cvjetkovic, A.; Lässer, C.; Schorb, M.; Lötvall, J.; Höög, J.L. Exosomes Purified from a Single Cell Type Have Diverse
Morphology. J. Extracell. Vesicles 2017, 6, 1329476. [CrossRef]

119. Rilla, K. Diverse Plasma Membrane Protrusions Act as Platforms for Extracellular Vesicle Shedding. J. Extracell. Vesicles 2021, 10,
e12148. [CrossRef]

120. Rilla, K.; Mustonen, A.-M.; Arasu, U.T.; Härkönen, K.; Matilainen, J.; Nieminen, P. Extracellular Vesicles Are Integral and
Functional Components of the Extracellular Matrix. Matrix Biol. 2019, 75–76, 201–219. [CrossRef]

121. Lenzini, S.; Debnath, K.; Joshi, J.C.; Wong, S.W.; Srivastava, K.; Geng, X.; Cho, I.S.; Song, A.; Bargi, R.; Lee, J.C.; et al. Cell–Matrix
Interactions Regulate Functional Extracellular Vesicle Secretion from Mesenchymal Stromal Cells. ACS Nano 2021, 15, 17439–17452.
[CrossRef]

https://doi.org/10.1002/jev2.12309
https://doi.org/10.1186/s40364-023-00518-0
https://doi.org/10.1016/j.celrep.2019.12.044
https://doi.org/10.1021/acschemneuro.6b00350
https://doi.org/10.1520/JAI11510
https://doi.org/10.1038/s41578-023-00551-3
https://doi.org/10.1007/s00232-015-9790-0
https://www.ncbi.nlm.nih.gov/pubmed/25791748
https://doi.org/10.1152/ajprenal.2000.278.1.F13
https://www.ncbi.nlm.nih.gov/pubmed/10644652
https://doi.org/10.1182/blood-2009-06-230086
https://www.ncbi.nlm.nih.gov/pubmed/19724054
https://doi.org/10.1016/j.cellbi.2004.07.005
https://doi.org/10.1016/j.bbamem.2021.183826
https://doi.org/10.1177/153537020523000910
https://doi.org/10.1002/jnr.22180
https://doi.org/10.1007/s00232-005-0736-9
https://doi.org/10.1007/s00232-005-0853-5
https://doi.org/10.1021/ja405993r
https://doi.org/10.3389/fnmol.2022.1007699
https://www.ncbi.nlm.nih.gov/pubmed/36533132
https://doi.org/10.3389/fcell.2021.622764
https://www.ncbi.nlm.nih.gov/pubmed/33681202
https://doi.org/10.1080/20013078.2017.1294339
https://www.ncbi.nlm.nih.gov/pubmed/28386390
https://doi.org/10.1016/j.nano.2016.12.009
https://doi.org/10.1182/blood-2015-12-688051
https://doi.org/10.3402/jev.v4.28680
https://doi.org/10.1080/20013078.2017.1329476
https://doi.org/10.1002/jev2.12148
https://doi.org/10.1016/j.matbio.2017.10.003
https://doi.org/10.1021/acsnano.1c03231


Cells 2025, 14, 408 26 of 28

122. Karamanos, N.K.; Theocharis, A.D.; Piperigkou, Z.; Manou, D.; Passi, A.; Skandalis, S.S.; Vynios, D.H.; Orian-Rousseau, V.;
Ricard-Blum, S.; Schmelzer, C.E.H.; et al. A Guide to the Composition and Functions of the Extracellular Matrix. FEBS J. 2021,
288, 6850–6912. [CrossRef] [PubMed]

123. Buzás, E.I.; Tóth, E.Á.; Sódar, B.W.; Szabó-Taylor, K.É. Molecular Interactions at the Surface of Extracellular Vesicles. Semin.
Immunopathol. 2018, 40, 453–464. [CrossRef] [PubMed]

124. Clément, V.; Roy, V.; Paré, B.; Goulet, C.R.; Deschênes, L.T.; Berthod, F.; Bolduc, S.; Gros-Louis, F. Tridimensional Cell Culture of
Dermal Fibroblasts Promotes Exosome-Mediated Secretion of Extracellular Matrix Proteins. Sci. Rep. 2022, 12, 19786. [CrossRef]
[PubMed]

125. Anderson, H.C. Electron Microscopic Studies of Induced Cartilage Development and Calcification. J. Cell Biol. 1967, 35, 81–101.
[CrossRef]

126. Bonucci, E.; Dearden, L.C. Matrix Vesicles in Aging Cartilage. Fed. Proc. 1976, 35, 163–168.
127. Golub, E.E. Role of Matrix Vesicles in Biomineralization. Biochim. Biophys. Acta BBA Gen. Subj. 2009, 1790, 1592–1598. [CrossRef]
128. Franceschi, R.T.; Iyer, B.S.; Cui, Y. Effects of Ascorbic Acid on Collagen Matrix Formation and Osteoblast Differentiation in Murine

MC3T3-E1 Cells. J. Bone Miner. Res. 1994, 9, 843–854. [CrossRef]
129. Bolean, M.; Izzi, B.; Van Kerckhoven, S.; Bottini, M.; Ramos, A.P.; Millán, J.L.; Hoylaerts, M.F.; Ciancaglini, P. Matrix Vesicle

Biomimetics Harboring Annexin A5 and Alkaline Phosphatase Bind to the Native Collagen Matrix Produced by Mineralizing
Vascular Smooth Muscle Cells. Biochim. Biophys. Acta BBA Gen. Subj. 2020, 1864, 129629. [CrossRef]

130. Huleihel, L.; Hussey, G.S.; Naranjo, J.D.; Zhang, L.; Dziki, J.L.; Turner, N.J.; Stolz, D.B.; Badylak, S.F. Matrix-Bound Nanovesicles
within ECM Bioscaffolds. Sci. Adv. 2016, 2, e1600502. [CrossRef]

131. Al Halawani, A.; Mithieux, S.M.; Yeo, G.C.; Hosseini-Beheshti, E.; Weiss, A.S. Extracellular Vesicles: Interplay with the Extracellu-
lar Matrix and Modulated Cell Responses. Int. J. Mol. Sci. 2022, 23, 3389. [CrossRef]

132. Purushothaman, A.; Bandari, S.K.; Liu, J.; Mobley, J.A.; Brown, E.E.; Sanderson, R.D. Fibronectin on the Surface of Myeloma
Cell-Derived Exosomes Mediates Exosome-Cell Interactions. J. Biol. Chem. 2016, 291, 1652–1663. [CrossRef] [PubMed]

133. Atai, N.A.; Balaj, L.; Van Veen, H.; Breakefield, X.O.; Jarzyna, P.A.; Van Noorden, C.J.F.; Skog, J.; Maguire, C.A. Heparin Blocks
Transfer of Extracellular Vesicles between Donor and Recipient Cells. J. Neurooncol. 2013, 115, 343–351. [CrossRef] [PubMed]

134. Mu, W.; Rana, S.; Zöller, M. Host Matrix Modulation by Tumor Exosomes Promotes Motility and Invasiveness. Neoplasia 2013, 15,
875-IN4. [CrossRef] [PubMed]

135. Dolo, V.; D’Ascenzo, S.; Violini, S.; Pompucci, L.; Festuccia, C.; Ginestra, A.; Vittorelli, M.L.; Canevari, S.; Pavan, A. Matrix-
Degrading Proteinases Are Shed in Membrane Vesicles by Ovarian Cancer Cells in Vivo and in Vitro. Clin. Exp. Metastasis 1999,
17, 131–140. [CrossRef]

136. Huang, J.; Xiong, J.; Yang, L.; Zhang, J.; Sun, S.; Liang, Y. Cell-Free Exosome-Laden Scaffolds for Tissue Repair. Nanoscale 2021, 13,
8740–8750. [CrossRef]
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