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ABSTRACT: Extracellular vesicles (EVs) play a crucial role in
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lighting the progression from bulk measurement to single
vesicle analysis. This review covers emerging technologies such
as single-particle tracking microscopy, single-vesicle RNA sequencing, and various nanopore-, nanoplasmonic-, immuno-
digital droplet—, microfluidic-, and nanomaterial-based techniques. Unlike traditional bulk analysis methods, these methods
contribute uniquely to EV characterization. Techniques like droplet-based single EV-counting enzyme-linked immunosorbent
assays (ELISA), proximity-dependent barcoding assays, and surface-enhanced Raman spectroscopy further enhance our ability
to precisely identify biomarkers, detect diseases earlier, and significantly improve clinical outcomes. These innovations
provide access to intricate molecular details that expand our understanding of EV composition, with profound diagnostic
implications. This review also examines key research challenges in the field, including the complexities of sample analysis,
technique sensitivity and specificity, the level of detail provided by analytical methods, and practical applications, and we
identify directions for future research. This review underscores the value of advanced EV analysis methods, which contribute
to deep insights into EV-mediated pathological diversity and enhanced clinical diagnostics.
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particles expelled by cells into the extracellular milieu.

They encompass exosomes (~40 to ~160 nm in
diameter), originating from the endosomal pathway; ecto-
somes (~50 nm to ~1 ym in diameter), shed directly from the
plasma membrane; and apoptotic bodies (~S0 nm to ~S um),
generated during programmed cell death. EVs carry a diverse
collection of biomolecules, including proteins, glycoproteins,
lipids, RNAs, DNA, enzymes, and metabolites, which can
reflect the molecular composition of their cells of origin (e.g.,
parent cells)."

Extracellular vesicles (EVs) are membrane-enclosed
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After being expelled into the extracellular milieu, EVs can
transport their biomolecules to recipient cells. The recipient
cells can internalize EVs through mechanisms including
phagocytosis, micropinocytosis, receptor-mediated endocyto-
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sis, or direct fusion with the cell membrane.” This uptake is
influenced by factors such as EV origin, size, and content, as
well as the structure of recipient cell membranes.’” The
biomolecular cargo of EVs includes transcription factors,
signaling molecules, or other regulatory components, influenc-
ing the behavior of recipient cells and impacting gene
expression, cell signaling, and cellular functions. Additionally,
EVs can modify recipient cell functions through an alternative
mechanism that involves binding to surface receptors or
interacting with lipid rafts on the cell membrane, which can
modify recipient cell functions without the direct transfer of
biomolecules.* Regardless of the mechanism, their ability to
facilitate communication between adjacent cells or between
distant cells (via systemic transfer in bodily fluids like blood)
supports their critical role in diverse physiological and
pathological processes, such as immune response, tissue
regeneration, vascular health, tumor growth, metastasis, and
neurodegenerative disorders.”

With their unique features, EVs are a promising source of
biomarkers for clinical diagnostics. Unlike traditional bio-
markers, which provide limited information and can degrade
rapidly, EVs provide a wealth of information that is
encapsulated and protected from degradation.’ EV-derived
biomarkers have the advantage of remarkable stability in bodily
fluids such as blood, plasma, urine, saliva, sweat, and breast
milk, as well as cerebrospinal, amniotic, seminal, and
bronchoalveolar lavage fluids. With this stability, EVs are
reliable indicators of disease states and physiological changes in
their originating cells and tissues. The potential of EVs for
clinical diagnostics is considerable, covering a wide range of
diseases such as chronic, degenerative, and infectious diseases,
in addition to cancer. This broad applicability highlights their
potential as diagnostic tools.”

Despite their promise, EVs are difficult to analyze because of
their diverse nature, small size, and the complexity of their
biological functions. Over the past decade, EV research has
expanded rapidly, initially focusing on bulk EV (BuEV)
measurements, which assess the collective characteristics of a
heterogeneous EV population. Traditional BuEV measurement
techniques have elucidated the biogenesis, cargo composition,
and functional roles of EVs, and some, like flow cytometry,
dynamic light scattering (DLS), and nanoparticle tracking
analysis (NTA), allow for the quantification and size
characterization of EV populations. However, BuEV measure-
ments fall short in providing detailed molecular information
about single EVs (SiEVs), concealing subtle distinctions
between subpopulations with unique biological functions that
may prove essential for accurate diagnostics. In contrast, SiIEV
analysis offers the ability to examine individual vesicles. Recent
techniques, including single-particle tracking microscopy,
single-particle RNA sequencing, nanoflow cytometry, digital
droplet polymerase chain reaction (ddPCR), immuno-digital
droplet PCR (iddPCR), droplet-based single exosome-
counting enzyme-linked immunosorbent assays (droplet digital
ExoELISA), nanoplasmon-enhanced scattering (nPES), resis-
tive pulse sensing (RPS), and nanomaterial-integrated SiEV
isolation techniques,”” have been developed to allow for a
more precise characterization of EV size, composition, and
functional properties, and have enabled the detection of
specific biomarkers or molecular signatures associated with
distinct disease states. By providing higher resolution, SiIEV
analysis can uncover diagnostic insights that BuEV methods
might miss. The increasing focus on SiEV analysis reflects its

promise for enhancing diagnostic precision and deepening our
understanding of disease mechanisms and progression.

This review seeks to delve into the constraints of
conventional EV analysis methodologies and highlight the
rise of SiEV analysis techniques and their considerable
potential and benefits for clinical diagnostics. By examining
the intricacies of SiEV analysis, we seek to elucidate its
substantial impact on our understanding of EV biology and its
translation into enhanced diagnostic strategies for various
diseases. From the initial stages of diagnosis to the intricate
realm of precision medicine applications, EVs emerge as
indispensable tools, holding substantial promise for early
detection and precise diagnosis. Because of the increasing
number of studies on EVs for clinical medicine, it is vital to
understand the evolution of EV analysis techniques and
articulate the nuanced advantages and drawbacks associated
with each technique. This exploration is not merely an
academic pursuit, but a crucial stride toward unlocking the full
potential of these promising tools in the health care sector. In
this review, we provide an overview of EVs, followed by a
comprehensive exploration of their heterogeneity and their role
as a source of biomarkers. We then discuss advancements in
isolation and analytical techniques, tracing the transition from
BuEV measurements to SiEV interrogation and elucidating the
promise and challenges inherent in each methodology. Finally,
we discuss clinical applications, including clinical trials
involving EVs, and provide perspectives and directions for
future research. With this review, we aspire to unveil novel
avenues for precision diagnostics and personalized medicine.

1. OVERVIEW OF EVS

EVs, enclosed by a lipid bilayer membrane and containing
cytoplasmic molecules, are formed by a broad spectrum of
organisms, ranging from microbes to mammals, underscoring
their fundamental role in biological systems. EVs are also
ubiquitous, released into the extracellular milieu by all
examined cell types, regardless of their physiological
state,'”"" and present in all tissues and physiological fluids,
including blood, plasma, urine, saliva, sweat, breast milk,
cerebrospinal fluid, amniotic fluid, seminal fluid, and
bronchoalveolar lavage fluid.'> Their cargo can be transferred
to recipient cells, influencing cellular behavior and orchestrat-
ing diverse physiological responses.'” EVs have also been
implicated in numerous pathologies, ranging from cancer and
neurodegenerative disorders to infectious diseases.'* Such
ubiquity not only emphasizes the interconnectedness of life but
also underscores the pivotal role of EVs in diverse biological
functions, with direct implications extending to clinical
contexts."’

The International Society for Extracellular Vesicles defines
EVs, in its guidance titled Minimal Information for Studies of
Extracellular Vesicles (MISEV2023), as “particles that are
released from cells, are delimited by a lipid bilayer, and cannot
replicate on their own (i.e., do not contain a functional
nucleus).” Within this definition, EVs are a heterogeneous
family, often classified by their size, origin, surface markers, and
cargo. Generally, EVs < 200 nm in diameter are defined as
small (sEVs), while EVs with diameters exceeding this number
are considered large EVs (IEVs). Terms such as “exosomes,”
“ectosomes” (also known as microvesicles), and “apoptotic
bodies” classify EVs on the basis of their cellular origin. EVs are
also classified by their surface markers, including membrane
proteins and lipids, and cargo, including molecules such as
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Figure 1. Heterogeneity of Extracellular Vesicles. EVs collected from different sources (cell cultures, pathogens or pathogen-infected host
cells, organoids, tissues, or bodily fluids; top) exhibit significant heterogeneity in their biogenesis, size, shape, content, and function
(middle), and their molecular content (bottom), reflecting the characteristics of the cells from which they originated. The contents of EVs
are varied, encompassing both surface components (such as membrane proteins, glycoproteins, and lipids) and internal cargo (including
RNAs, amino acids, metabolites, DNAs, enzymes, and proteins). These biomolecules contribute to EVs’ roles in intercellular
communication, immune modulation, metastasis, inflammation, coagulation, tissue regeneration, and apoptosis. The figure emphasizes
the complexity of individual EVs and their ability to transport biologically active molecules, influencing various biological processes across

different tissues and organs. Figure created with Biorender.com.
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Figure 2. Biogenesis and secretion of EVs. EVs can be broadly classified into three major subtypes: exosomes, ectosomes (also known as
microvesicles), and apoptotic bodies. Exosomes originate from the endosomal pathway, in which early endosomes mature into late
endosomes. Late endosomes develop intraluminal vesicles (ILVs), becoming multivesicular bodies (MVBs), which then follow either a
degradative pathway or a secretory pathway. In the latter, MVBs fuse with the plasma membrane and release their ILVs as exosomes.
Ectosomes are generated by budding from the cell membrane. Apoptotic bodies are released during apoptosis, when cells undergo
programmed cell death and fragmentation. Figure created with Biorender.com.

nucleic acids (DNA, RNAs), metabolites, enzymes, lipids,
glycans, and proteins.'” While EVs are often described as
reflective of their parent cells, given that their lipid bilayer
membranes resemble the plasma membrane of the originating
cells, and their cargo selectively represents components of the
originating cells, this mirroring is not absolute. For example,
sEVs do not carry full-length mRNA transcripts, but instead,
selectively package truncated mRNAs (mRNAs) or specific
RNA subsets. This selective cargo packaging underscores the
regulated nature of EV biogenesis and highlights the utility of
EVs in understanding the physiological state, health, and
function of their cells of origin, offering a window into the
intricate landscape of pathological diversity. EV studies
promise to transform our understanding of cell-to-cell
communication, offer new insights into disease mechanisms,
and open avenues for innovative diagnostic and therapeutic
interventions.' '’

2. HETEROGENEITY OF EVS

EVs collected from different sample sources exhibit consid-
erable heterogeneity, arising from variations in their cellular
origin, biogenesis pathways, and complex microenviron-
18,19 dg . 1 . . . . .
ments. This diversity manifests in several ways, including
differences in size, shape, density, cargo content, and functional
traits. Understanding this heterogeneity is crucial for under-

28024

standing the role of EVs in disease and unlocking their
potential as diagnostic tools. Variations in EV characteristics
can impact their utility as noninvasive biomarkers, influencing
their effectiveness in disease detection and monitoring.
Therefore, in this section, we will explore the various
dimensions of EV heterogeneity in detail, focusing on their
biogenesis and secretion, size, shape, content, source, and
function (Figure 1). This detailed examination will provide a
clear and organized understanding of EV diversity and its
implications for disease diagnostics.

2.1. Biogenesis and Secretion. EV biogenesis involves
intricate processes that can be broadly categorized into
endosomal sorting complex required for transport (ESCRT)-
dependent and ESCRT-independent pathways, each contribu-
ting to the formation of different EV subtypes and influencing
cargo loading mechanisms. EVs are formed via distinct cellular
mechanisms (Figure 2).'“" For example, exosomes are
formed via the endosomal pathway, which is initiated by
inward budding of the plasma membrane to generate early
endosomes. When these endosomes reach a more advanced
stage (late endosomes), they start to produce intraluminal
vesicles (ILVs) by inward budding of the endosomal
membrane, resulting in the creation of multivesicular bodies
(MVBs). MVBs can either fuse with lysosomes for degradation
or fuse with the plasma membrane to release ILVs into the

https://doi.org/10.1021/acsnano.5c00706
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extracellular space, generating exosomes. In contrast to
exosomes, ectosomes are produced by outward budding of
the plasma membrane, a phenomenon referred to as
exocytosis. Actin and myosin are involved in promoting
membrane protrusion and the release of ectosomes.”’ In
apoptosis, a programmed cell death process, cells undergo
morphological changes leading to fragmentation and the
release of apoptotic bodies into the external environment.””
In this section, we provide more details about EV biogenesis
and secretion.

2.1.1. Exosomes. The ESCRT-dependent pathway is the
canonical mechanism for exosome biogenesis, primarily
involving the inward budding of the membrane within early
endosomes and the formation of ILVs. This process begins
with the internalization of membrane proteins and lipids into
early endosomes through endocytosis. Once formed, these
early endosomes mature into MVBs, which contain ILVs that
house the cargo to be secreted. The formation and secretion of
exosomes are driven by a series of multisubunit protein
complexes, collectively known as the ESCRT complexes. These
protein complexes include ESCRT-0, -1, -II, and -III, which
work alongside associated proteins such as ALIX (apoptosis-
linked gene 2—interacting protein X), tetraspanins (TSPANS),
and sphingomyelinases, and alongside processes such as
phospholipid relocalization and actin cytoskeleton rearrange-
ment, which are integral to exosome formation and release.”
ESCRT-0 is crucial in the early stages of exosome biogenesis. It
recognizes and binds ubiquitinated cargo proteins on the
endosomal membrane and recruits ESCRT-I to the sites of
budding. This step is essential for the initial clustering of
ubiquitinated proteins as the inward budding of the endosomal
membrane begins. ESCRT-I plays a pivotal role in the
organization of cargo during the formation of ILVs. It
facilitates the arrangement of ubiquitinated proteins and
directs them into the maturing ILVs. ESCRT-I adopts an
elongated structure, with one of its components, tumor
susceptibility gene 101 (TSG101), shaping membrane
protrusions to encapsulate cargo.”* In addition, ESCRT-I
recruits other ESCRT complexes, orchestrating the assembly of
the entire ESCRT machinery. ESCRT-II acts as a crucial
bridge between ESCRT-I and ESCRT-III, further organizing
and concentrating cargo proteins within specific regions of the
endosomal membrane, and initiates ESCRT-III assembly.
ESCRT-III functions in the final stages of ILV formation and
release. It forms spiral filaments that deform and sever the
membrane, allowing ILVs to be released into the MVB
lumen.”” ESCRT-III also mediates fusion of the MVB with the
plasma membrane, enabling mature MVBs to release their
contents, including exosomes.”>

Exosomes are also formed by ESCRT-independent path-
ways, which involve diverse proteins, lipids, and cellular
processes that contribute significantly to exosome biogenesis.”*
TSPAN proteins such as CD9, CD63, CD81, and CD82
arrange membrane microdomains to support ILV development
without needing ESCRT proteins.”® Cholesterol-rich lipid rafts
containing sphingolipids, phosphatidylserine, and ceramide
also help organize proteins and start membrane budding.””**
Integral components of lipid rafts, such as flotillins and
caveolins, are essential for ESCRT-independent pathways.
Flotillins organize lipid rafts and form membrane micro-
domains that promote membrane curvature, which is critical
for ILV budding and exosome biogenesis. They also stabilize
these domains, aiding in the clustering of cargo proteins into

exosomes. Caveolins, key structural proteins of caveolae
(specialized lipid raft domains), regulate membrane invagina-
tion, facilitating cargo sorting and membrane budding. In
addition, caveolins contribute to signal transduction processes
that influence exosome release. The activities of Rab GTPases
(Rab27a and Rab27b), along with lipid metabolism involving
ceramide production, regulate MVB docking and fusion with
the plasma membrane, thereby influencing exosome release.”’
Proteins like ADP-ribosylation factor 6 (ARF6) and Rho
GTPases regulate actin dynamics, crucial for membrane
remodeling and exosome release.”

2.1.2. Ectosomes. Ectosomes are vesicles formed through
direct outward budding of the plasma membrane. The outward
budding captures cytosolic material, including proteins and
nucleic acids. Unlike exosomes, ectosomes closely resemble the
composition of the plasma membrane and can arise through
various mechanisms, some overlapping with exosome bio-
genesis pathways. As a result, ectosomes and exosomes can
contain overlapping biomolecules, such as specific proteins like
TSPANs and lipids characteristic of the plasma membrane.
This similarity in molecular content complicates their differ-
entiation based solely on components. Furthermore, ecto-
somes can form from membrane regions involved in endocytic
processes, such as areas previously engaged in clathrin-
mediated endocytosis. These overlaps in size, surface
composition, and biogenesis pathways further complicate
isolating, distinguishing vesicles of endosomal origin from
those derived from the plasma membrane, making it more
challenging to explore their specific roles in disease and
physiology and to assess their unique potential as biomarkers
for diagnostic purposes.

Specific factors are pivotal for ectosome generation. Calcium
initiates cytoskeletal remodeling mechanisms, with elevated
levels activating cytosolic proteases like calpain and caspase,
which disrupt the cytoskeleton and induce ectosome
production.”® Cholesterol-rich lipid rafts facilitate ectosome
biogenesis by sorting specific lipid and protein cargo via
anchors on the inner leaflet of the cell membrane.®! ARF6,
ceramide, and phospholipase D1 (PLD1) are crucial for
ectosome formation, with ARF6 selectively loading proteins
such as integrin 1 and histocompatibility complex (MHC)-1
and inducing actin-myosin—based contraction, leading to
ectosome shedding.’” Ectosomes often express markers akin
to those on the parent cell’s plasma membrane, such as
integrins, selectins, and phosphatidylserine (PS).'>** Recent
studies underscore the importance of calcium influx,
cytoskeleton reorganization, and the enzymatic functions of
proteins like floppases and scramblases in ectosome bio-
genesis.””> TSPANs (CD9, CD63, CD81), commonly
associated with exosomes, are also found on ectosomes.>*
Across various physiological cell stages and cell types,
ectosomes exhibit diverse biogenesis pathways and surface
compositions.

2.1.3. Apoptotic Bodies. Distinct from other ectosomes,
apoptotic bodies are formed exclusively during apoptosis and
arise from unique mechanisms such as phospholipid
reorganization, which induces membrane blebbing and
organelle inclusion. During apoptosis, cells fragment and
release apoptotic bodies, which are characterized by their
distinct morphology and composition. These bodies are
formed after the cell has selectively excluded nuclear content,
contributin§ to their unique features as a subpopulation of
ectosomes. "’ Apoptotic bodies contain a diverse array of
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Figure 3. EVs range in size according to their subtype and exhibit different morphologies. Figure created with Biorender.com.

cellular components, including intact organelles like mitochon-
dria, the endoplasmic reticulum, and the Golgi apparatus.
Additionally, they contain fragments of chromatin, DNA, and
RNA, reflecting the process of programmed cell death.
Alongside these nucleic acids, apoptotic bodies also carry
various proteins that serve as markers of apoptosis, such as
caspases and histones.””””> Apoptotic bodies exhibit PS on
their external membrane surface and undergo clearance by
macrophages. The heterogeneity of apoptotic bodies encom-
passes variations in size, composition, and functional character-
istics, despite their shared origin.’® This diversity may stem
from factors such as the type of cell undergoing apoptosis, the
signaling pathways involved, and the surrounding micro-
environment.

2.1.4. Other EV Subtypes. Recent advancements in isolation
techniques and analytical methods have led to the
identification of a growing variety of EV subtypes, which
have been found to be prevalent components of the
extracellular space and bodily fluids. Among these newly
identified EV-like structures are exomeres and supermeres,
which differ significantly from well-established EV subtypes.””
Unlike other EVs, exomeres and supermeres lack the lipid
bilayer membrane that typically defines these vesicles. They are
enriched with a diverse range of biomolecules, including
proteins and nucleic acids, suggesting potential roles in
intercellular communication and other biological functions.
Exomeres, typically ranging from 28 to 50 nm in size, have
been shown to contain notable proteins such as HSP90ABI,
Hsp90-p, FASN, and ACLY, which could serve as biomarkers
for their identification and further characterization.>*?’
Supermeres, smaller in size (22—30 nm), are characterized
by the presence of biomarkers like TGFBI, HSPA13, and
ENO?2. The precise molecular mechanisms that govern the
formation, secretion, and functional diversity of exomeres and
supermeres remain poorly understood, with their origins and

release pathways still to be clarified.*” The distinct structural
and molecular characteristics of these newly discovered entities
highlight the need for further research to unravel their
biological functions and explore their potential in clinical
diagnostics and therapeutic applications.

2.2. Size. EV subtypes, such as supermeres, exomeres,
exosomes, ectosomes, and apoptotic bodies, are heterogeneous
in size and size overlap (Figure 3, top), which presents
substantial challenges in their classification and isolation.
Although these vesicles originate from distinct cellular
processes, their overlapping size ranges often hinder differ-
entiation based solely on size. Detailed analysis of each subtype
highlights the complexity and limitations of size-based
classification.

As detailed in the previous section, supermeres, typically
ranging from 22 to 30 nm, represent the smallest EVs and
exhibit relatively low size heterogeneity within this narrow
range. Despite this apparent uniformity, their molecular
composition, including small RNAs, proteins, and lipids, can
introduce variability. Supermeres overlap with exomeres at the
lower end of their size spectrum (approximately 30 nm).
Although their cargo is primarily small RNAs, the mechanisms
of supermere formation remain less understood compared to
other EV types, further complicating their characterization.

Exomeres, with sizes ranging from 28 to S0 nm, display
moderate size heterogeneity, primarily driven by differences in
their molecular cargo, which includes proteins, lipids, and small
RNAs. This subtype overlaps significantly with supermeres at
smaller sizes (~30 nm) and with exosomes at larger sizes (~40
nm).”>*” Such size overlaps challenge clear distinctions
between exomeres and other EV types, especially exosomes,
as they also share molecular contents and functional roles.

Exosomes, ranging broadly from 40 to 160 nm, exhibit
substantial size heterogeneity. Their diverse biogenesis path-
ways influence not only their size but also their molecular
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content, which may include proteins, lipids, mRNAs, and
miRNAs. Their broad size range leads to significant overlap
with exomeres, ectosomes, and apoptotic bodies. Moreover,
the variability within exosome subpopulations reflects their
functional diversity in intercellular communication, immune
modulation, and disease progression. Such heterogeneity
underscores the limitations of relying on size for exosome
classification and highlights the importance of complementary
molecular analyses.

Ectosomes, also referred to as microvesicles, are larger EVs
with sizes ranging from 50 nm to 1 gm and exhibit greater size
heterogeneity. This variability is indicative of the complex
mechanisms underlying their formation, including direct
membrane shedding. Ectosomes carry a wide array of
molecular cargo and provide a substantial surface area for
ligand—receptor interactions, suggesting their prominent roles
in cell-to-cell signaling and immune responses.’ The
considerable size overlap of ectosomes with exomeres,
exosomes, and apoptotic bodies further complicates size-
based classification efforts.

Apoptotic bodies, the largest EVs, range from 50 to 5000
nm. Their size heterogeneity arises from the fragmentation of
cellular components during apoptosis, leading to significant
variability in vesicle size. While apoptotic bodies often contain
fragmented DNA, organelles, proteins, and other cellular
debris, their size overlaps with exomeres, exosomes, and
ectosomes at the lower end of their size spectrum. Despite
their shared size ranges, apoptotic bodies are distinct in origin
and content, which differentiates them from other EV
subtypes.”’ The pervasive size heterogeneity and overlap
across EV subtypes emphasize the challenges of accurate
classification and isolation based on size alone. Furthermore,
these difficulties are exacerbated by variations in molecular
content, which not only affect the biological functions and
interactions of EVs but also necessitate the integration of size-
independent markers and advanced characterization techni-
ques for precise EV analysis.

Exosomes and other types of sSEVs demonstrate remarkable
efficacy in transporting cargo molecules such as microRNAs
(miRNAs or miRs) and proteins to target cells, thereby
modulating cellular processes including gene expression,
cellular proliferation, and cellular differentiation. In contrast,
IEVs, such as ectosomes, can carry more cargo and have a
greater surface area for ligand—receptor interactions, suggest-
ing their potential involvement in cell-to-cell signaling and
immune responses.41 In essence, the heterogeneity in EV size
underscores its significance in dictating a range of biological
functions and interactions with recipient cells. Understanding
the functional implications of EV size heterogeneity is crucial
for deciphering the role of EVs in physiological and
pathological processes, given that the size of EVs may reflect
their cellular origin and biogenesis pathways."”

2.3. Shape. EV morphology can vary significantly depend-
ing on factors such as the source of the EVs, isolation methods,
and imaging techniques (Figure 3, bottom). Typically, single
spherical EVs are the most prevalent, comprising approx-
imately 60—95% of observed vesicles, with these vesicles often
being exosomes or ectosomes, characterized by their bilayer
membranes. Double spherical vesicles are less common,
representing 5—20% of the population, and may result from
EV aggregation or fusion during isolation or storage.
Additionally, rod-like or tubular EVs are seen in about 0.5—
10% of cases, associated with vesicle fusion events, lipid

composition, or specialized functions such as cargo transport.*’
These morphological distributions can vary across different
diseases, bodily fluids, and experimental conditions. The shape
of EVs may impact their functionality and interaction with
recipient cells. For example, double spherical EVs have the
potential to simultaneously deliver multiple cargo types or
interact with multiple receptors on target cells.** Rod-like or
tubular EVs, with their elongated structure, facilitate more
extensive interaction with cell membranes, potentially enhanc-
ing their targeting capabilities. Understanding EV shape
heterogeneity is crucial for optimizing isolation techniques,
developing targeted surface modifications, and improving
cargo-loading methodologies. Further exploration of the
functional implications of EV shape heterogeneity promises
insights that could inform the development of tailored
diagnostics.

2.4. Content. EVs demonstrate substantial content
diversity. In this section, we describe different categories of
molecular cargo found within EVs and provide specific
examples. It is important to recognize that not all EVs will
carry the same combination of these components, as their
content, which depends not only on their biogenesis and
cellular origin but also on their functional roles, can vary
greatly. For example, EVs carry receptors that recognize and
bind specific ligands, including growth factors, hormones, and
immune cell receptors, facilitating diverse cellular responses.
Understanding the molecular diversity within EVs is crucial,
providing insight into their functions in cellular communica-
tion and disease processes, as well as their potential for
diagnostic applications. EVs can serve as disease biomarkers, as
they can carry unique proteins that reflect specific patient
conditions. These bioactive molecules have the potential to
influence surrounding cells and can be targeted for therapeutic
and diagnostic applications.”® Proteins generally retain their
core functions when present on EVs, but their roles may differ
because of the unique microenvironment of EVs. On the
surface of cells, these proteins are 6primarily involved in direct
signaling and cellular interactions.*® However, when associated
with EVs, they play key roles in cargo sorting, targeting, uptake
by recipient cells, and mediating long-range communication.
Additionally, the EVs provide a protective environment for
these proteins, shielding them from degradation, which helps
preserve their functional integrity and enhances their potential
as diagnostic biomarkers."” Table 1 highlights the diversity of
EV contents, their sources, functions, and potential applica-
tions across various pathological conditions. The listed
proteins represent key molecular signatures that are increas-
ingly being investigated as noninvasive biomarkers for early
disease detection, disease monitoring, and treatment evalua-
tion.

2.4.1. Tetraspanins. TSPANSs, including many cluster-of-
differentiation (CD) proteins, are transmembrane proteins
widely expressed across various tissues and abundantly present
in EVs, playing critical roles in their formation, stability, and
function. These proteins play key roles in cargo trafficking,
organizing cargo within developing exosomes, and coordinat-
ing the formation of protein complexes on EV membranes,
which are essential for signal transduction, cell communication,
and immune responses. TSPANs enhance the interaction
between EVs and recipient cells by mediating binding, fusion,
and adhesion events, which facilitate efficient cargo transfer
and uptake.'” Through their role in signaling and adhesion as
well as cell migration, they also regulate key pathological
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processes such as metastasis, infection, and viral entry and exit.
4 Because TSPANs are highly abundant in EVs and specific

Table 1. continued

pathological condition

function

source

serum, plasma, blood, cell lines (MSCs, HEK293T, SKOVE-3, B16—F10, HeLa)

content

GAPDH

neurodegenerative diseases, cancer progression,

apoptosis regulation, diagnosis, therapy

metabolic disorders

77,117

colorectal cancer, prostate cancer, ovarian

diagnosis, monitoring

serum, urine, cell lines (PC3, LNCaP, RWPE-1, OVCAR3, HO23)

EpCAM

carcinoma

. 117,118
pancreatic cancer

diagnosis, prognosis, therapy

tumors, serum, plasma, blood, cell lines (MSCs, PANC-1)

GPC1

110,119

breast cancer, cholangiocarcinoma

diagnosis, prognosis, therapy

tumors, serum, plasma, bile, tissue, cell lines (MSCs, NU308, SNU478, SNU1196)

cell lines (A549, EAhy926, MSCs, human umbilical cord blood)
tissue, plasma, raw 264.7 macrophages, adenoviruses

MUCI1
Rab$s
Rab7

120,121

disorders and infectious diseases

angiogenesis, signaling, therapy

122

neurodegenerative diseases, cancer

regulates intracellular trafficking

123,124

metastatic lung cancer, Alzheimer disease

migration, invasion, metastasis, progression

HEK293, SH-SYSY), lentivirus

tumor tissues, blood, plasma, cell lines (549, NCI-H1975, NCI-H226, HCC827, MCEF-7, BEAS-2B,
tissues, plasma, serum, cell lines (LN18, LN229, NCHS82)

Sytenin-1

125-127

ung cancer, central nervous SyS em diseases
1 tral tem d

lysosomal biogenesis, monitoring

LAMP1

128,129

huntington disease, Alzheimer disease

regulation, biomarker for chaperone-mediated

plasma, fibroblasts, cell lines (induced—pluripotent stem cells (iPSC), neural stem cells (NSC))

LAMP2

autophagy (CMA) activity and lysosomal

function

“The table indicates where the EV proteins have been found (source), how they have been used clinically (function), and which pathological conditions they are relevant for. The listed proteins

represent key molecular signatures that are increasingly being investigated as noninvasive biomarkers for early disease detection, disease monitoring, and treatment evaluation.

TSPANs are associated with physiological and pathological
processes, these proteins are candidates for markers of
physiological processes or biomarkers of disease.

CD37, involved in the formation of TSPAN-enriched
microdomains, plays a role in the organization of the cell
membrane and potentially in the sorting of EV content. It is
primarily expressed in immune cells, including T cells and B
cells, and is involved in immune cell signaling. EVs carrying
CD37 can serve as prognostic biomarkers, and potentially as
therapeutic targets, for acute myeloid leukemia (AML)."*"

CD44 functions as a receptor for hyaluronic acid, playing a
role in cell adhesion and movement, crucial for the interaction
of EVs with target cells in cancer metastasis and inflamma-
tion.”” In addition, CD44 serves as a marker for cancer stem
cells; EVs containing CD44 allow for the identification and
tracking of these cells.”

CD47 is known for its immune evasion capabilities. It
prevents phagocytosis by binding to signal regulatory protein
alpha (SIRPa) on macrophages, helping cancer cells evade
immune system clearance, prolonging their circulation.
Because CD47-expressing EVs aid tumors in avoiding
detection by the immune system, they could be used as
markers for cancer. The presence of CD47* EVs could suggest
not only the presence of tumors but also their progression.’

CD53* and CDS4" EVs provide insights into immune-
related disorders and inflammatory diseases because of their
involvement in immune cell signaling and inflammatory
responses. CDS3 functions in immune cell signaling and
development. It has the potential to impact the creation of EVs
and the incorporation of certain protein cargo. CDS53 can
indicate illnesses that impact the function of immune cells,
such as specific leukemias and lymphomas, oftering informa-
tion on the immune health of individuals."*' CD54 (ICAM-1)
helps attach EVs to target cells by binding with integrins. It is
connected to immune reactions and could be involved in
transmitting inflammatory signals.">> As a biomarker, CD54 is
useful in diagnosing and monitoring inflammatory disorders,
such as rheumatoid arthritis and inflammatory bowel disease.
CD54" EVs may also indicate the presence of cancer cells that
have spread to other parts of the body, because CD54 supports
the adhesion and movement of tumor cells.'*?

CD71 controls the intake of iron and plays a role in moving
iron bound to transferrin."** Its appearance on EVs could
impact their function in iron metabolism and the transfer of
transferrin to target cells. EVs containing CD71 could
therefore hold potential for diagnosing and monitoring iron
metabolism disorders, such as anemia and hemochromatosis.
However, research specifically focused on EVs carrying CD71
remains limited."”> CD71 is predominantly expressed on
erythroid cells, where it plays a key role in iron uptake, making
it a potential biomarker for assessing iron status.*®'*” EVs that
express CD71 could also suggest elevated cellular growth,
which is often seen in cancers of the small bowel mucosa and
in leukemia and lymphoma."'**

CD82 is involved in stabilizing exosomal membranes and
can impact the organization and display of EV cargo. It
controls cell adhesion, movement, and growth. CD82 also
inhibits the spread of cancer to other organs. The number of
EVs expressing CD82 can forecast cancer prognosis by
disclosing the potential for metastasis; fewer CD82" EVs can
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point to an increased chance of metastasis in cancers, serving
as a useful predictor of outcomes.'**

CD151 connects with integrins to facilitate cell adhesion and
movement. It is essential for arranging membrane micro-
domains on EVs, impacting their targeting and uptake. It
enhances cell movement and invasion, making CD151-
expressing EVs potential biomarkers for highly metastatic
and angiogenic cancers. Elevated levels of EVs expressing
CD151 may suggest aggressive tumor behavior and a poor
prognosis, helping with patient stratification for treatment
decisions."*” Tts role in the targeting and interaction of EVs
with recipient cells also makes it relevant for inflammation and
infectious diseases.

Additional TSPANs play essential roles in EV-mediated
communication, cargo sorting, and membrane organization.
They impact cellular signaling and control immune responses,
having therapeutic implications for cancer, immune regulation,
neuroprotection, and tissue repair."** For instance, TSPAN6
controls immune responses, and detecting EVs that are
TSPANG6" could be beneficial in the surveillance of immune-
related disorders or inflammatory conditions."*' TSPAN7
participates in the development of the nervous system and the
creation of synapses, assisting in cell communication and
plasticity.'** Furthermore, the accumulation of TSPAN7, along
with TSPAN4 and associated cholesterol, triggers the
formation of migrasomes. These specific tetraspanins are
involved in the formation, upkeep, and operation of EVs,
aiding in communication with target cells and influencing
various physiological and pathological processes.

TSPANS have also been exploited as research tools, playing a
crucial role in the isolation and analysis of SiEVs. For example,
CD9, CD63, and CD81 are commonly used markers for
exosomes.”® When these and other TSPANs are tagged with
fluorescent probes, they enable the investigation of EV
subpopulations, allowing for the visualization of multiple
markers expressed on SiEVs and the deduction of similarities
and dissimilarities among subpopulations.'*’

2.4.2. ESCRT Machinery. EVs also contain ESCRT multi-
subunit protein complexes (including ESCRT-0, I, II, and III)
and their associated proteins and lipids. As detailed in the
earlier section on EV biogenesis and secretion, ESCRT-
dependent exosome biogenesis relies on ESCRT-0 complexes,
essential for recognizing ubiquitinated proteins and facilitating
their packaging into nascent ILVs within MVBs. ESCRT-
dependent exosome biogenesis also relies on ESCRT-I and
ESCRT-II complexes, which begin the process of forming ILVs
by triggering budding of the endosomal membrane. The last
scission of EVs from the endosomal membrane is facilitated by
ESCRT-I1], in a process dependent on the interaction between
ALIX and lysobisphosphatidic acid (LBPA).'** In addition to
these, ESCRT complexes require other biomolecules to
function, such as proteins TSG101, vacuolar protein sorting
25 homologue (VPS25), syntenin, TSPANS, Rab proteins, and
integrins, as well as the lipid phospholipase D2. Thus, ESCRT
complexes and their associated biomolecules regulate various
aspects of EV biology, including biogenesis, size, cargo loading,
trafficking, and cellular uptake.”* They have implications for
cellular communication, cellular homeostasis, waste manage-
ment, and disease conditions like neurodegeneration and
cancer.

2.4.3. Heat Shock Proteins. EVs may also contain heat
shock proteins (HSPs), which act as molecular chaperones,
mediating the proper folding and stabilization of proteins

within EVs. This function is vital for maintaining protein
integrity during the transport of EVs."* But the importance of
HSPs extends beyond maintaining protein integrity; Hsp20,
Hsp27, Hsp60, Hsp70, Hsp90, and heat shock cognate 71-kDa
protein (Hsc70) are essential for EV biogenesis and cargo
loading. They facilitate cellular stress responses and regulate
cellular Jprocesses, including apoptosis and immune modu-
lation."* In particular, Hsp90 modulates cargo protein stability
and signaling pathways implicated in cancer progression and
neurodegenerative disorders, underscoring its critical role in
disease mechanisms.'*’

2.4.4. Antigen Presenting Molecules. Ultimately derived
from parent cell membranes, EV membranes can contain
MHC class I molecules or, if the parent cell is an antigen-
presenting cell (APC), CD8" cytotoxic T cells. As part of the
immune system, MHC class I molecules present endogenous
antigens (derived from intracellular proteins) to CD8*
cytotoxic T cells, a presentation that allows the immune
system to monitor and respond to infections or malignancies
within cells."*® In contrast, MHC class II molecules present
exogenous antigens (derived from extracellular proteins that
have been engulfed and processed by APCs) to CD4" helper T
cells, a presentation crucial for activating helper T cells, which
in turn stimulate other immune cells, including B cells and
macrophages, to mount an effective immune response.l49
Thus, MHC molecules are fundamental to immune system
function, enabling the detection and elimination of pathogens
and abnormal cells. EVs containing complexes of MHC class II
molecules and antigens can transfer these complexes to APCs,
enhancing T-cell activation and immune surveillance. EVs can
also facilitate MHC “cross-dressing,” in which recipient cells
obtain MHC molecules from donor cells, playing an important
role in alloimmune responses such as those seen in
transplantation." >’

2.4.5. Cell Adhesion Molecules. Integrins, transmembrane
receptors crucial for adhesion between cells or between cells
and the extracellular matrix (ECM), influence cell signaling
and regulation as well as cell migration and invasion. When
carried on the surface of EVs, integrins profoundly impact their
function, uptake, and targeting abilities.'”"

The EV integrin avf3 influences angiogenesis, metastasis,
and wound healing by interacting with ECM components. This
integrin on the EV surface mediates interactions with ECM
proteins such as vitronectin, fibronectin, and osteopontin,
which are crucial for EV uptake by recipient cells. This
interaction can promote endothelial cell adhesion and
proliferation, thereby stimulating new blood vessel forma-
tion."”> In addition, EVs carrying pro-angiogenic factors can
enhance this process by localizing these factors to areas
requiring new vessel growth. In the context of cancer, the
interaction between integrin avfi3 and ECM components can
facilitate the spread of tumor cells. Tumor-derived EVs (tEVs)
can modify the ECM, creating a microenvironment conducive
to tumor invasion and dissemination. Furthermore, EVs
expressing avff3 can specifically target tumor cells and the
tumor microenvironment, facilitating the direct delivery of
therapeutic agents to tumor sites.”” Integrin @51 enhances the
transfer of pro-migratory signals to recipient cells. By binding
to fibronectin, it facilitates the transmission of signals that
promote cell migration and invasion, which supports the
spread of cancer cells to distant sites in the body, contributing
to cancer metastasis. Integrin @541 also plays a critical role in
wound healing by modulating intracellular signaling pathways
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such as PI3K/AKT. Through these pathways, integrin aS5A1
enhances cell survival, proliferation, and migration, which are
essential for effective tissue repair and regeneration following
injury.96

Integrin o431 on EVs interacts with vascular cell adhesion
molecule-1 (VCAM-1) on endothelial cells, playing a critical
role in immune cell trafficking and inflammation. EVs
displaying integrin a41 may enhance immune cell adhesion
to the endothelial cell surface, akin to the interactions observed
during inflammatory responses. This interaction between
integrin a4$1 and VCAM-1 facilitates the extravasation of
immune cells, which involves their migration from the
bloodstream into the surrounding tissues, particularly at sites
of inflammation. Thus, the integrin a4f1—VCAM-1 inter-
action on EVs contributes to the recruitment and accumulation
of immune cells in inflamed tissues.'>* EVs with integrin a4f1
can be engineered to deliver anti-inflammatory agents to sites
of inflammation, offering a potential therapy for autoimmune
diseases and inflammatory conditions.'>*

EVs expressing integrin a6f4, which primarily interacts with
basement membrane laminin to influence epithelial cell
behavior, can impact the epithelial-mesenchymal transition, a
key process in cancer metastasis. This integrin can also activate
signaling pathways such as Ras/MAPK in recipient cells,
promoting cell proliferation and survival.

Integrins on EVs play a key role in organotropic metastasis,
facilitating EV homing and premetastatic niche formation in
target organs.155 For instance, integrins 64 and a6f1 on EVs
are linked to lung metastasis; avf5, to liver metastasis; and
a4f1, to brain metastasis. These integrin—EV signatures serve
as potential biomarkers for predicting metastatic spread and
could be integrated into diagnostic assays to assess metastatic
potential. Furthermore, profiling EV integrins may inform
personalized treatment strategies, enabling targeted therapies
based on predicted metastatic patterns.'*>'%”

EVs also carry selectins, transmembrane proteins that play
an essential role in cell adhesion, signaling, and immune
modulation. These proteins help EVs bind to target cells,
thereby improving the efficiency of EV uptake.'*® They can
also mediate intercellular communication in a range of
physiological and pathological situations.'*” EVs can carry P-
and/or L-selectins, which have different roles; P-selectin plays
a key role in the rolling and initial attachment of platelets and
leukocytes at sites of inflammation and injury, whereas L-
selectin has been implicated in lymphocyte homing and
adhesion to endothelial cells in peripheral lymph nodes. P-
selectin has also been studied as a potential imaging biomarker
and molecular target for therapeutic interventions, especially in
the context of inflammatory conditions."®’

2.4.6. Growth Factors, Cytokines, and Their Receptors.
EVs carry signaling molecules, including cytokines, growth
factors, and their receptors to modulate the activity of recipient
cells and affect physiological and pathological processes.”**
For instance, EVs can carry interferons (IFNs) involved in
antiviral responses and immune modulation, influencing
immune cell activation and infection responses.'®’ EV
receptors can also sequester cytokines and growth factors,
affecting inflammation, immune reactions, and tissue regener-
ation. For example, EVs with receptors for tumor necrosis
factor-a (TNF-a) can sequester this pro-inflammatory
cytokine, modulating inflammatory responses in nearby
cells."®” These EV-derived signaling molecules can serve as
disease biomarkers. EV-associated TNF-a levels can reflect

inflammatory conditions, providing diagnostic insights. TNF-ar
has been implicated in diseases like rheumatoid arthritis,
Crohn's disease, and psoriasis, and TNF-a and IFNs are key
cytokines associated with the severity of diseases like COVID-
19.'%* Other signaling molecules on EVs, such as Fas ligand
and TNF receptors, can serve as biomarkers for apoptosis
regulation and immune activation, and transferrin receptor can
serve as a biomarker for iron metabolism disorders, as it
reflects changes in iron metabolism and erythropoietic
activity.'?”'%%T%* EVs can also carry transforming growth
factor-f (TGF-f#), which regulates cellular responses and is
implicated in fibrosis, tumor progression, and inflammatory
diseases.'**

In addition to cytokines and growth factors, EVs can carry
receptors that affect cell signaling. Epidermal growth factor
receptor (EGFR) and other receptor tyrosine kinases on EVs
interact with ligands on recipient cells, initiating signaling
pathways that influence cell proliferation, migration, and
survival.'®® This engagement, particularly involving EGFR,
activates signaling cascades crucial for cancer progression and
metastasis for cancer progression and metastasis in glioblasto-
ma, cholangiocarcinoma, and nonsmall cell lung can-
cer.'%1% Fyurthermore, human epidermal growth factor
receptor 2 (HER2), another receptor tyrosine kinase, is
commonly incorporated into the membranes of EVs derived
from HER2-positive cancer cells. This incorporation plays a
crucial role in both the diagnosis and therapy of breast
cancer.'' "'"?

2.4.7. Enzymes. EVs can carry a variety of enzymes, thereby
contributing to diverse processes. For example, EVs can carry
glycosidase enzymes, which play a critical role in carbohydrate
digestion and metabolism by hydrolyzing a-glucosidic bonds in
glucose polymers and p-galactosidic bonds in galactose-
containing compounds like lactose.

EV-derived enzymes can serve as diagnostic markers, as their
activity levels or mutations can indicate metabolic disorders,
neurodegenerative diseases, or cancer. In particular, enzymes
like ATPase, GAPDH, and glycerol kinase within EVs reflect
the metabolic state of their Iparent cells and contribute to
disease-associated processes. 6 ATPases hydrolyze ATP,
releasing energy for cellular processes. Pathogenic variants in
ATPIA3, which encodes the alpha-3 subunit of Na'/K'-
ATPase, can impair ATPase activity and are associated with
alternatinc?r hemiplegia of childhood (AHC) and related
disorders. ®” GAPDH, while central to glycolysis, also plays a
role in apoptosis, DNA repair, and RNA transport.
Dysregulation of GAPDH influences cellular responses to
metabolic stress and disease and is linked to neurodegenerative
diseases and cancer progression.''® Glycerol kinase, an enzyme
carried by EVs, catalyzes the conversion of glycerol to glycerol-
3-phosphate, which is crucial for lipid biosynthesis. Thus,
glycerol kinase impacts lipid homeostasis and membrane
integrity during EV-mediated processes as well as cellular
signaling. Mutations in the glycerol kinase gene can cause
glycerol kinase deficiency, a rare X-linked disorder charac-
terized by metabolic disturbances and hyperglycerolemia.'®*
The presence and activity of glycerol kinase in EVs can serve as
a biomarker, reflecting metabolic disorders or diseases in the
parent cells.

2.4.8. Glycoproteins. Glycoproteins, characterized by
covalently attached glycans, are integral components of EVs.
They play pivotal roles in EV biogenesis, cargo loading,
intercellular communication, and targeting of recipient cells.
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The glycosylation patterns of EV proteins, encompassing both
N-linked and O-linked glycosylation, significantly influence EV
stability, uptake, and immunomodulatory properties.'**'®”

Specific glycoproteins enriched in EVs play essential roles in
modulating their biological functions and serve as valuable
biomarkers for disease detection and monitoring.'”" For
example, epithelial cell adhesion molecule (EpCAM), an N-
linked glycoprotein, is highly expressed in EVs derived from
epithelial cancers such as colorectal cancer, prostate cancer,
and ovarian carcinoma, making it a crucial marker for cancer
diagnostics.””""” Similarly, Glypican-1 (GPC1), another N-
linked glycoprotein, is abundantly present in pancreatic cancer-
derived EVs and has been recognized as a promising biomarker
for early cancer detection.'® Additionally, Mucin-1 (MUC1),
a heavily O-glycosylated protein, is found in EVs from breast
cancer and cholangiocarcinoma, serving as a biomarker for
noninvasively identifying tEVs.''*""”

Lectins, a type of glycan-binding protein, are key tools for
studying and understanding these glycosylation patterns.
Lectins specifically recognize and bind to distinct glycan
motifs on EV surfaces, providing valuable insights into the
glycosylation profiles of EVs.'”' These proteins have been
employed in research to detect specific glycan signatures, such
as those associated with tEVs or viral infections, highlighting
their potential as glycan-based biomarkers for clinical
diagnostics.'”> This growing understanding of EV glycosylation
has spurred significant interest in using EV glycan signatures as
novel biomarkers for clinical dia;nostics and therapeutic
applications, particularly in cancer.'”

2.4.9. Cytoskeletal Proteins. Cytoskeleton components
such as tubulin, actin, and cofilin are integral to cellular
structure, movement, and signaling, and their presence in EVs
provides insight into various cellular processes and diseases.
Tubulin, a key component of microtubules, is critical for
facilitating intracellular transport, maintaining cell structure,
and enabling cell division.'®” Inside EVs, tubulin can reflect
cytoskeletal dynamics and cellular health, and abnormal
tubulin levels can act as a marker for alterations in cytoskeletal
organization associated with cellular stress responses, neuro-
logical disorders, or cancer metastasis. Actin, a ubiquitous
protein essential for cell motility, structure, and signaling, plays
a critical role in EV-related processes, including vesicle
biogenesis, cargo sorting, and interactions with recipient
cells. Actin dynamics influence the formation and release of
EVs from the parent cell, the sorting and packaging of cargo
into EVs, and the subsequent binding and uptake of EVs by
target cells.'”* Actin levels in EVs can mirror processes related
to cellular migration, cancer invasion, wound healing, or
inflammatory responses.'”> Cofilin, which regulates actin
dynamics, can signal cellular stress or injury when detected
in EVs. Variations in cofilin expression or activity within EVs
may also serve as a biomarker for disease conditions, including
neurodegenerative diseases, cardiovascular disorders, or cancer
metastasis, highlighting the importance of cytoskeletal proteins
in the functional diversity of EVs, as well as their potential
clinical applications.'”*'””

2.4.10. Membrane Transport and Fusion Proteins.
Membrane transport and fusion proteins contribute signifi-
cantly to the heterogeneity of EVs, and dysregulation of these
proteins is associated with various diseases, highlighting their
diagnostic and therapeutic potential. These proteins, including
Rab GTPases, sytenin-1, syntaxin, dynamin, annexins, and
flotillins, play pivotal roles in cellular processes such as vesicle

trafficking, exocytosis, membrane dynamics, and EV formation.
Specifically, Rab GTPases (e.g, RabS, Rab7, Rabl1, Rab27a,
Rab27b, and Rab3S) regulate vesicular transport and
membrane dynamics, orchestrating EV secretion and cellular
uptake processes. Rab$ dysregulation affects receptor traffick-
ing, contributing to cancer and neurodegenerative disorders,
and aberrant Rab7 activity is linked to lysosomal storage
disorders and infectious diseases.'”® Sytenin-1 is implicated in
cancer cell migration, invasion, and metastasis. Syntaxin is part
of the SNARE complex involved in vesicle fusion and, when
dysregulated, is associated with neurodegenerative diseases and
insulin secretion defects in diabetes.”’ Annexins (e.g.,
annexins Al, A2, and AS) and flotillins (e.g, flotillin-1 and
flotillin-2) regulate membrane organization and EV-mediated
signaling pathways, influencing cellular responses and disease
pathogenesis.

2.4.11. Lysosomal Membrane Proteins. EVs can contain
lysosome-associated membrane proteins 1 and 2 (LAMP1 and
LAMP2), which are critical for maintaining lysosomal integrity
and function.'® Specifically, LAMP1 (CD107a) is involved in
lysosomal biogenesis, acidification, and fusion, and trans-
formations in LAMP1 appearance or localization can indicate
lysosomal dysfunction. LAMP2 (CD107b) is important for
chaperone-mediated autophagy (CMA) and plays a role in
lysosomal stability and membrane repair, and LAMP2
expression levels can be a marker for CMA activity and
lysosomal function. Deficiencies in LAMP2 are linked to
Danon disease, characterized by cardiomyopathy, skeletal
myopathy, and intellectual disability.*” Thus, these proteins
are important for cellular homeostasis and can contribute to
disease pathology.

2.4.12. Lipids. Lipids are fundamental structural and
functional components of EVs, contributing to their bio-
genesis, stability, cargo transport, and intercellular communi-
cation. EV membranes are enriched in various lipids, such as
cholesterol, sphingomyelin (SM), PS, phosphatidylcholine
(PC), phosphatidylinositol (PI), phosphatidylethanolamine
(PE), glycosphingolipids, ceramides, and the membrane lipid
composition plays a critical role in EV structure, stability, and
function in diagnostics and therapeutic applications.'®""**

Cholesterol, a key component of cell membranes, is crucial
for membrane fluidity, signaling, and lipid raft formation.
Investigating cholesterol levels in EVs can offer insights into
lipid metabolism disorders, cardiovascular diseases, and
neurological conditions."®> SM is a critical lipid in EVs'
membranes, essential for their biogenesis, structure, stability,
and function. SM-enriched EVs also influence immune
responses and can promote immune evasion in cancer by
altering immune cell signaling."** In addition, sphingomyelin-
rich EVs facilitate tumor metastasis by modulating the tumor
microenvironment, enhancing cancer cell migration, invasion,
and immune suppression. Thus, sphingomyelin in EVs is
pivotal in normal cellular functions and disease progression,
especially in cancer.

PS plays a distinctive role in EV membranes, differing from
its typical localization in cell membranes. EV membranes
exhibit a higher concentration of PS compared to cell
membranes, which enhances their uptake by recipient
cells."® Their composition can also reflect their parent cells,
indicating physiological or pathological features.'"®® Under
normal conditions, PS is primarily localized to the inner leaflet
of the EV membrane; however, in pathological settings, it
becomes exposed on the outer surface, acting as an “eat-me”
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Figure 4. Diverse sources of EVs. EVs originate from various sources, contributing to their heterogeneity in composition and function. EVs
can be isolated from cell culture media, which provide a controlled environment for studying EVs from specific cells, pathogen-infected host
cells, or pathogens; or from human bodily fluids, where they represent a mixture of EVs derived from multiple cell types. This variability in
EV sources plays a crucial role in their isolation, characterization, and potential clinical applications. Figure created with Biorender.com.

signal for phagocytes. PS, indicating cell activation, apoptosis,
and immune regulation, is relevant in cancer and autoimmune
diseases."*'®” PC is the most abundant phospholipid in
biological membranes and is essential for maintaining the
structural integrity of EVs. In EVs, observing the levels of PC,
an important contributor to membrane integrity and fluidity,
can provide insight into liver function, lipid metabolism
disorders, and cardiovascular health.'*® PI and its phosphory-
lated derivatives further expand the functional spectrum of EVs
by regulating cellular signaling and vesicle trafficking. PI lipids
participate in cargo sorting, membrane curvature, and vesicle
fusion, influencing the capacity of EVs to deliver bioactive
molecules to target cells.'®" In cancer, phosphatidylinositol 3-
kinase (PI3K)-Akt signaling activation through Pl-enriched
EVs promotes tumor progression, implicating PI as a
biomarker for cancer detection and therapy response
monitoring.'® Furthermore, PE plays a crucial role in
membrane fusion during EV release and cellular uptake,
enhancing the efficiency of cargo delivery in therapeutic
applications. The presence of PE in EVs also facilitates the
formation of microdomains, contributing to membrane
curvature, lipid packing, and vesicle stability.

Glycosphingolipids, such as gangliosides (GM), are
commonly present in EVs and contribute to membrane
stability and cellular interactions.'”” GM on the EV membrane
can mediate interactions with specific receptors on recipient
cells, influencing cellular uptake, immune modulation, and
tumor progression. In neurodegenerative diseases, EVs
enriched with GM1 and GM3 have been associated with
disease progression, suggesting their potential as biomarkers
for early diagnosis and prognosis.'”!

Ceramides, a class of sphingolipids derived from sphingosine
and fatty acids, are critical for EV biogenesis by regulating
membrane curvature and facilitating vesicle formation and
fusion. Beyond their structural role, ceramide-enriched EVs

participate in key cellular pathways, including apoptosis and
stress responses, linking them to various disease states.
Elevated ceramide levels in EVs have been associated with
metabolic disorders, cancer progression, and neurodegener-
ative diseases, highlighting their potential as diagnostic
biomarkers.'**"’

2.4.13. Nucleic Acids. EVs encapsulate various RNA species,
including small RNAs such as microRNAs (miRNAs), small
interfering RNAs (siRNAs), small nuclear RNAs, small
nucleolar RNAs, PIWI-interacting RNAs, Y RNAs, and
rRNAs. Additionally, EVs contain long noncoding RNAs
(IncRNAs), circular RNAs, mRNAs, precursor RNAs, tRNAs,
and mitochondrial RNAs. These RNA species reflect the
genetic and functional diversity of their cells of origin.'”*'"
RNA molecules play crucial roles in gene regulation, cellular
signaling, and disease pathogenesis, making them valuable
biomarkers for early diagnosis and therapeutic targets in
clinical settings.”> For example, miRNAs regulate gene
expression post-transcriptionally and are implicated in cancer,
cardiovascular diseases, and neurodegenerative disorders.'”®
The siRNAs have therapeutic potential via RNA interference
mechanisms, tar%eting specific genes in viral infections and
genetic diseases. 7 Circular RNAs act as miRNA sponges,
influencing cancer progression and neurodegeneration.'”®
Modulating chromatin dynamics and gene expression,
IncRNAs contribute to cancer biology and cardiovascular
disorders.'”” Profiles of EV mRNAs reflect the gene expression
status of the parent cells, providing insi%hts into disease
progression and treatment response.”’””"" Transfer and
mitochondrial RNAs in EVs are indicators of cellular
metabolism and mitochondrial dysfunction, relevant to
diseases such as cancer and neurodegenerative disorders.”"”
Short noncoding RNAs (small RNA, small nuclear RNA, Y
RNA, PIWI-interacting RNA, rRNA, and small nucleolar
RNA) play crucial roles in RNA processing and gene
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regulation. These molecules are essential for protein synthesis,
reflect cellular health, and have significant implications for
genetic disorders and cancer biology. In addition, they may
serve as biomarkers for various disease states.”""

The RNA content of EVs differs from that of parental cells,
both in terms of the types of RNA present and their relative
quantities.204 In general, EV RNA is enriched in small RNA
species, such as miRNAs, while longer RNA molecules, such as
mRNAs, are often fragmented or truncated. In contrast, the
RNA profile of parental cells predominantly contains intact
and full-length mRNAs. In mammalian cells, the total RNA
(TRNA) content spans a broad size range, from 20 to 12,000
nucleotides (nt). The majority of this RNA is composed of
rRNA (rRNA), with the 18S and 28S rRNA subunits
accounting for 80% to 90% of the total RNA.”*> The presence
of rRNA subunits, such as 18S and 28S, in EVs is often
observed, but these rRNA molecules are frequently truncated
compared to their full-length counterparts in parental cells. A
key reason for these differences is the limited size capacity of
sEVs, which typically accommodate around 10,000 nt of
nucleic acid content. Despite this, certain EV subtypes, such as
IEVs, can occasionally contain full-length mRNAs, though this
is less common.”*®*” These differences in RNA composition
and size distribution underscore the importance of selecting
appropriate analytical techniques for studying EV RNA
content. Because of the small size and low RNA yield of
individual EVs, specialized methods, such as ddPCR and next-
generation sequencing technologies, are required for accurate
characterization and quantification. A clear understanding of
these RNA profiles is essential for deciphering the functional
and diagnostic potential of EV RNAs.

Along with RNAs, EVs encapsulate DNA fragments of
various types, including double-stranded DNA, single-stranded
DNA, mitochondrial DNA, viral DNA, and genomic DNA.
Each DNA type serves a distinct function, emphasizing the
multifaceted roles of EVs in intercellular communication,
physiological responses, and disease pathogenesis.208 Double-
stranded DNA facilitates genetic exchange between cells and
disease propagation, while single-stranded DNA aids in viral
infection and genetic maintenance.””® Mitochondrial DNA
signals cellular stress responses and modulates immune
functions, viral DNA facilitates infection spread and immune
evasion, and genomic DNA influences cellular behavior.”””
Understanding the functional roles of DNA within EVs is
crucial for elucidating their impact on health and disease and
offers insight into potential diagnostic and therapeutic
strategies.

2.5. Origin. EVs are derived from a variety of sources
(Figure 4). They can be collected from a wide range of human
bodily fluids, each containing a variety of cell types. These cells
can be further classified into subtypes, each potentially
contributing distinct functions to the EVs they release, thereby
increasing the complexity of EV populations.'®> Furthermore,
human bodily fluids not only contain EVs from human cells
but also those derived from pathogens or pathogen-infected
host cells, adding another layer of variability.'® In this section,
we will examine variations in EV content and function between
different cell types and within specific cell types, providing
examples from immune, stem, and neural cells and citing
studies using in vitro and in vivo models, tissue models, or
patient samples. We will also address the diversity introduced
by EVs derived from pathogens, highlighting the additional
complexity in analyzing EVs from human bodily fluid sources.

Understanding this variability is critical for research and
clinical applications.'””

2.5.1. EVs Derived from Cell Types. 2.5.1.1. EVs Derived
from Immune Cells. Even when derived from one cell type,
EVs display great heterogeneity, with immune cell—derived
EVs being a prominent example. The great heterogeneity
displayed by immune cell-derived EVs reflects the diverse
functions and phenotypes of immune cells and the dynamic
nature of immune responses. Immune cells encompass various
subtypes, including macrophages, dendritic cells, T cells, B
cells, natural killer cells, and myeloid-derived suppressor cells,
each playlig§1 (()iistinct roles crucial for immune regulation and
response. ’

In the form of EVs, immune cells release customized cargo,
comprising proteins, lipids, nucleic acids, and other bioactive
molecules, and this cargo plays critical roles in the human
body. The composition of this cargo reflects the dynamic
nature of cells, changing with their activation state, differ-
entiation status, and environmental cues.'”*' The cargo also
reflects the functions of specific immune cells, which may
include immune regulation, antigen presentation, and inter-
cellular signaling.'®*'" For example, dendritic cell—derived
EVs are enriched with MHC and costimulatory molecules,
facilitatin$ T-cell activation and subsequent immune re-
sponses.” ~ Macrophage-derived EVs transport cytokines,
chemokines, and inflammatory mediators, thereby modulating
immune responses and inflammation.”"> Sometimes EVs are
involved in opposing processes. For instance, EVs released by
regulatory T cells suppress immune responses and promote
immune tolerance, while those from APCs (e.g, dendritic
cells) stimulate T-cell activation and differentiation.'®*"?
Importantly, immune cell-derived EVs have the capacity to
modulate the activity and function of target cells both within
and beyond the immune system, affecting not only immune
cells-for example, by modulating immune cell function,
promoting or inhibiting immune activation, regulating immune
cell differentiation and polarization, or facilitating immune cell
crosstalk-but also other types of cells in various tissues. Thus,
immune cell-derived EVs can influence diverse processes,
such as homeostasis, repair, infection, and inflammation, as
well as the tumor microenvironment.

Given their pivotal functions, including their role in various
diseases, including cancer, infectious diseases, autoimmune
disorders, and inflammatory conditions, immune cell—derived
EVs have important implications for diagnosis and therapy.
Characterizing their heterogeneity may provide insights into
disease mechanisms and identify potential biomarkers and
therapeutic targets.'’

2.5.1.2. EVs Derived from Neuronal Cells. Like EVs derived
from immune cells, EVs derived from neural cells display great
heterogeneity. This great heterogeneity underscores the
diverse functions and phenotypes of neural cells and highlights
the intricate nature of neural processes and the intricate
interactions that occur within the nervous system. Neural cells
include neurons and glial cells, with examples of the latter
being astrocytes, oligodendrocytes, microglia, and Schwann
cells. Each of these cell types contributes uniquely to neural
functions.”'* For instance, neurons are central to synaptic
signaling and neural communication, while glial cells are
essential for maintaining neuronal homeostasis, providing
structural support, regulating synaptic function, modulatin%
immune responses in the brain, and facilitating myelination.*'
Neurons’ interactions with glial cells, as well as their
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communication with other cell types in the nervous system, are
critical for regulating synaptic plasticity, maintaining neural
circuit stability, and responding to injury or disease.”"

Neural cell-derived EVs serve as essential mediators of
intercellular communication within the nervous system and
beyond, facilitating diverse physiological and pathological
processes.”'” Neuron-derived EVs are enriched with neuro-
transmitters, neuropeptides, and synaptic proteins, enabling
them to modulate synaptic transmission and plasticity.” In
contrast, glial cell-derived EVs contribute to functions such as
myelination, neuroinflammation, and neuroprotection. These
EVs are often enriched with proteins and molecules such as
myelin basic protein (MBP), which is crucial for myelination,
and various cytokines and growth factors like brain-derived
neurotrophic factor (BDNF) and TGF-f3, which play roles in
neuroinflammation and neuroprotection.”'® This diversity in
cargo and function underscores the intricate communication
network within the nervous system and the role of EVs in
mediating these interactions.

Neural cell-derived EVs carry a variety of biomolecules,
including proteins, lipids, nucleic acids, and other bioactive
molecules, which are reflective of the physiological state and
specific functions of their parent cells.”'* The cargo of neural
cell—derived EVs includes tetraspanin proteins, including CD9,
CD63, and CD81, which are commonly found on the surface
of EVs and involved in EV biogenesis, cargo sorting, and
intercellular signaling.”'” Also identified on the surface of
neural cell-derived EVs are integrin proteins, including avf3
and a6f4, which facilitate EV binding and uptake by target
cells;*"* MHC proteins, including MHC class I and II
molecules, which play roles in immune modulation and
antigen presentation within the central nervous system;**’
and various glycoproteins, including neural cell adhesion
molecule (NCAM), L1 cell adhesion molecule (L1CAM), and
EGFR, which may mediate EV binding, signaling, and uptake
by recipient cells.” The use of LICAM as a biomarker for
neurodegenerative and psychiatric diseases is contentious, as
studies have shown it is not associated with EVs in human
plasma or cerebrospinal fluid, challenging its validity as a
neural cell—derived EV marker.””" A recent study employing
proteomic profiling of EVs from human neural cells identified
ATPIA3 as a robust neuron-specific marker. ATP1A3" EVs
isolated from plasma from individuals with Alzheimer's disease
demonstrated amyloid-# positivity, providing superior diag-
nostic accuracy compared to conventional plasma biomarkers.
These findings highlight ATP1A3" EVs as a promising
alternative for neurodegenerative disease diagnostics.”'* Neural
cell-derived EVs hold significant diagnostic value, with
biomarkers such as Af42, total tau, p-T181-tau, p-S396-tau,
NRGN, synaptotagmin, GAP43, SNAP2S, cathepsin D, REST,
and a-synuclein demonstrating consistent reliability for clinical
disease diagnosis.”*”

Astrocyte-derived EVs play dual roles in central nervous
system disorders, contributing to neuroinflammation and
neurotoxicity while also providing neuroprotection in certain
contexts. For example, neural cell-derived EVs mitigate
astrocyte-induced neurotoxicity, with miR-124—3p overexpres-
sion shown to reduce neural damage effectively. The distinct
protein and miRNA profiles of astrocyte-derived EVs across
various physiological and pathological conditions further
highlight their potential as valuable diagnostic biomarkers
and therapeutic targets.”*’

Given their pivotal functions, including their role in neural
communication, synaptic plasticity, neuroprotection, and
modulation of neuronal activity,”*****> neural cell—derived
EVs hold clinical relevance as potential biomarkers for
neurological disorders and neurodegenerative diseases and
can provide valuable insights into disease pathogenesis and
progression.”*® Notably, brain-derived EVs can cross the
blood—brain barrier, as opposed to cells, and thus appear
early in the pathogenesis of neurological diseases, with
implications for diagnostics. Furthermore, they possess
therapeutic potential as carriers for targeted drug delivery
and agents for neural re};air and regeneration in various
neurological conditions.”*”

2.5.1.3. EVs Derived from Stem Cells. EVs derived from
stem cells also display great heterogeneity, reflecting their
diverse origins and functions. Stem cell-derived EVs include
those from MSCs, embryonic stem cells, induced pluripotent
stem cells, and neural stem cells, and they possess a variety of
regenerative and immunomodulatory properties.zw’22 229
Additionally, even EVs from the same type of parent stem
cell have heterogeneous cargo. For example, different MSC
subpopulations produce EVs with distinct surface markers and
protein profiles that reflect their specialized biological
roles.””*"  Surface markers found on MSC-derived EVs
include CD9, CD37, CDS3, CD63, CD81, and CD82, along
with specific markers like CD29, CD44, CD73, CD90, CD105,
CD166, and KIT (CD117).”** Importantly, MSC-derived EVs
lack hematopoietic antigens (CD14, CD19, CD34, CD4S, and
HLA-DR), reflecting their mesenchymal origin.”>* Within
MSC-derived EVs are trophic factors, cytokines, and miRNAs,
PIWI-interacting RNAs, and siRNAs, which are delivered to
target cells, altering their activity and function.””***> EVs
derived from induced pluripotent stem cells carry inhibitory
miRNAs, such as those from the miR-125 family, as well as
miR-126a, miR-146a, miR-199a, and miR-223, suppressing T-
cell proliferation and pro-inflammatory cytokine expression.**®
Notably, cancer cell-derived EVs may carry tumor-specific
biomarkers, such as mutated proteins or oncogenic miRNAs,
which can be detected in bodily fluids like blood or urine.
These biomarkers are valuable for early cancer detection,
disease monitoring, and therapeutic response assessment."”
For example, specific protein or RNA signatures in EVs can
help differentiate lung cancer subtypes, providing critical
insights for targeted therapies.””” And MSC-EVs have shown
the ability to promote tissue repair and modulate immune
responses, making them promising candidates for treating
inflammatory diseases and tissue injuries. Furthermore, the
capability of EVs to cross biological barriers and deliver
therapeutic molecules positions them as potential EVs for drug
delivery systems.'”'®> EVs derived from neural stem cells also
exert their effects through specific miRNAs, regulating cell
growth and apoptosis.”*” Their miRNAs can also contribute to
neuroprotection. For example, miR-16 is known to contribute
to the therapeutic effects of selective serotonin reuptake
inhibitor (SSRI) antidepressants.”’® Moreover, insulin-like
growth factor influences the loading of miR-219a-2—3p into
exosomes derived from rat neural stem cells, which suppresses
YY1 expression and partially mitigates neuroinflammation,
thereby enhancing neuroprotective effects following spinal
cord injury (SCI).”*” Thus, stem cell—derived EVs, through
their cargo of bioactive molecules such as growth factors and
miRNAs, play crucial roles in tissue repair, regeneration, and
immune modulation, having relevance for tissue injury,
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inflammatory disorders, and autoimmune diseases.

Continuing to build our understanding of stem cell—derived
EVs in health and disease is paramount for the advancement of
EV-based therapeutics and diagnostic approaches.”

2.5.2. EVs Derived from Pathogen-Infected Host Cells or
Pathogens. EV heterogeneity also arises from the presence of
pathogens in the human body, with bodily fluids containing
both human-derived EVs and pathogen-derived EVs. More-
over, within pathogen-derived EVs, there is notable hetero-
geneity; they exhibit diversity in both composition and
function, playing pivotal roles in various aspects of patho-
genesis, including immune evasion, intercellular communica-
tion, and establishment of infection within the host milieu.***
This diversity reflects the intricate strategies pathogens employ
to interact with the host and manipulate its immune response,
thereby shaping the progression of infection and disease.'®"
Pathogen-derived EVs come from a wide range of microbial
entities, including bacteria, viruses, fungi, and parasites, and EV
hetero genelty exists among these entities and also within each

For example, heterogeneity exists within bacterial EVs.
Bacterial EVs differ in structure, size, density, and molecular
cargo composition, and these differences are due to a variety of
factors: diverse biogenesis routes, including membrane
blebbing, endosomal sorting, and other mechanisms; unique
membrane envelope structures; and different strain-related
genetic backgrounds.245 Bacterial EVs also differ in their
production and distribution, which are dependent on bacterial
species and physiological state.'**® EVs also differ with
respect to bacterial type; EVs are generated by both Gram-
negative and Gram-positive bacteria, with EVs from each type
exhibiting distinct characteristics. EVs from Gram-negative
bacteria are characterized by an interior leaflet of phospholi-
pids and an exterior leaflet of lipopolysaccharides, activating
immune cells through Toll-like receptors. In contrast, EVs
from Gram-positive bacteria display surface lipoteichoic acid,
stimulating immune cells via Toll-like receptor 2 (TLR2).>* 127
Bacterial EVs also have diverse functions. They are involved in
bacterial survival, dissemination, and evasion of host immune
responses, and they participate in crucial processes such as
biofilm formation, antibiotic resistance, and manipulation of
host cellular functions.”*”**® EVs derived from pathogenic
bacteria like Neisseria gonorrheae, Escherichia coli, and
Pseudomonas aeruginosa have been observed to induce
mitochondrial dysfunction and immune responses in macro-
phages, highlighting their significance in pathological initia-
tion.”* However, it should be noted that bacterial EVs can be
engulfed by macrophages via several different pathways, which
can influence both the macrophage immune response as well as
the availability of bacterial EVs in circulation.”*>*** Despite the
complexities involved, elucidating the roles of EVs in infectious
disease pathogenesis is essential. While pathogen-derived EVs
in human bodily fluids have received less attention, possibly
due to methodological challenges, understanding their origins
and functions remains paramount. For example, the mecha-
nisms governing bacterial EV export are poorly understood,
and universal markers for bacterial cargo remain elusive. Such
insights and many others will be instrumental in the
development of diagnostic strategies and effective therapeutic
interventions for combating various infectious dis-
eases, 242246:250

In relation to this, bacterial EVs are promising diagnostic
markers for bacterial infections, and accurately identifying EVs

of diverse bacterial origins could provide early diagnosis,
facilitate intervention, and guide treatment.”*”*>" The
biomolecular cargo within bacterial EVs also holds significant
potential for cancer diagnosis and therapy,'®*>* as specific
proteins, nucleic acids, and lipids encapsulated within bacterial
EVs can serve as valuable biomarkers for cancer detection and
monitoring, offering insights into cancer progression and
characteristics.”*>**® Furthermore, bacterial EVs can be
engineered as delivery vehicles for targeted drug delivery or
immunotherapy for cancer treatment, presenting opportunities
for personalized and effective therapeutic interventions.****>

Viral EVs are somewhat different than bacterial EVs. These
EVs, often referred to as virosomes, are released during viral
replication from cells infected with various viruses, such as
human immunodeficiency virus (HIV), severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2), herpes simplex
virus, or hepatitis viruses.”>>*>* As viruses exit host cells,
virosomes form during the budding process, acquiring a lipid
bilayer membrane. This budding process involves the viral
particles pushing through the host cell membrane, which wraps
around them to form a new lipid bilayer. Viral EVs carry a
cargo consisting of viral proteins, nucleic acids, enzymes,
toxins, and host cell-derived components. They play pivotal
roles in modulating host immune responses and viral
pathogenesis.”****"’

Fungal EVs are produced via mechanisms involving
endosomal sorting and plasma membrane budding. As
observed in Cryptococcus neoformans, they share a size range
similar to bacteria-derived EVs. They carry a diverse cargo,
including proteins, lipids, nucleic acids, polysaccharides, and
specific virulence factors, contributing significantly to inter-
cellular communication, virulence, host—pathogen interactions,
and environmental adaptation.”>

Parasitic EVs, from helminths, protozoans, malaria parasites,
and trypanosomes, are likely produced by similar processes to
those of bacterial and fungal EVs, including endosomal sorting
and membrane sheddlng, and they also fall within a
comparable size range.”*® Their cargo includes proteins, lipids,
nucleic acids, and parasite-specific molecules, including
virulence factors and antigens. Their roles in host cell invasion,
dissemination, and modulation of host immune responses
underscore their importance in infectious diseases.”****/

2.6. Sample Type. EVs can be collected from human
bodily fluids, which may present important differences
compared to those collected from cells cultured in media.”*®
In this section, we discuss important considerations related to
working with EVs collected from human bodily fluids and EVs
collected from cells cultured in media.

2.6.1. EVs Collected from Specimens. EVs collected from
human bodily fluids display remarkable diversity in content
and function, mirroring the diversity of their originating cells.
EVs can be collected from different bodily fluids, including
blood, urine, saliva, solid tissues, cerebrospinal fluid, and breast
milk, and the EVs collected from each of these can originate
from a variety of cell types.”'****” For example, blood alone
contains EVs originating from various cellular sources,
including red blood cells, platelets, endothelial cells,
leukocytes, and stem cells. And these EVs have different
functions depending on their cell of origin. For instance,
platelet-derived EVs actively participate in hemostasis and
thrombosis, contributing to the delicate equilibrium required
for blood clotting, while EVs derived from endothelial cells
play pivotal roles in angiogenesis and vascular repair. 290 But
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Figure 5. Diversity of EV functions in clinical applications. Figure created with Biorender.com.

these are just two examples; EVs in human bodily fluids play
indispensable roles in numerous biological processes.”®" From
modulating immune responses to orchestrating tissue repair
and regeneration, from contributing to coagulation processes
to influencing cancer progression, EVs exert significant
influence over cellular behavior and gene expression.”®”
Their involvement in diverse signaling pathways associated
with both health and disease underscores their importance in
maintainin% physiological homeostasis and driving pathological
conditions.

EVs collected from human bodily fluids also display diversity
in their concentration, reflecting their physiological origins and
disease-specific utility. Plasma typically contains the highest EV
concentration, ranging from 107 to 102 particles/mL, making
it suitable for diagnostics for systemic diseases, including
cancers, cardiovascular, and neurological disorders.’*® In
contrast, urine has a lower EV concentration, ranging from
10* to 107 particles/mL, but provides a valuable, noninvasive
source for diagnosing renal and urological conditions.**®
Cerebrospinal fluid holds 10°—10% particles/mL of EVs,
offering critical biomarkers for neurological diseases such as
Alzheimer's and Parkinson's disease.”** Saliva contains 10*—
107 particles/mL of EVs, serving as a convenient, noninvasive
option for oral health and systemic disease monitoring.”*®
Breast milk contains 10°—10° particles/mL of EVs, important
for infant development and maternal health.”*® Semen contains
10*~107 particles/mL of EVs, which are involved in
reproductive processes, such as sperm motility and fertilization.

EVs from semen are also studied in the context of prostate
cancer diagnostics.””” Sweat, containing 10*~10° particles/mL
of EVs, offers a lower concentration of EVs but shows potential
for diagnosing skin-related diseases and conditions like cystic
fibrosis.”*® These variations in EV concentration highlight the
diverse utility of different bodily fluids, with plasma and breast
milk offering higher concentrations for systemic disease
detection, while fluids like urine, cerebrospinal fluid, and saliva
provide more localized, noninvasive diagnostic options.

The extensive heterogeneity among EVs in human bodily
fluids presents both opportunities and challenges for
biomedical research and clinical applications.”” EVs from
bodily fluids provide a dynamic reflection of the physiological
and pathological states of their originating cells and tissues,
offering valuable insights into various health conditions."
Their diverse content and functions hold the potential to
reveal novel diagnostic biomarkers, drive innovative therapeu-
tic interventions, and enable targeted drug delivery strategies,
ultimately improving diagnostic accuracy and patient out-
comes. However, the complexity of EV populations can make
it difficult to isolate and characterize specific subtypes, and the
variability in EV content across different individuals and
conditions can complicate the interpretation of results. In
addition, the presence of a broad range of EVs from various
sources within the same bodily fluid can lead to overlapping
signals and potential interference, complicating the develop-
ment of precise diagnostic and therapeutic applications.
Understanding these complexities and overcoming these
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challenges are crucial for effectively leveraging EVs from
human bodily fluids for clinical applications. In contrast, EVs
derived from cultured cells, as discussed in the next section,
may offer more controlled and consistent profiles, which can
help clarify specific cellular mechanisms and streamline the
development of targeted interventions in clinical applications.

2.6.2. EVs Collected from Cells Cultured in Media. EVs are
released by cultured cells and collected from the cell culture
medium. Their heterogeneity is influenced by factors such as
cell type, culture medium composition, and environmental
conditions during cell growth. These factors can impact the
characteristics and contents of the EVs, making it essential to
consider them when studying EVs from cell culture
models.”*®*”° For instance, MSC-derived EVs vary depending
on whether the cells are grown in 2D (two-dimensional) or 3D
(three-dimensional) environments, with 3D cultures often
enhancing both EV yield and functionality.””"

When working with EVs secreted by cells and isolated from
culture medium, one must consider several factors. Supple-
ments used for cell growth can introduce non-EV particles
(NEVs), and these particles must be removed to accurately
study EV content and function.”*®*”" In addition, culture
medium composition significantly influences EV size and
properties.””” The identity of the parent cell also impacts EV
yield, phenotype, and function, as cells from different sources
produce EVs at varying rates and with different functional
profiles. For example, in comparison to healthy cell lines,
cancer cell lines tend to release more EVs and EVs with higher
densities. Finally, EVs isolated from the cell culture medium
generally display higher purity than those from bodily fluids.

2.7. Function and Applications of EVs. The hetero-
geneity of EVs is fundamental to their diverse functions. The
cargo carried by EVs can influence recipient cell behavior in
several ways, making EVs critical mediators of intercellular
communication, essential for maintaining physiological homeo-
stasis and contributing to pathological conditions. Among
other functions highlighted elsewhere in this review, EVs can
modulate immune responses, promote repair and regeneration,
and mediate tumor progression and drug resistance. They also
play an increasing role in medicine, with clinical applications
such as diagnostics, prognostics, therapy, and drug delivery
(Figure 5).2\ H273

2.7.1. EVs in Immune Modulation. EVs play a crucial role
in modulating immune responses through various mechanisms,
influencing both the activation and regulation of immune
cells.””* EVs can facilitate immune modulation by delivering
antigens to APCs, such as dendritic cells and macrophages.
APCs recognize and process “non-self” antigens through their
surface receptors and then present these antigens to other cells
via MHC molecules. For instance, antigens presented on MHC
class II molecules are recognized by B cells, which process and
display the antigens, leading to B-cell activation.””> Activated B
cells present the antigens to helper T cells (CD4" T cells),
which become activated and release cytokines. These cytokines
stimulate other immune cells to produce antibodies and recruit
macrophages, neutrophils, and additional lymphocytes to the
infection site.””® In parallel, cytotoxic T cells (CD8* T cells)
recognize and bind to antigens presented on MHC class I
molecules on infected or altered cells. This interaction leads to
the activation of cytotoxic T cells, which then target and
destroy cells harboring intracellular pathogens. This dual
mechanism—both MHC class I- and MHC class II-mediated

activation ensures a comprehensive and targeted immune
response against various pathogens.”””

Recent studies highlight the immunosuppressive potential of
MSCs and their sEVs, particularly in treating acute graft-
versus-host disease (aGvHD). Wharton’s Jelly-derived MSCs
are especially promising, secreting sEVs enriched in pro-
grammed death-ligand 1 (PD-L1), a key immune checkpoint
molecule.””® WJMSC-derived sEVs suppress T cell receptor
(TCR)—mediated activation through PD-L1, as demonstrated
by in vitro experiments where blocking PD-L1 restored T-cell
activity. Moreover, sEVs lacking PD-L1 failed to suppress T-
cell activation, confirming its essential role. These findings
position WJMSC-derived sEVs as a promising tool for
immunotherapy, offering potential for both cell-based and
cell-independent treatments for immune-related disorders like
aGvHD. Their PD-L1—enriched vesicles provide a targeted
mechanism for immune modulation, supporting their advance-
ment in therapeutic strategies.’'”

In addition to antigen presentation, EVs can modulate
immune responses through direct antimicrobial actions.
Immune cell-derived EVs can carry antimicrobial peptides,
enzymes, and other molecules that inhibit or kill pathogens.
For example, neutrophil-derived EVs can carry enzymes like
myeloperoxidase and neutrophil elastase, which degrade
bacterial cell walls and neutralize pathogens. This direct
antimicrobial activity helps control infections and limit
pathogen spread.”””*””

EVs also play a role in enhancing immune responses by
transferring cytokines and chemokines, which promote the
recruitment and activation of additional immune cells at
infection sites. By transferring these signaling molecules, EVs
help in orchestrating a more effective and localized immune
response.’” Moreover, EVs can influence bacterial behavior by
disrupting quorum sensing, which is a mechanism used by
bacteria to coordinate gene expression on the basis of cell
density. By interfering with quorum sensing, EVs can hinder
bacterial biofilm formation and pathogenicity, further con-
tributing to the host’s defense against bacterial infections.'’
EVs are integral to immune modulation through their roles in
antigen presentation, direct pathogen inhibition, and the
enhancement of immune cell recruitment and activation.
Their diverse functions highlight their potential as therapeutic
targets and tools in managing immune-related diseases and
infections.

2.7.2. EVs in Repair and Regeneration. EVs promote tissue
repair and regeneration by supporting cell proliferation and
survival.®*° For instance, EVs derived from MSCs contain
growth factors and cytokines, such as vascular endothelial
growth factor, hepatocyte growth factor, and insulin-like
growth factor, which enhance the proliferation and survival
of recipient cells.”®" These factors can activate signaling
pathways such as PI3K/Akt and MAPK, leading to increased
cell proliferation and reduced apoptosis.”**

EVs also play a crucial role in angiogenesis, the formation of
new blood vessels from existing vasculature, essential for tissue
repair and regeneration.”® EVs deliver pro-angiogenic factors
to endothelial cells, including miRNAs, like miR-126 and miR-
210, and proteins, like vascular endothelial growth factor and
angiopoietin, directly stimulating endothelial cell migration,
proliferation, and tube formation.'”*

EVs can also modulate the inflammatory response to create a
favorable environment for tissue repair.z‘q’o’284 For example,
EVs from MSCs have been shown to carry anti-inflammatory
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cytokines, such as interleukin-10 and TGF-f, which can reduce
the infiltration of pro-inflammatory cells and the production of
inflammatory cytokines. This modulation helps to resolve
inflammation and promote tissue regeneration.285

2.7.3. EVs in Tumor Progression and Cancer Drug
Resistance. EVs play pivotal roles in fueling tumor progression
by modulating the tumor microenvironment and facilitating
key oncogenic processes.’*° They enhance cancer cell
proliferation, induce angiogenesis, and drive epithelial-mesen-
chymal transitions, all of which contribute to tumor growth,
invasion, and metastasis. By transferring bioactive molecules
such as oncogenic proteins, RNA species, and lipids, EVs
create a pro-tumorigenic niche that sugpports sustained cancer
cell expansion and immune evasion.””” Beyond their role in
tumor progression, EVs are also key mediators of cancer drug
resistance. EVs originating from drug-resistant cells carry drug
efflux pumps, receptor tyrosine kinases, and pro-survival
factors, which can be transferred to recipient cells.”®® This
transfer reduces drug levels in recipient cells, triggering survival
pathways, vascular restructuring, and avoidance of cell death
mechanisms,”*” facilitating the propagation of drug resistance
within tumors and complicating treatment strategies.”*"*"’
Consequently, EV-mediated drug resistance not only dimin-
ishes the efficacy of chemotherapy and targeted therapies but
also fosters the emergence of treatment-resistant tumor
populations, complicating therapeutic strategies and contribu-
ting to disease recurrence.

2.7.4. EVs in Disease Detection and Monitoring. EVs are
extremely valuable for disease detection and monitoring. They
are abundant in human bodily fluids, such as blood, urine,
saliva, and cerebrospinal fluid, and the noninvasive to
minimally invasive nature of EV sampling allows for repeated
measurements over time, critical for monitoring disease
dynamics, such as response to therapy.””’ EVs mediate
numerous biological phenomena, significantly influencing
pathological processes by eliciting responses within target
cells, and they correlate with specific pathophysiological
states.””” They mirror their parent cells and carry disease-
specific markers.””> For all these reasons, EVs are great
potential sources of biomarkers for managing a variety of
diseases. For instance, tEVs carrying oncogenic proteins and
miRNAs may serve as biomarkers for cancer, while immune
cell-derived EVs may serve as biomarkers for inflammation or
autoimmune activity. This specificity enables early disease
detection, often before clinical symptoms manifest them-
selves."”””* For example, Atay and colleagues reported that
gastrointestinal stromal tumor (GIST) cells invade the
interstitial stroma through the release of exosomes containing
the oncogenic protein tyrosine kinase (KIT) (i.e., “onco-
somes”). In these oncosomes, KIT is constitutively activated,
which triggers the phenotypic conversion of progenitor smooth
muscle cells to tumor-promoting cells.””* Furthermore, the
researchers could use these oncosomes and associated
exosome proteins, discovered through the first high-quality
proteomic study of GIST-derived exosomes, to track disease
burden in patients receiving imatinib mesylate.”””

EV-derived biomarkers can be used to detect cancer, and
these biomarkers include tumor-specific proteins, oncogenic
RNA signatures, and mutated DNA. Different proteins are
associated with specific types of cancer: for example, EGFR is
linked to lung cancer; prostate-specific antigen (PSA), to
prostate cancer; and HER2, to breast cancer, to name a few.
The existence of these proteins in EVs obtained from bodily

fluids can aid in the early detection of cancer. Due to the high
abundance of cancer-derived EVs secreted by cells, they hold
significant potential for early-stage cancer detection.””® In
addition to distinct proteins, tEVs can carry distinct RNA
molecules that have been recognized as possible biomarkers for
different tg;pes of cancer, such as mRNAs, miRNAs, and
IncRNAs.””” EVs can also contain cancer-associated DNA
fragments, such as altered KRAS, PIK3CA, PD-L1, and TPS53
genes.

EV-derived biomarkers can also aid in the diagnosis of
cardiovascular disease. EVs contribute significantly to
cardiovascular disease via their molecular cargo. EVs derived
from cardiac cells contain proteins indicative of myocardial
injury and heart failure, including troponin and natriuretic
peptides. These are traditional biomarkers for these conditions,
but detecting them in EVs can enhance diagnostic accuracy.
Cardiac cell—derived EVs can also contain RNAs relevant to
diagnostics. Like proteins, EV RNAs encapsulated in EVs can
be indicative of myocardial injury and heart failure, and EVs
from patients with cardiovascular disease often contain specific
miRNAs, such as miR-126, miR-133a, miR-146a, miR-155, and
miR-223, which are involved in vascular and cardiac function.
These miRNAs can serve as noninvasive biomarkers for
cardiovascular conditions. Thus, monitoring cardiac-specific
EV biomarkers in circulation provides insights into cardiovas-
cular health and disease progression.*”

EVs can also provide biomarkers for diagnosing infectious
diseases. During infection, EVs carry pathogen-derived
proteins and nucleic acids, which can serve as diagnostic
markers for diseases such as hepatitis, HIV, and COVID-
19.7*%** During viral infection of hepatitis C, EVs in the
serum carry viral RNA capable of replication, along with
factors like Ago2, miR122, and HSP90, which support viral
replication and can also transmit the virus to other cells to
facilitate infection.””® Viral RNA sequences have been used to
help detect and monitor infections of hepatitis B and C.*”**%
EVs from HIV-infected individuals can carry viral RNA and
proteins, and detecting these components in EVs can aid in
diagnosing HIV and monitoring the disease.’”’ EVs in the
blood of tuberculosis (TB) patients can contain mycobacterial
components, which can be used to diagnose TB and monitor
treatment efficacy.’®” In addition to pathogen-derived markers,
EVs from infected individuals can carry proteins and RNAs
reflecting the host immune response, such as interferons and
cytokines. These can also help diagnose and monitor the
progression of infections.”*’

EV-derived biomarkers can also be used to detect neuro-
degenerative, autoimmune, metabolic, and liver disease. In
neurodegenerative diseases such as Alzheimer's and Parkin-
son's disease, EVs from neural cells carry disease-specific
proteins (e.g., tau, a-synuclein) and miRNAs (e.g., miR-125b,
miR-146a) associated with disease pathology. EVs and the
cargo they carry can serve as important markers for the
detection of acute ischemic stroke as well.”"® Detection of
these biomarkers in EVs holds promise for early diagnosis and
monitoring of disease progression. In autoimmune diseases,
EVs provide insi(ghts into disease mechanisms and serve as
diagnostic tools.””” In type 1 diabetes, an autoimmune disease
targeting the insulin-producing pancreatic B cells, EVs are
crucial in transporting autoantigen peptides from S cells to
APCs. This transfer can initiate or exacerbate immune
responses by activating T cells, contributing to the auto-
immune attack on f cells.”®* EVs can also aid in diagnosing
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metabolic disorders, such as obesity and type 2 diabetes. EVs
from individuals with metabolic disorders may carry specific
proteins involved in metabolic pathways.’>> For example,
adipocyte-derived EVs can carry adipokines, indicative of
metabolic health. Specific miRNAs in EVs, such as miR-122
and miR-192, have been associated with insulin resistance and
liver function, providing potential biomarkers for metabolic
conditions.’*° Finally, in nonalcoholic fatty liver disease
(NAFLD), miRNAs derived from hepatocyte vesicles are
better biomarkers than miRNAs directly from hepatocytes.
The reduced levels of miR-135a-3p in vesicles are linked to the
progression of NAFLD and are thus regarded as a biomarker
for the condition.””’

2.7.5. EVs in Therapeutics. EVs contain a phospholipid
bilayer membrane, which maintains structural integrity for
carrying molecular cargos and protects the endogenous or
exogenous proteins and RNAs from enzymatic degradation.
Therefore, EVs are excellent natural biomaterials for drug
delivery.’®® Compared to synthetic nanoparticles, EVs, with
their intrinsic properties, exhibit longer circulation times and
tissue penetration ability. Several factors from EVs, including
size, shape, surface charge, and surface receptors, play
important roles in determining their in vivo biodistribution
and drug delivery performance. A few early clinical trials have
evaluated the effects of autologous dendritic cell—derived EVs
for cancer immunotherapy and allogeneic mesenchymal stem
cell-derived EVs for regenerative and anti-inflammatory
applications.’”””'” To increase the therapeutic potency,
molecularly engineered EVs have been popular for developing
specific disease treatment agents.’””*'" The broadly reported
minimal side effects from the administration of EVs derived
from various specific cell sources are also highly promising for
utilizing EVs as safe and well-tolerated therapeutic agents.’'”
As a cell-free therapy, EVs provide a cost-effective approach
with good stability and transportation, and straightforward
handling and therapeutic administration, which is more
advanced than their parent cells. EVs are opening new
opportunities in developing therapeutic applications and
clinical translation.

The therapeutic potential of EVs has garnered significant
interest for diverse medical applications. One application is
cancer treatment. Approaches targeting EV biogenesis,
secretion, or uptake aim to disrupt tumor-promoting signaling
pathways and inhibit cancer progression.”*® EVs offer a
promising approach for targeted cancer therapy. These vesicles
can be engineered to deliver therapeutic agents directly to
cancer cells, thereby enhancing treatment specificity and
minimizing off-target effects.®’® For instance, EVs can be
modified to carry chemotherapeutic drugs or immune
checkpoint inhibitors, such as PD-L1 inhibitors, which help
modulate the tumor microenvironment and enhance the
immune response against cancer cells.”'* Another application
is cardiovascular treatment. EVs derived from MSCs show
considerable promise for cardiac repair and regeneration.
Following myocardial infarction, MSC-derived EVs can
promote angiogenesis, reduce inflammation, and prevent
cardiomyocyte apoptosis. Moreover, these EVs exhibit anti-
inflammatory effects that may benefit patients with athero-
sclerosis and other inflammatory cardiovascular conditions. Yet
another application is treatment for neurodegenerative diseases
such as Alzheimer's and Parkinson's disease, in which EVs offer
a potential means of delivering neuroprotective agents and
modulating disease processes.21 218 For instance, EVs can be

engineered to carry therapeutic molecules like f-amyloid—
clearing enzymes for Alzheimer's disease or neuroprotective
agents for Parkinson's disease, aimin$ to reduce neurotoxicity
and support neural regeneration.’ > EVs are also being
explored for their potential to modulate immune responses
in autoimmune diseases. EVs derived from regulatory T cells
(Tregs) can transport anti-inflammatory cytokines and miRs
that influence immune system activity. This approach holds
promise for treating conditions such as rheumatoid arthritis
and systemic lupus erythematosus (SLE).”*"*'® In the realm of
antiviral therapy, EVs can be engineered to deliver antiviral
agents or RNA-based therapies that inhibit viral replication.”"”
For example, EVs carrying siRNA targeting HIV or SARS-
CoV-2, or carrying antiviral compounds for hepatitis, have
demonstrated potential in reducing viral loads and improving
treatment outcomes.’'® In metabolic disorders such as type 1
and type 2 diabetes, stem cell-derived EVs are being
investigated for their ability to modulate insulin sensitivity
and support pancreatic f-cell regeneration. These EVs offer
promise for improving metabolic regulation and mitigating
complications associated with diabetes.”'”*°

The unique attributes of EVs, such as low immunogenicity,
biocompatibility, and the ability to traverse biological barriers,
position them as promising candidates for a wide range of
therapeutic applications. Despite the potential of EVs for
therapeutics, the mechanisms underlying their therapeutic
effects remain only partially understood, largely due to the
inherent complexity and heterogeneity of EV popula-
tions.'®”*'® Continued research is essential to fully elucidate
their mechanisms of action and to optimize their therapeutic
potential.

3. EV BIOMARKERS

EVs have emerged as a promising source of biomarkers for
clinical applications, offering distinct advantages over free
proteins present in biofluids such as plasma and urine. Free
proteins arise from various cellular processes, including
secretion, enzymatic activity, and cell lysis, and include
cytokines, enzymes, and growth factors, vital for physiological
functions. Although free proteins play critical roles in clinical
diagnostics, they are susceptible to rapid degradation by
proteases, dilution in circulation, and nonspecific interactions,
which limit their stability and reliability as biomarkers.
Additionally, the wide dynamic range of serum proteins can
obscure disease-specific changes, making detection difficult.
While quantifying free proteins offers valuable insights into
systemic physiological changes, it often lacks the specificity
required to trace cellular origin or identify disease-specific
molecular signatures.*?’21 In contrast to free proteins, EV surface
proteins, embedded in or attached to the lipid bilayer of EVs,
offer several unique benefits that enhance their potential as
biomarkers. These proteins serve as markers of their parent
cells and are protected within the vesicular structure,
preserving disease-specific molecular signatures and enhancing
their stability compared to free proteins. EV surface proteins
facilitate intercellular communication and can indicate
pathological conditions, such as cancer progression or
neurodegeneration. Furthermore, EVs carry additional bio-
molecules, including RNAs and DNAs, which further amplify
their diagnostic potential.’”*” Because EVs represent specific
cellular subpopulations, their protein content offers greater
diagnostic specificity, making them a more reliable and
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Figure 6. Potential EV biomarkers for disease diagnosis in clinical applications for different diseases. This figure provides an overview and
reported examples of EV biomarkers linked to various diseases, including cancer types, chronic conditions, and infectious diseases. It
emphasizes the clinical significance of these biomarkers in disease diagnosis, prognosis, and monitoring of treatment responses. The
diversity of EV-derived biomarkers, including proteins and nucleic acids, highlights their utility in improving early detection, achieving
disease staging, and predicting therapeutic outcomes across a broad spectrum of pathologies. This figure underscores the emerging role of
EVs as a noninvasive diagnostic tool in precision medicine. Figure created with Biorender.com.

informative source of biomarkers for clinical and research
applications.”

EVs display remarkable heterogeneity, especially regarding
their content, and this diverse molecular makeup offers a vast
array of potential biomarkers for various diseases. These
diseases include various types of cancer, as well as various types
of chronic and infectious diseases (Figure 6). Knowing which
EV-associated biomolecules are linked to a specific disease is
critical for developing tests for early diagnosis, prognosis, and
treatment response monitoring. Therefore, in this section, we
discuss EV-derived biomarkers that have been discovered for
various diseases. This information is also summarized in Table
2.

3.1. EV Biomarkers in Cancer. EVs are a significant
source of potential biomarkers for a wide range of cancers,
given their ability to carry specific molecules reflecting the
molecular signature of tumor cells.’*® Characterized by
runaway cellular proliferation and distribution, cancer
encompasses over 200 different subtypes.”*****> EVs released
by cancer cells contain various molecules, such as proteins,
mutated genes, miRNAs, and IncRNAs, that are critical for
pathogenesis, promoting tumor growth, angiogenesis, or
metastasis.”>” EVs collected from blood, urine, or other bodily
fluids that contain these biomolecules can serve as biomarkers
for early cancer diagnosis.'”*****”* Detecting cancer at an

28041

early stage generally provides more effective treatment options
and leads to better outcomes, including a better quality of life
and higher survival rates.’*° Cancer therapeutics may also
result from targeting EVs; therapeutics could inhibit EV
release, or alternatively, EV cargo could be modified to deliver
therapeutic agents directly to cancer cells. Knowing which
biomarkers are relevant for which types of cancer is critical for
designing early cancer diagnostics and perhaps treatments.
Therefore, in the following sections, we describe EV
biomolecules associated with various types of cancer: lung,
colorectal, breast, pancreatic, prostate, and liver cancer, as well
as stomach, bladder, ovarian, and skin cancer.

3.1.1. Lung Cancer. Biomarkers are crucial for multiple
aspects of lung cancer care, for initially diagnosing the cancer,
predicting the prognosis, assessing the disease progression,
metastasis, and monitoring the treatment response.lgs’327 EVs
could be a source of these biomarkers, as EVs originating from
tumor cells possess unique biomolecules that reflect the
characteristics of the tumor and also contribute to patho-
genesis.3'28 As one example of the latter, EVs are thought to
transfer biomolecules from tumor cells to healthy cells,
facilitating metastasis and the establishment of metastatic
niches.””

Specific proteins carried by EVs are associated with lung
cancer and may serve as biomarkers. Proteins carried by SiEV,

https://doi.org/10.1021/acsnano.5c00706
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Table 2. continued

BuEV/SiEV

biomarker

detection method function refs

isolation method
UC, ExoQuick kit

matrix

BuEV/SiEV  human neurons,

analysis

specific biomarkers
ATP1A3, NCAM]1, L1CAM, PLAU, ITGAX,

category

disease subtype

disease type

114,424

diagnosis

ELISA, MS, simoa,

Alzheimer disease proteins

neurodegenerative

PBA

brain tissue, CSF,

plasma

ANXA1

diseases

ExoQuick kit RT-gPCR diagnosis, monitor-

plasma

hsa-miR-9—3p, hsa-miR-9—5p, hsa-miR-338—3p

miRNAs

Alzheimer disease

ing
diagnosis

429

ELISA, SIMOA

18/©

BuEV/SiEV  CSF, plasma

TDP-43, 3R to 4R tau ratio

proteins

frontotemporal de-

neurodegenerative

mentia

diseases

472

FCM diagnosis

ucC

blood

SiEV

L1CAM/f-IlI-tubulin, GAP43, VAMP2

proteins

neurodegenerative

and other brain dis-

eases

prognosis 473

ELISA, MS

MagCapture exo-

serum

BuEV

Fibulin-4/CD9

proteins

cirrhosis

chronic liver diseases

some isolation kit

18/©

447,474

ELISA, RT-qPCR  diagnosis, monitor-

proteins miR-  HCV core miR-122 BuEV/SiEV  serum, plasma

hepatitis C virus

infectious diseases

ing
diagnosis, monitor-

NAs

proteins miR-

451,452

magnetic beads, UC  ELISA, RT-qPCR

serum, plasma

BuEV/SiEV

spike protein miR-21

SARS-CoV-2

infectious diseases

ing
diagnosis

NAs
proteins

sRNAs

454

ELISA, RT-gPCR
RT-gPCR

18/©

serum, urine

BuEV
BuEV

LAM, CFP-10

tuberculosis

infectious diseases

203

diagnosis

ucC

serum

M. ASdes, MTB-miRS

tuberculosis

infectious diseases

as well as mRNA cargo, have shown exceptional diagnostic
utility in identifying non-small cell lung cancer (NSCLC) and
predicting patient responses to immunotherapy. Surface
proteins programmed cell death—protein 1 (PD-1) and
programmed death—ligand 1 (PD-L1) on EVs, along with
PD-1 and PD-L1 mRNA cargo within EVs, were detected with
SiEV  resolution, surpassing the sensitivities achieved by
conventional BuEV analysis methods.””® Proteins like
carcinoembryonic antigen (CEA) and PD-L1 are specific to
lung adenocarcinoma, a type of NSCLC, and are linked to
either the presence of tumors or the evasion of the immune
system.”*”>** Another potential protein biomarker is EGFR,
frequently found in high levels or with mutations in lung
cancer cells. EGFR mutations were detected in tissue or plasma
samples from 87.3% of patients with stage IIIB lung cancer and
89.7% with stage IV, and EGFR has been identified on EV
surfaces.’>' Molecular profiles of SiEVs, including CD63,
THBS2, VCAN, and TNC, correctly classified individuals with
early-stage malignant lung lesions (stages I and II), benign lung
lesions, and healthy participants. However, challenges include
SiEV heterogeneity and the low abundance of cancer-specific
SiEVs in circulation, necessitating highly sensitive technologies
for multibiomarker detection to advance SiEV analysis in lung
cancer screening.’”” Mutated genes can also serve as
biomarkers for various types of cancer, examples being mutated
forms of MET, BRAF, ROS, ALK, and KRAS.™® KRAS
mutations are frequent in lung adenocarcinoma, especially
among smokers. EVs containing KRAS G12C mutations serve
as important biomarkers for diagnosing and monitoring KRAS
mutant lung cancers.”””*** EVs containing lymphoma kinase
(ALK) fusion transcripts can indicate ALK" lung cancer, which
means enhanced therapeutic efficacy for a subset of NSCLC
patients.”>> In lung cancer, mutations such as EGFR (e.g,
L8S8R, T790M) and KRAS (e.g, G12C) have been detected
in both cancer cells and tEVs, with the primary exosomal
source being mRNA, which reflects active gene expression and
tumor dynamics. While exosomal gDNA may also harbor these
mutations, mRNA is more commonly studied because of its
diagnostic and prognostic relevance.”****” For example,
mutations in exosomal EGFR mRNA are widely used to
monitor treatment responses to tyrosine kinase inhibitors
(TKIs) and identify resistance mutations such as T790M,
while G12C mutations in exosomal KRAS mRNA are
indicative of treatment resistance and disease progression.’*”
Specific EV miRNAs and IncRNAs are associated with lung
cancer and may serve as biomarkers. EVs from patients with
NSCLC overexpress specific miRNAs, namely miR-21, miR-
29, miR-146a, miR-155, miR-210, and miR-598, which predict
poor prognosis.”*’ And miR-210 TIMP-mediated ephrin-A3
reduction in endothelial cells stimulates angiogenesis and can
be regulated by cancer-derived EVs. EV-derived miR-21 can
distinguish patients with early-stage lung cancer from healthy
individuals, facilitating early diagnosis.”*’ In addition to
miRNAs, some EV-derived IncRNAs have been identified as
potential diagnostic and prognostic indicators for lung cancer,
specifically for NSCLC, because of their association with
aggressive traits, metastasis, and tumor progression. These
IncRNAs include metastasis-associated lung adenocarcinoma
transcript 1 (MALAT1), HOX transcript antisense intergenic
RNA (HOTAIR), and SOX2 overlapping transcript
(SOX20T).**' Distinguishing patients with NSCLC from
healthy individuals may also be achieved by detecting
simultaneous changes in miRNAs and IncRNAs, as more
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aggressive NSCLC characteristics have been associated with
reduced levels of EV miR-204—Sp and elevated levels of EV
IncRNA AL139294.1.%*

HCC metastasis, the IncR-TSPAN12, and the IncR-
TSPAN12-EIF31/SENP1 axis have been identified as a novel
therapeutic target for HCC. The IncRNA H19 is involved in
tumorigenesis, metastasis, and chemoresistance. NSUN2 can
modify H19 IncRNA through mSC methylation, and H19 has
been proposed as a potential gene therapeutic target for
adjuvant therapy in chemotherapy-treated patients. Addition-
ally, the discovery of the LCAT3-FUBP1-MYC axis provides a
new potential therapeutic target for lung adenocarcinoma.”*’

3.1.2. Colorectal Cancer. Many EV-derived biomarkers for
colorectal cancer have been identified, relevant for the
metastasis, chemoresistance, and recurrence of colorectal
cancer and aiding its diagnosis, prognosis, and treatment.>**

EVs originating from colorectal cancer cells commonly have
proteins such as CD133, CD24, EpCAM, and CD147, which
indicate cancer progression when identified in blood
samples.”*® CD133-expressing EVs have been found to
enhance tumor development and spread in colorectal
cancer,”*® and CD24 and EpCAM are found in EVs and are
specifically associated with the early stages of the disease.’*’
Recent studies have identified chemokine (C-X-C motif)
ligand 4 (CXCL4) as a crucial factor in the diagnosis and
prediction of colorectal cancer, and an analysis of serum from
749 colorectal cancer patients showed EV-derived CXCL4 to
be a potential tumor.”*® Moreover, surface proteins on EVs,
including FIBG, PDGF-f, and TGF-B, have emerged as
potential diagnostic biomarkers for noninvasive detection of
colorectal cancer. To validate these markers, a colorectal
cancer—EV array model was developed, employing a machine
learning algorithm to detect colorectal cancer with high
diagnostic accuracy. The model demonstrated superior
performance, achieving an area under the receiver operating
characteristic (ROC) curve (AUC) of 0.88 in the training set
and 0.94 in the test set. Furthermore, the expression levels of
these EV surface proteins were assessed in a multicenter study
involving 404 individuals, providing robust evidence for their
clinical relevance as biomarkers.**’

EVs extracted from colorectal cancer cells found in blood
also contain fragments of DNA or RNA that reflect mutations
in genes such as KRAS, APC, pS3, PIK3CA, and BRAF, which
can potentially act as biomarkers for specific forms of this type
of cancer.>***%**! One form of colorectal cancer is due to the
KRAS G12C mutation, reported in around 40—50% of cases
and linked to a lack of response to anti-EGFR treatments like
cetuximab and panitumumab.’*” Recent research demonstra-
ted that Rabl3 plays a part in the secretion of EVs from
colorectal cancer cells with a mutated KRAS gene.353

In addition to proteins and mutated gene fragments, EV-
derived miRNAs, examined in samples of colorectal tissue or
blood, have significant potential for the early diagnosis of
colorectal cancer. Key miRNAs, such as miR-21, miR-23a,
miR-150, miR-223, miR-1229, and miR-1246, are markedly
overexpressed in patients with colorectal cancer compared to
healthy individuals. Among these, miR-21, miR-23a, and miR-
1246 have shown particularly high diagnostic accuracy, with
AUC values approaching 1, and EV-miR-1246, enhanced by a
dominant P53 mutation in colorectal cancer, contributes to
ECM degradation, a critical factor in cancer malignancy.”**>*
In addition to miR-21, miR-23a, and miR-1246; miR-150—S5p
also shows promise as a diagnostic and prognostic marker, with

an AUC value of 0.87. Other miRNAs relevant to colorectal
cancer have been identified. In a comprehensive study
involving 452 patients with colon cancer (stages I through
III), tissue microarrays were constructed from tumor tissues.
This investigation revealed that elevated levels of EV-derived
miR-17—S5p and miR-20a-5p were associated with favorable
disease-specific survival outcomes.”>> In addition, miR-221 in
EVs derived from patient plasma, when detected along with
miR-21, demonstrated 100% sensitivity and specificity for
colorectal cancer detection.’*® Another study identified a 10-
miRNA biomarker panel from the tissue and serum of 77
colorectal cancer patients. Notably, EVs from patients with
stage II and III colorectal cancer exhibited high levels of miR-
92a-3p and miR-221-3p, with AUC values of 0.83 and 0.79,
respectively.””” These studies highlight the potential of EV-
derived miRNAs to enhance diagnostic accuracy and improve
patient outcomes through early detection and targeted
treatment strategies.

Finally, EV-associated IncRNAs such as HOTAIR and
MALATI1 may serve as biomarkers for the diagnosis and
prediction of colorectal cancer.”>® SNHG3 may be another
option, as this EV-derived IncRNA was found to promote
metastasis in colorectal cancer by enhancing the RNA stability
of f-catenin through HNRNPC-mediated mechanisms.”>’

3.1.3. Breast Cancer. Breast cancer is the most common
carcinoma among women and the second leading cause of
cancer-related death worldwide.*®” Recently, EVs have gained
attention as potential sources of biomarkers for breast cancer.
These vesicles carry molecular cargo, including proteins, RNA,
and lipids, from their host cells, and higher levels of breast
cancer-associated molecules have been identified in the
bloodstream of breast cancer patients, suggesting their
potential as valuable biomarkers for detection.’

EVs derived from breast cancer cells contain elevated levels
of proteins such as HER2, EGFR, CA 125, CA15-3, PSMA,
EpCAM, and MUCI, which are commonly found in breast
cancer patients and may serve as EV-derived biomarkers.
Another possibility is the EV-derived protein integrin a6f4,
which could detect early progression of breast cancer in plasma
with 85.7% sensitivity and 83.3% specificity.”*

EVs can also contain mutated breast cancer genes, which
may serve as helpful biomarkers. Mutations in genes such as
TPS3, PIK3CA, BRCAI, and BRCA2 can be identified in EV
DNA from breast cancer patients, and breast cancers caused by
mutations in BRCAI and TPS3 may be targeted through
strategies aimed at reactivating mutant pS3. Thus, EV-derived
DNA fragments may be helpful for treatment decisions.’

Exosomal mRNA has emerged as a promising biomarker for
molecular subtyping of breast cancer, offering a noninvasive
method.*** miRNAs such as miR-19a, miR-21, miR-24, miR-
105, miR-15S5, miR-181b, and miR-210 have been recognized
as promising biomarkers for breast cancer diagnosis.’> The
use of miR-375 and PD-L1 mRNA as endogenous biomarkers
has demonstrated high accuracy and selectivity in diagnosing
breast cancer.’®® Another potential biomarker for breast cancer
is miR-660, which originates from breast cancer tumor—
associated macrophages within the breast cancer microenviron-
ment. This miRNA is encapsulated in EVs, which are involved
in promoting metastasis by enhancing the invasive capacity of
breast cancer cells. EVs encapsulating miRNAs can be expelled
into bodily fluids and identified in the early stages of breast
cancgﬁr7 in patient circulation, serving as prognostic indica-
tors.”
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Finally, current studies are investigating IncRNAs such as
HOTAIR, SNHG14, and H19 found in EVs as potential
indicators for breast cancer diagnosis. HOTAIR is upregulated
in breast cancer cells, present in EVs, and associated with
cancer progression and metastasis. Exploring the presence of
HOTAIR and other IncRNAs in EVs from bodily fluids may
lead to noninvasive diagnostic and prognostic tools for breast
cancer.”*®

3.1.4. Pancreatic Cancer. Pancreatic cancer is a serious
disease that occurs when malignant cells form in the pancreatic
tissues and typically shows no symptoms until it reaches an
advanced stage, which makes it challenging to treat. CA19—9
serum cancer antigen is often used as a marker for detecting
pancreatic cancer, but its limited ability to accurately detect
early-stage disease or to differentiate pancreatic cancer from
benign conditions makes it unsuitable for widespread screening
of asymptomatic patients.”*” "' Therefore, research is being
conducted on EVs from pancreatic tumor cells to find
biomarkers for the early detection of pancreatic cancer.’’”
EVs derived from these cells carry biomarkers such as proteins,
mutated genes, and miRNAs that mirror the aggressive
characteristics of the disease.””

EVs contain proteins that may serve as biomarkers for
pancreatic cancer. Several proteins derived from pancreatic
cancer cells, such as GPC1, EpCAM, Ephrin type-A receptor 2
(EphA2), MUCI, and EGFR, are frequently detected in EVs
from pancreatic cancer patients and are being investigated as
potential diagnostic biomarkers in clinical studies.**"*”*~*"® In
EVs isolated from patients with pancreatic ductal adenocarci-
noma (PDAC), the expression levels of GPC1 and EpCAM, as
well as ITGav and ITGfS, show a strong correlation with the
disease. EV-derived apolipoproteins may also make good
biomarkers for the early detection of pancreatic cancer, as a
clinical study of a blood biomarker composed of apolipopro-
tein A2 isoforms has shown promising results. The point
estimate of the AUC to distinguish pancreatic cancer (n = 106)
from healthy controls (n = 106) was higher for apoA2-ATQ/
AT (0.879; 95% confidence interval [CI], 0.832—0.925) than
for CA19—9 (0.849; 95% CI, 0.793—0.905), meeting the
primary end point of the study.”’” EV proteins can also be
analyzed in combination with EV RNAs for diagnosis. A recent
study analyzed 3 protein markers (GPC1, CD63, and HER2)
and 3 RNA markers (snRNA U6, GPC1 mRNA, and miR-
10b) in EVs from 30 human plasma samples. The combination
of these 6 biomarkers achieved a diagnostic accuracy of 92.9%,
significantly outperforming both 3-biomarker combinations
and individual biomarkers, suggesting that this multibiomarker
approach holds great promise for early disease diagnosis.””®

The analysis of EV-associated DNA can reveal genetic
alterations associated with pancreatic cancer and aid in
diagnosis and monitoring. Studies indicate that approximately
40% of EVs derived from PDAC cells contain mutations in
KRAS and/or p53. Mutant RAS can impact proteins related to
EV release, whereas RAS downstream targets regulate EV
secretion in mammary tumor cells. SIEV can be used to detect
frequent KRAS mutations in PDAC through the analysis of
EVs. Mutant KRAS and pS3 proteins are associated with the
release of EVs and can be identified in SiEVs, allowing for the
detection of stage 1 pancreatic cancer.”’’ Furthermore, the
examination of multiple EVs simultaneously improves the
accuracy of diagnosis for PDAC. Evaluating disparities in EV
mutations, in conjunction with the expression profiles of
proteins including CDKN2A, SMAD4, and GNAS, has shown

promise in the context of clinical trials focusing on patients
undergoing targeted inhibitor therapies.

Furthermore, miRNAs may also serve as biomarkers for
pancreatic cancer, as they are commonly dysregulated in the
disease.””” Plasma sEV miR-664a-3p has emerged as a highly
accurate biomarker for predicting PDAC when used in
conjunction with CA19—-9. Elevated levels of plasma sEV
miR-664a-3p are significantly correlated with vascular invasion,
lower surgical success rates, and poor differentiation in PDAC
patients. This biomarker holds strong potential for improving
the accuracy of PDAC diagnosis and offers valuable insights
into disease progression and prognosis.199 EV miRNA families
have also been used for PDAC detection. One study showcases
significant progress in PDAC diagnostics by identifying and
validating EV-miR-200 family members (miR-141-3p, miR-
200a-3p, miR-200b-3p, miR-200¢-3p, and miR-429) as reliable
biomarkers. Utilizing small RNA sequencing and reverse
transcription—quantitative real-time PCR (RT-qPCR), the
researchers observed substantial upregulation of these markers
in PDAC compared to benign conditions, with combined EV-
miR-200 family expression achieving an AUC of 0.823.
Independent validation confirmed strong diagnostic perform-
ance, achieving 100% sensitivity, 88% specificity, and an AUC
of 0.97 for PDAC detection. The small RNA sequencing
employed to identify PDAC-specific markers, further validated
across diverse patient cohorts using RT-qPCR and logistic
regression models, ensured robustness across 95 patients,
including patients with cholangiocarcinoma. This approach
highlights its potential as a noninvasive diagnostic tool with
broad clinical applicability.””” EV-derived miRNA has also
been used to differentiate PDAC from benign pancreaticobili-
ary disease. This signature includes miR-141-3p, miR-200a-3p,
miR-200b-3p, miR-200c-3p, and miR-429, which can serve as
novel biomarkers in the plasma EVs of patients with PDAC
and cholangiocarcinoma (CCA). The EV-miR-200 family
members (miR-200a, miR-200b, miR-200c, miR-141, and
miR-429) produced a diagnostic miRNA signature with an
AUC of 0.823 (95% CI, 0.717—0.928). The addition of
CA19-9 improved the diagnostic accuracy to 0.997 (95% CI,
0.989—1.000), although this result was affected by data
collection limitations. The EV-miR-200 family model was
tested in an independent clinical validation cohort (n = 32
PDAC vs n = 30 benign), and it predicted PDAC with a
sensitivity of 100%, a specificity of 88.2%, a negative predictive
value (NPV) of 100%, a positive predictive value (PPV) of
88.7%, and an AUC of 0.97 (95% CI, 0.925 to 1.000; P <
0.0001). This model has been identified in EVs extracted from
plasma samples of pancreatic cancer patients and has been
associated with the prognosis of the pancreatic cancer.”””

Finally, a recent study investigated the potential of
combining different EV biomarkers for the diagnosis and
staging of PDAC. Key tumor-associated biomarkers analyzed
included circulating cell-free DNA (ccfDNA) concentration
and KRAS mutations (G12D, G12V, and G12R), which occur
in approximately 90% of PDAC cases.”® In addition, EV-
associated protein markers such as CD63, CK18, GAPDH,
H3F3A, KRAS, and ODC1 demonstrated strong utility in
differentiating patients with metastatic PDAC from healthy
controls.”®’ The diagnostic performance of these EV-based
markers was compared to that of CA19—9, a commonly used
human serum protein. The findings highlight the potential of
EV biomarkers to enhance cancer diagnostics, suggesting their
role in a multimodal approach that enables more accurate
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detection and characterization of PDAC across different
stages.367

3.1.5. Prostate Cancer. Prostate cancer, a complicated
disease distinguished by abnormal cell growth in the prostate
gland, is the most common cancer in men. Although it
frequently remains asymptomatic in its early stages, it can
advance to more severe stages with symptoms such as urinary
difficulties, pelvic discomfort, and erectile dysfunction, and is
ranked as the second highest cause of cancer-related
death.*®*% Thus, prostate cancer remains a significant global
health concern. Screening and monitoring have been
accomplished by testing for PSA, but this biomarker cannot
distinguish between less aggressive forms of the disease and
more aggressive forms, leading to the overdiagnosis of
nonaggressive cases and highlighting the need for additional
biomarkers.

Recent research has identified certain EV-related proteins as
possible diagnostic and prognostic markers for prostate cancer,
namely, prostate-specific membrane antigen (PSMA),
EpCAM, CD9, and STEAP1.>%*3%5 In one study, researchers
found elevated levels of PSMA in EVs derived from prostate
cancer cells compared to those derived from benign prostatic
tissue. The increase in PSMA levels within EVs correlated with
disease progression, suggesting its potential as a biomarker for
early detection and for monitoring therapeutic responses.
Moreover, the study highlighted the dual role of PSMA,
positioning it not only as a diagnostic marker but also as a
promising target for therapeutic interventions, especially in the
development of prostate cancer—specific treatments.”® In
another study, efforts were made to enhance prostate cancer
diagnosis by developing and validating a multivariate
diagnostic model centered on urinary EVs positive for
EpCAM and CD9. The study involved urine samples from
193 participants, comprising 112 pancreatic cancer patients,
and the diagnostic model had a high AUC of 0.952.”7 Yet
another study examined STEAP1, known for its enrichment in
prostate cells and particularly in prostate cancer. STEAP1" EVs
in the plasma of healthy males and prostate cancer patients
were characterized and evaluated for their diagnostic and
prognostic significance.’®® The findings suggest that liquid
biopsy for the detection of STEAP1® EVs could be a
noninvasive diagnostic strategy for prostate cancer.

EV RNAs have also shown promise as prostate cancer
biomarkers. Urinary exosome miR-375 showed a significant
correlation with clinical T stage and bone metastasis in
prostate cancer patients (P < 0.05). And ROC curves
demonstrated that levels of urinary exosome miR-375, miR-
451a, miR-486-3p, and miR-486-Sp could differentiate prostate
cancer patients from healthy controls. Notably, urinary
exosome miR-375 excelled in distinguishing localized prostate
cancer from metastatic cancer with an AUC of 0.806. And
additionally, combining urinary exosome miR-375 with miR-
4S1a distinguished from prostate cancer patients with benign
prostatic hyperplasia.”*® In addition to miRNAs, other EV
RNAs may serve as diagnostic biomarkers for prostate cancer.
These include sncRNAs and specifically, piRNAs, which were
identified in urinary sEVs via RNA sequencing. In an initial
discovery cohort of 10 men, including S with prostate cancer,
promising biomarker targets were identified and subsequently
validated by using RT-qPCR in a larger cohort comprising 40
patients, including 30 prostate cancer patients, with varying
degrees of success.”®’

The pursuit of viable biomarkers such as PSA and CD81 for
detecting and monitoring prostate cancer remains a subject of
ongoing investigation, with EVs emerging as promising
candidates. PSA contained in CD81" exosomes scored an
AUC of 0.98°% Additionally, mRNAs, including ACP3,
FOLH1, HOXBI13, KLK2, KLK3, KLK4, MSMB, RLN]I,
SLC45A3, STEAP2, and TMPRSS2, have been identified as
key markers. These biomarkers can noninvasively identify
metastatic prostate cancer and monitor dynamic disease states,
complementing imaging tools and blood-based tests for the
timely detection of metastatic progression, ultimately enhanc-
ing patient care.”®”

3.1.6. Liver Cancer. Liver cancer, also referred to as
hepatocellular carcinoma (HCC), ranks as the sixth most
common cancer worldwide and stands as the third leading
cause of cancer-related mortality. Regrettably, over 90% of
patients receive their diagnosis at a late stage, leading to a poor
prognosis, with survival rates ranging from 40 to 70%,
necessitating a need for early detection.”** However, the
detection of HCC in its nascent stages is challenging.

However, EVs derived from HCC cells have emerged as
sources of promising biomarkers for HCC detection. The
identification of specific biomarkers within EVs not only
signals the presence of HCC but also provides crucial insights
into disease progression.”o SiEV, numerous EV surface
proteins, including TENM2, ITGAl, CD36, DSC1, TIMP2,
and MUCI, showed good diagnostic performance for liver
cancer, with the highest AUC value being 0.988.%! In addition,
CD63, GPC3, EpCAM, CDI113, and CD147 have been
analyzed as potential protein biomarkers in EVs for HCC
detection. Furthermore, combining these specific biomarkers
with CD63 has exhibited a strong correlation with early HCC
diagnosis, boasting an AUC of 0.95 (95% CI, 0.90—0.99), a
sensitivity of 91%, and a specificity of 90% in clinical
samples.””> Mutated genes carried within EVs could also be
biomarkers for HCC, with candidates being mutated versions
of TERT and CTNNBI (f-catenin), the most commonly
altered genes in HCC.>*® In addition, EV-associated miRNAs
and IncRNAs have been extensively explored as potential early
biomarkers for HCC diagnosis and prognosis.””* These include
EV miRNAs miR-16-5p, miR-19-3p, miR-30d-5p, miR-223-3p,
and miR-451a, and EV IncRNAs SFTAIP, HOTTIP,
HAGLROS, LINCO01419, HAGLR, and CRNDE. EV-derived
LINCO00853 is another potential diagnostic biomarker for early
HCC, especially for AFP-negative HCC.>”

3.1.7. Other Types of Cancer. EVs are currently under
investigation for their clinical utility as biomarkers for the
detection of other types of cancer, including cancer of the
stomach (also known as gastric cancer), bladder, ovaries, and
skin.

EVs derived from stomach cancer cells encapsulate proteins
such as claudin-7, CD44v6, CD44, c-MET, EGFR, EpCAM,
and GPCI, all of which are closely associated with the
progression of gastric cancer. And EV DNA isolated from
gastric cancer patients contains mutations in genes such as
TPS3, KRAS, and HER2 (ERBB2). These genetic alterations
represent additional avenues for detecting and monitoring
gastric cancer through EV-based analysis, potentially enhancing
the ability to diagnose and manage this disease. In addition,
miRNAs such as miR-21-5p, miR-26a-Sp, and miR-27a-3p are
significantly elevated in EVs derived from the serum of gastric
cancer patients, and IncRNAs like CCAT1 and HOTAIR have
displayed dysregulation in EVs derived from these pa-
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tients.*”**°” These molecular signatures offer valuable insights
into both the diagnosis and prognosis of gastric cancer.

EVs derived from bladder cancer cells are packed with
specific biomarkers crucial for diagnosis and prognosis. These
biomarkers offer targeted insights that can advance clinical
approaches to this type of cancer. EV protein biomarkers have
been identified for bladder cancer, especially MUC-1,
CCDC2S5, and GLUTI. These biomarkers effectively distin-
guished bladder cancer patients with high clinical sensitivity
and specificity, with an AUC of 0.98, advancing the discovery
and clinical application of EV-based biomarkers.'**

EVs derived from ovarian cancer cells harbor specific
biomarkers critical for the diagnosis and monitoring of ovarian
cancer.”” One of these biomarkers is human epididymis
protein 4 (HE4), a protein elevated in the blood of patients
with ovarian cancer.””” HE4 and other EV proteins, namely
EpCAM, CD24, VCAN, and TNC, can distinguish high-grade
serous ovarian cancer (HGSOC) from noncancer cases with
89% sensitivity and 93% specificity, effectively classifying
patients into noncancer, early-stage HGSOC, and late-stage
HGSOC groups.*”® EV-encapsulated miRNAs may also be
used as biomarkers for ovarian cancer. Possible EV miRNAs
include miR-141-3p and miR-200c-3p.*”" Trinidad and
colleagues were the first to identify and employ lineage-specific
exosome protein biomarkers focused on the early detection of
HGSOCs.”® Since most HGSOCs typically arise from the
fallopian tubes, the researchers’ EV-related biomarker search
focused on proteins found on the surface of EVs released by
both fallopian tube (FT) and HGSOC tissue explants and
representative cell lines. Using these lineage-specific exosome
protein biomarkers, they could achieve a PPV of 15.3% with a
sensitivity of 0.90 at a specificity of 99.8%, far exceeding the
diagnostic value of CA125. Importantly, these exosome protein
biomarkers can accurately discriminate between ovarian cancer
and 12 types of cancer commonly diagnosed in women.*” In
fact, the FDA granted breakthrough designation in 2024 for an
EV-diagnostic assay based on these biomarkers for ovarian
cancer screening. These EV-derived biomarkers offer a
comprehensive and promising approach for diagnosing and
monitoring ovarian cancer as well as developing personalized
treatment strategies for the disease, highlighting their
importance in clinical applications.

Ewing sarcoma (EWS) is a rare cancer that starts in the
bones of kids and teenagers and is characterized by
chromosomal translocation between the EWS gene (chromo-
some 22) and members of the ETS family of transcription
factors (such as FLI1, ERG, ETV1, E1AF, etc.) resulting in
fusion oncoprotein/transcription factor that drive tumor
development.*” The clinical presentation of EWS is quite
often nonspecific, with the most common symptoms at
presentation consisting of pain, swelling, or general discomfort.
Despite the majority of patients presenting with localized
disease, approximately 30% succumb to relapse and die despite
salvage therapies. Therefore, the discovery of novel EWS
biomarkers for diagnosis and monitoring disease progression
and recurrence is imperative in the management of this disease.
Samuel and colleagues performed the first high-quality
proteomic study of EWS-derived EVs, identifying 2 mem-
brane-bound proteins with biomarker potential, CD99/MIC2
and NGFR. CD99/NGFR.*** Using an immuno-enrichment
strategy, they successfully isolated CD99/NGFR-positive sEVs,
which carried EWS-ETS fusion transcripts. This approach
demonstrated strong diagnostic performance, with an AUC of

0.92 (P = 0.001) for sEV numeration, a positive predictive
value of 1 (95% CI, 0.63—1), and a negative predictive value of
0.67 (95% CI, 0.30—0.93). Subsequently, the researchers
quantitatively measured EWS-FLI1 mRNA copy numbers in
EWS-derived EVs, further enhancing diagnostic capabilities.**”
Building on these findings, Turaga and colleagues expanded
these EWS proteomic studies and defined a panel of exosome
protein biomarkers, i.e.,, CD99, NGFR, EZR, ENO2, UGT3A2,
and SLCS2A1, that could accurately diagnose EWS (AUC of
0.98 when combining UGT3A2 with Ezrin).**® Finally, Crow
and colleagues developed an EV-based miRNA signature that
could also accurately diagnose EWS patients via a liquid biopsy
with high sensitivity and specificity, and clinical validation of an
assay to measure minimal residual disease.*’”

EVs can also be a source of biomarkers for melanoma, a type
of skin cancer that starts in melanocytes. Despite its high
mortality rate, melanoma is highly curable if diagnosed and
treated early.*”® EV biomarkers for melanoma include proteins
such as MCSP, MCAM, LNGFR, and ErbB3, which show
great potential for improving early diagnosis and prognosis.**’
In addition, EV miRNA profiling has identified miR-1180—3p
as a promising diagnostic marker for melanoma. In a study
involving plasma samples, miR-1180-3p expression was
significantly decreased in melanoma patients. The diagnostic
potential of miR-1180—3p was further validated in a cohort of
melanoma patients (n = 28) and healthy controls (n = 28),
confirming its effectiveness as a novel biomarker. This
discovery provides new insights into melanoma development
and highlights miR-1180—3p as a potential early biomarker for
skin cancer diagnosis.

3.2. EV Biomarkers in Chronic Diseases. 3.2.1. Car-
diovascular Diseases. Cardiovascular diseases are major
causes of morbidity and mortality globally, and the complex
interaction between diabetes and cardiovascular health poses
significant challenges in clinical management. EVs have
emerged as valuable biomarkers for diagnosing cardiovascular
diseases as well as elucidating the pathophysiology of these
diseases and their diabetes-related complications.”""

One cardiovascular disease that EVs are helping to diagnose
is coronary artery disease, a chronic inflammatory condition
that often remains asymptomatic until it leads to severe
outcomes such as angina, myocardial infarction, or death.
Urinary sEVs are emerging as valuable biomarkers for this
disease. One study found that proteins such as AZGPI,
SEMG1/2, ORMI, IGL, SERPINAS, HSPG2, prosaposin,
gelsolin, and CDS59 were upregulated in patients with coronary
artery disease, while UMOD, KNG1, AMBP, prothrombin, and
TF were downregulated. Notably, compared to healthy
controls, patients with stable coronary artery disease had
lower levels of the protein UMOD, and for patients who
recently suffered a myocardial infarction, the levels were even
lower, suggesting that UMOD could serve as an early
diagnostic biomarker for coronary artery disease.*"

EVs are also helping to diagnose heart failure, a leading
cause of death exacerbated by aging that necessitates early
detection for effective risk reduction. EV miRNAs, namely
miR-30a-5p and miR-654-Sp, are key biomarkers for this
condition. In plasma samples from heart failure patients, miR-
30a-5p was upregulated while miR-654-5p was downregulated,
compared to levels in healthy controls. A diagnostic model
based on these miRNAs demonstrated 98.9% sensitivity and
95% specificity in an independent cohort of S0 patients with
heart failure and 30 controls, surpassing NT-pro BNP in
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accuracy. miR-30a-Sp and miR-654-Sp, as novel biomarkers,
and present a promising 2-miRNA model for heart failure
diagnosis and prognosis and for monitoring treatment
responses.

In addition to providing biomarkers, EVs can also help
elucidate the pathophysiology of cardiovascular diseases and
conditions. For example, in aortic aneurysms, the expression
levels of circulating EV miRNAs, specifically miR-34a, miR-
133a, and miR-320a, vary according to the aortic valve
morphotype. This variation in miRNA expression provides
valuable insights into the relationship between aortic valve
morphology and aneurysm development.*'*

Stroke is the fourth leading cause of death, with ~800,000
people experiencing a new or recurrent stroke each year in the
United States.”'> Worldwide, stroke is responsible for ~12% of
fatalities, which makes it the second leading global cause of
death, after heart disease. Between the 2 types of stroke,
hemorrhagic stroke (bleeding into the brain) and acute
ischemic stroke (blockage of a blood vessel), acute ischemic
stroke is much more common (85% of patients), and rapid
diagnosis is essential for treatment. Analysis of mRNA revealed
that the expression of acute ischemic stroke-specific genes in
CD8" EVs was correlated with the expression in their parental
T cells, in both cell lines and healthy donors. In a blinded
study, 80% test positivity for acute ischemic stroke patients and
controls was revealed.”'® Also, EV miRNAs following stroke
were assessed for diagnosing stroke. The identified miRNA
signatures demonstrated a high degree of accuracy in the
diagnosis of acute ischemic stroke with an AUC of 0.83—
0.93.2%°

EVs have also helped elucidate the mechanism underlying
diabetic retinopathy, a prevalent and severe complication of
diabetes that significantly impacts vision in working-age adults.
Although the mechanisms driving diabetic retinopathy remain
unclear, emerging research underscores the vital role of
circRNAs in its development, particularly through the
competing endogenous RNA model, which regulates gene
expression. Deep sequencing of EV RNAs from the serum of
patients at different stages of diabetes has identified
circMKLNI1 as a key player in autophagy regulation. This
circRNA acts as a molecular sponge for miR-26a-Sp,
modulating Rabl1a-mediated autophagy and thereby affecting
the chronic inflammation and microvascular dysfunction
associated with diabetic retinopathy. CircMKLN1’s interaction
with miR-26a-5p in regulating Rab11a highlights the potential
of this circRNA as a new biomarker for this diabetes
complication.*"”

EVs have also shed light on cardiac fibrosis, a critical feature
of late-stage familial dilated cardiomyopathy that has been
challenging to elucidate. In a recent study, injecting EVs
secreted from familial dilated cardiomyocytes into mouse
hearts significantly exacerbated cardiac fibrosis and impaired
cardiac function, suggesting that these EVs contribute to
fibrogenesis. The EVs carried upregulated miR-218-Sp, which
promotes fibrogenesis by activating the TGF-f signaling
pathway and inhibiting TNFAIP3, a crucial inflammation
suppressor. These results underscore the profibrotic role of
cardiomyocyte-derived EVs and identify miR-218-5p as a key
factor, providing new insights and potential therapeutic targets
for mitigating cardiac fibrosis in dilated cardiomyopathy.*"®

As these and other studies indicate, EVs have emerged as
significant players in the study of cardiovascular diseases. While
their roles in prevalent conditions such as atherosclerosis and

myocardial infarction have been well studied, their roles and
diagnostic potential for rarer cardiovascular diseases remain
largely unexplored.

SiEV analysis is pivotal for understanding cardiovascular
diseases by providing detailed insights into the role of EVs in
disease mechanisms, such as Lp(a)-mediated calcification. It
allows for the identification of changes in EV subpopulations,
such as the conversion of exosomes into microvesicles under
Lp(a) stimulation. This precision in analyzing EVs enhances
diagnostic accuracy, supports the development of targeted
therapies for vesicular cardiovascular calcification, and enables
effective monitoring of disease progression and therapeutic
responses.”'” Recent studies have revealed that annexin Al
(ANXAL1) is predominantly associated with microvesicles that
aggregate and contribute to calcification. Notably, ANXAI-
enriched EVs serve as biomarkers of microcalcifications,
particularly in vulnerable plaque regions. Furthermore,
ANXAIl-neutralizing antibodies effectively prevented vesicle
aggregation, highlighting its critical role in microvesicle
aggregation and calcification. These findings suggest that
ANXAl-mediated EV processes may be relevant not only to
vascular calcifications but also to other diseases involving EV
biomarkers, such as autoimmune disorders, neurodegenerative
conditions, and cancer.**’

3.2.2. Neurodegenerative Diseases. Because of their
progressive nature and limited treatment options, neuro-
degenerative diseases, including Alzheimer's disease and
Parkinson's disease, represent major challenges to global
health. One key challenge in managing these diseases is the
lack of effective single-analyte biomarker tests to accurately
track disease progression. EVs isolated from patients with these
diseases carry relevant biomolecules, which may prove to be
crucial biomarkers for early diagnostics and treatment
monitoring.

The role of EVs in Alzheimer's disease has received
considerable attention, with research indicating that EVs
contain several proteins that are relevant for the disease and
may make valuable biomarkers. EVs derived from neurons and
glial cells can carry pathological forms of tau protein, which
aggregates in Alzheimer's disease as well as in other
tauopathies, and elevated levels of tau-containing EVs in
cerebrospinal fluid and blood are associated with disease
severity and progression. Astrocyte-specific EVs from brains of
patients with Alzheimer's disease show significantly elevated
integrin-f1, which is strongly associated with Alzheimer's
disease pathology and cognitive impairment and correlates
with brain f-amyloid and tau loads.'” Additionally, EVs
derived from glial cells carry neuroinflammatory proteins, such
as interleukin-1f, TNF-a, CCL2, CXCL10, and enzymes that
generate reactive oxygen species. And since neuroinflammation
plays a crucial role in Alzheimer's disease, with the activation of
microglia and astrocytes and the release of pro-inflammatory
cytokines and chemokines contributing to neuronal damage
and disease progression, these proteins may be helpful
biomarkers for the disease.””' EVs can also carry other
proteins central to the pathogenesis of Alzheimer's disease,
including cathepsin B, pS396 tau, Af1—42, ANXAS, VGEF,
GPM6A, and ACTZ.** PLAU, ITGAX, and ANXALI proteins
have also been identified as key biomarkers for disease
diagnosis. Along with proteins, EVs carry miRNAs that are
relevant for Alzheimer's disease. EV miRNAs reveal a network
module that plays a critical role in neural function and is
significantly linked to Alzheimer's disease diagnosis and
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cognitive impairment.*”” Central miRNAs within this module,
including hsa-miR-9-3p, hsa-miR-9-Sp, and hsa-miR-3383p, are
involved in key pathways related to Alzheimer's disease
neuropathology, such as the modulation of beta-secretase 1
and growth hormone signaling. The reduced expression of
these miRNASs in patients with Alzheimer's disease and patients
with mild cognitive impairment highlights their potential as
early biomarkers for cognitive decline and Alzheimer's disease
progression.

Analysis of surface proteins on EVs has revealed distinct
patterns associated with Alzheimer's disease, with urinary EVs
showing particularly strong correlations. These findings
highlight the diagnostic potential of EV subpopulations,
which demonstrated high accuracy in distinguishing AD
samples. Notably, a urinary EV subpopulation enriched with
the signature proteins PLAU, ITGAX, and ANXA1 achieved
an 88% diagnostic accuracy for Alzheimer's disease. These
protein findings underscore the promise of EV biomarkers,
particularly those in bodily fluids like urine, for the noninvasive
detection of Alzheimer's disease.*** In addition, ATPase Na*/
K* transporting subunit alpha 3 (ATP1A3) is abundantly
expressed in EVs isolated from induced human neurons, brain
tissue, cerebrospinal fluid, and plasma.''*'®” This expression is
significantly higher than the expression of the presumed
neuron-derived EV markers NCAM1 and L1CAM. Proteomic
analysis of immunoprecipitated ATP1A3" brain-derived EVs
reveals a greater enrichment of synaptic markers and
Alzheimer-disease-related cargo proteins than that of
NCAMI" or LICAM" EVs. Furthermore, single particle
analysis of plasma from patients with Alzheimer's disease
indicates higher amyloid-f positivity in ATP1A3* EVs,
suggesting they provide better diagnostic prediction than that
of other plasma biomarkers.""*

The transmembrane protein LICAM has emerged as a
promising EV biomarker in human serum for Parkinson's
disease, highlighting its clinical potential. However, the low
abundance of neuronal-derived EVs in circulation and the high
levels of soluble LICAM (sLICAM) in plasma present
challenges for analysis.””> Beyond Parkinson's disease,
L1CAM-expressing neuronal-derived EVs have been impli-
cated in long COVID, where they contain proteins linked to
Alzheimer's disease. Notably, 14 proteins elevated in long
COVID were also associated with AD, with six shared proteins
(MIF, ENO1, MESD, NUDTS, TNFSF14, and FYBI1)
specifically linked to cognitive impairment. While no common
proteins were found between HIV and AD, one shared protein
(BST1) was identified between HIV and long COVID. These
findings underscore the diagnostic potential of EV biomarkers
in neurodegenerative and postviral syndromes.**°

EVs are also being investigated as a source of biomarkers for
Parkinson's disease, with EV-derived proteins and miRNAs
showing promise for diagnosis and treatment monitoring.
Various liquid biopsies have detected EVs derived from
neurons and glial cells that carry a-synuclein aggregates,
characteristic of Parkinson's disease and a possible biomarker
for disease diagnosis and progression.””” Circulating brain-
enriched miRNAs can distinguish between idiopathic and
genetic forms of Parkinson's disease. EV-derived miRNAs can
also contribute to a minimally invasive test for the early
detection and monitoring of Parkinson's disease and REM
sleep behavior disorder, crucial for drug development and
patient care planning. Research has identified several
upregulated miRNAs (including miR-27b-3p, miR-151a-3p,

and miR-199a-Sp) and downregulated miRNAs (such as miR-
96-Sp and miR-155-5Sp) in patients with Parkinson's disease. A
diagnostic model based on these miRNAs achieved 97.1%
sensitivity, 87.5% specificity, and 92.5% accuracy in the
training set, and 92% sensitivity, 85.7% specificity, and 89.1%
accuracy in the validation set. Notably, miR-27b-3p was
upregulated in the group with Parkinson's disease and the sleep
disorder, while miR-182-5p and miR-7-Sp were downregu-
lated. The diagnostic performance of the training set showed
97.1% sensitivity, 88.2% specificity, and 92.8% accuracy, with
the validation set confirming 96% sensitivity, 86.4% specificity,
and 91.5% accuracy.***

EVs can also serve as a source of biomarkers for other
neurodegenerative diseases. EVs carry measurable levels of
TAR DNA-binding protein 43 (TDP-43) and tau, including 3-
repeat (3R) and 4-repeat (4R) tau isoforms. EV TDP-43 levels
are elevated in amyotroghic lateral sclerosis and in
frontotemporal dementia.*”” Both biomarkers show high
diagnostic accuracy, with an AUC of 0.9, and are strongly
correlated with neurodegeneration and clinical severity
markers. Thus, the combination of EV TDP-43 levels and
EV 3R to 4R tau ratios presents a promising approach for
molecularly diagnosing amyotrophic lateral sclerosis, fronto-
temporal dementia, and frontotemporal dementia spectrum
disorders. EVs can also carry CD44 and CD133, biomarkers of
glioblastoma, a fatal brain tumor characterized by its aggressive
nature and poor prognosis. Glioblastoma cell-derived
exosomes carrying these markers were isolated from both the
blood and cerebrospinal fluid of a mouse model, possibly
representing a minimally invasive approach for diagnosing
glioblastoma, reducing the need for surgical biopsies and
enabling easier and more frequent monitoring of the
disease.” CD44 and CDI133 were sensitively detected in
immunocaptured glioblastoma cell-derived exosomes, high-
lighting their potential as diagnostic markers. Similarly, EVs
derived from cells affected by Huntington disease contain
specific proteins associated with the disease’s pathology,
underscoring their role in disease monitoring and progression
analysis.”** Huntington's disease stems from a mutation in the
HTT gene marked by CAG repeat expansion. EVs can carry
mutated forms of the HTT gene and genetic material from
other genes involved in the pathogenesis of Huntington
disease.' !

3.2.3. Chronic Kidney Disease. Early detection and
management of chronic kidney disease are vital to mitigate
its impact and improve patient outcomes. EVs have emerged as
a pivotal factor in understanding the pathogenesis and
progression of chronic kidney disease, and research into EVs
as biomarkers for the disease is rapidly advancing, as they offer
several diagnostic advantages. Unlike traditional biomarkers,
such as urinary protein or microprotein levels, EVs do not
require specific collection times, thereby enhancing their
diagnostic utility. And, particularly when derived from plasma,
EVs are stable in circulation, facilitating longitudinal
monitoring of disease progression and treatment response.

Several promising EV-derived biomolecules have been
identified. For instance, miRNAs such as miR-21, miR-142-
3p, and miR-221 are associated with high fibrosis scores in
renal histology, highlighting their potential as indicators of
renal damage. Among these, miR-21 derived from plasma EVs
(but not whole plasma) also correlates with high-grade
interstitial fibrosis and tubular atrophy, potentially offering an
alternative to renal biopsy for more frequent and -earlier
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monitoring. Recently, novel biomarkers have been identified
by kidney tissue microarrays of EV-derived mRNAs. By using
this approach, AEBP1 levels in plasma EVs have been
confirmed as a promising biomarker for chronic kidney disease
with strong diagnostic eﬂicacy.432 Moreover, positive for CD9
and a8 integrin, originating from renal mesangial and
glomerular endothelial cells, have shown significant potential
for diagnosing chronic kidney disease when detected in plasma.
This was validated in clinical samples from kidney transplant
recipients and healthy controls. Further insights have emerged
from studies on urine-derived EVs in autosomal dominant
polycystic kidney disease.”” Several miRNAs, including miR-
146a-5p, miR-199b-3p, miR-320b, miR-320c, miR-671-5Sp,
miR-1246, miR-848S, and miR-3656, as well as piRNAs, like
has-piR-016271, has-piR-020496, and has-piR-020497, were
found to be significantly upregulated in the urine EVs of these
patients, while miR-29¢ was downregulated. And target genes,
like FBRS, EDC3, FMNL3, CTNNBIPI, and KMT2A, point to
new potential biomarkers and drug targets aimed at slowing
disease progression.””* EV-derived biomarkers offer valuable
insights into the early detection of kidney injury, disease
progression, and monitoring of treatment responses. Proteins
and nucleic acids transferred by EVs hold considerable promise
as novel biomarkers for chronic kidney disease, providing a
noninvasive means to enhance diagnosis and tailor therapeutic
strategies.

3.2.4. Chronic Liver Diseases. EVs are also a promising
source of biomarkers for diagnosing chronic liver diseases,
including metabolic dysfunction—associated steatotic liver
disease (MASLD), previously referred to as nonalcoholic
fatty liver disease (NAFLD).*> The miRNA miR-135a-3p in
circulating serum EVs shows potential as a noninvasive marker
for NAFLD, reflecting disease presence and progression.
Hepatocyte-derived EV miR-192—5p, which modulates the
Rictor/Akt/FoxO1 signaling pathway, also plays a critical role
in disease progression and can serve as a biomarker for
monitoring the disease. Hepatocyte-specific EVs carrying
asialo-glycoprotein receptor 2 (ASGR2) and cytochrome
P450 family 2 subfamily E member 1 (CYP2E1) have been
associated with NASH detection. These proteins are present at
higher levels in the early stages of the condition and decrease
as the disease resolves, particularly after interventions such as
weight loss surgery.**

Alcoholic liver disease spans a range of liver conditions,
including liver steatosis, alcoholic hepatitis, fibrosis, and
cirrhosis, and miRNAs have emerged as potential biomarkers
for these conditions. In the serum of individuals using alcohol
and patients with alcoholic liver disease, miRNA-122 and
miRNA-155 are upregulated, and miRNA-146a is down-
regulated, compared to levels in individuals who do not use
alcohol or in healthy controls. Despite miRNA-122 upregula-
tion distinguishing patients with alcoholic hepatitis from
healthy controls, overall, the diagnostic accuracy of miRNAs
for distinguishing between different stages of alcoholic liver
disease—related fibrosis and HCC remains inconclusive and
requires further investigation. Among the miRNAs studied,
miRNA-122 stands out as the most promising biomarker for
managing alcoholic liver disease, though more research is
needed to refine its diagnostic accuracy.° In another study,
analyzing plasma samples before and after the antifibrotic
treatment PRI-724 revealed 3 miRNAs, miR-4261, miR-6510-
Sp, and miR-6772-5p, that predicted the treatment response,
while 3 other miRNAs, miR-887-3p, miR-939-3p, and miR-

7112-Sp correlated with treatment efficacy. Notably, signifi-
cantly decreased in liver tissue following PRI-724 admin-
istration, miR-887-3p was detected in hepatocytes, and its
levels in blood may indicate recovery from liver fibrosis.
Moreover, miR-887-3p mimics transfection in activated hepatic
stellate cells, suggesting that reduced miR-887—3p levels could
reflect improvement in liver fibrosis.*’” Further studies are
needed to validate these findings. Finally, studying serum EVs
has identified fibulin-3 as a new predictor of liver-related events
in metabolic-associated steatotic liver disease.**® Overall, EVs
offer a dynamic and noninvasive approach to tracking liver
disease progression and response to treatment.

3.2.5. Chronic Respiratory Diseases. EVs are increasingly
recognized as promising biomarkers for chronic respiratory
diseases, encompassing conditions like chronic obstructive
pulmonary disease (COPD), asthma, interstitial lung diseases,
and pulmonary fibrosis. Airway epithelial cells, pivotal in the
pathogenesis of these diseases, release EVs containing miRNAs
and proteins indicative of airway inflammation, injury, and
repair. Analyzing these markers in EVs isolated from sputum or
bronchoalveolar lavage fluid may offer mechanistic insights and
aid in diagnosis and monitoring.d'39

Studies have shown that EV miRNAs are involved in both
COPD and asthma, offering new avenues for diagnostic and
therapeutic strategies. In COPD, the EV miRNA miR-210 has
been implicated in regulating autophagic functions and
myofibril differentiation in the lungs, suggesting its potential
as a diagnostic biomarker. Similarly, miR-21 is also considered
a potential biomarker for COPD. In asthma, bronchial stress is
associated with the inhibition of EV miR-145, while plasma EV
miR-155 is found to be highly expressed in asthma patients.
Other miRNAs, such as miR-16, miR-125b, miR-126, miR-
133b, miR-206, and miR-299-5p, have been linked to
asthmatic responses and hold promise as plasma EV
biomarkers for asthma.**’

Inflammatory cells like neutrophils, macrophages, and
lymphocytes play pivotal roles in chronic respiratory disease,
releasing pro-inflammatory mediators and reactive oxygen
species.”” EVs released by these cells carry markers indicative
of immune activation and inflammation, including cell surface
markers (e.g, CD63, CD81), cytokines (e.g, TNF-a, IL-6),
and chemokines (e.g, CXCL8, CCL2), and evaluating this
inflammatory cell—derived EV cargo could help assess airway
inflammation, predict disease exacerbation, and monitor
treatment response.**”**' EV-derived miRNAs could also
help, as specific miRNAs detected in EVs from blood or
respiratory secretions, such as miR-21, miR-146a, and miR-
155, are associated with airway inflammation, oxidative stress,
and tissue remodeling in chronic respiratory diseases.”*

3.3. EV Biomarkers in Infectious Diseases. By reflecting
their cellular origins, EVs can serve as a promising source of
biomarkers for various infectious diseases. EVs released by
infected cells can encapsulate viral RNA and proteins, making
EVs instrumental in detecting viral infections and monitoring
disease progression. Similarly, EVs can help differentiate
between types of bacterial infections and assess disease
severity. Studying EVs can identify specific biomarkers linked
to infections, offer insights into mechanisms of infection and
related complications, and even help develop vaccines and
treatment strategies. EV biomarkers hold significant promise
for advancing the clinical diagnosis of infectious diseases.**’
Their ability to provide noninvasive, sensitive, and specific
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diagnostic information can lead to earlier detection, better
disease monitoring, and improved patient outcomes.”**~**

3.3.1. HIV and Hepatitis. EVs can be a source of biomarkers
for infection with HIV or hepatitis B or C. In patients with
these infections, EVs containing viral RNA sequences aid in
diagnosing and monitoring infection progression.’’” EVs can
also aid in detecting coinfection with HIV and hepatitis C, as
this influences the miRNA cargo of plasma-derived EVs,
resulting in a specific miRNA signature linked to inflammation
and cancer-related pathways.**

Research has also shown that EVs play a role in HIV
infection and its complications, information that can lead to
the discovery of additional biomarkers or therapeutic
interventions. SiEV analysis using direct stochastic optical
reconstruction microscopy demonstrated that HIV-1 particles
released EVs from chronically infected T cells and that CD63,
HIV-1 integrase, and the viral envelope Zglycoprotein Env
colocalized on the same Frac-E particles.*”’ Notably, these
Frac-E particles were infectious, and their infectivity signifi-
cantly decreased when Frac-E was immunodepleted with anti-
CD63, indicating the presence of this protein on the surface of
the small infectious particles. This study is the first to identify
infectious small HIV-1 particles under 50 nm using EV
isolation methods. These findings suggest that the interactions
between EVs and HIV-1 might be more complex than
previously thought, with potential implications for viral
pathogenesis. EVs can also play a role in complications of
HIV-1 infection, namely HIV-associated neurocognitive
disorder, characterized by neurological impairment and
persistent inflammation.”®’ During infection, cells release
viral products like TAR RNA via EVs, impacting neighboring
cells and contributing to disease progression. EVs from HIV-
1—infected myeloid cells may cause central nervous system
damage through toll-like receptor 3 activation. EVs carrying
viral components may also drive chronic central nervous
system inflammation, especially in patients on combination
antiretroviral therapy, highlighting the need for targeted
therapies to alleviate such a complication.

3.3.2. COVID-19. EVs can also be a source of biomarkers for
SARS-CoV-2, the virus causing COVID-19. EVs from SARS-
CoV-2—infected cells contain viral RNA and proteins, such as
the nucleocapsid protein, making them valuable for diagnosing
COVID-19 and monitoring viral load. These EVs also carry
pro-inflammatory cytokines like IL-6 and TNF-a, markers of
the inflammatory response associated with severe disease and
cytokine storms.**¥**

EVs can also provide insight into SARS-CoV-2 pathogenesis
and the immune response, possibly providing additional
biomarkers or targets for therapeutic intervention. For
example, one study showed that the exosome protein
TMPRSS2 facilitates viral entry into host cells by cleaving
the spike protein via the ACE2 receptor.”” And another study
revealed that a specific subset of EVs is involved in severe
COVID-19. Proteomic profiling of SiEVs showed that SARS-
CoV-2 colocalizes with a CD81/integrin-rich subpopulation of
EVs in the sputum of patients with severe COVID-19. Using a
proximity barcoding assay, researchers examined immune-
related proteins in SiEVs and demonstrated that CD81-
regulated EV subpopulations play a significant role in
pneumonia and the immune response to SARS-CoV-2
infection. These findings indicate that EVs from sputum
samples carry both host- and virus-derived proteins, which are
altered by infection. This research highlights the involvement

of EVs in viral infection and immune responses, offering
valuable insights into SARS-CoV-2 pathogenesis and suggest-
ing the potential for developing nanoparticle-based antiviral
therapies.”’

EVs have even been used to prevent or treat COVID-19.
The STX-S vaccine contains EVs that deliver the SARS-CoV-2
spike protein, producing a robust humoral immune response
with high levels of neutralizing antibodies targeting the Delta
and Omicron variants (BA.l and BA.S), offering broader
protection than the current mRNA vaccines.”' Additionally,
this vaccine significantly enhances CD4" and CD8" T-cell
responses. Another innovative approach to combat COVID-19
involves heparin-conjugated ACE2-bearing EVs, which effec-
tively neutralize the Omicron variant by interacting with the
viral spike protein. In vitro studies have shown that these EVs
bind to the SARS-CoV-2 pseudovirus, preventing its infection
of host cells, while in vivo experiments demonstrated that an
inhalable version of these EVs can safely block pseudovirus
infection in lung tissue. This dual-decoy strategy holds promise
for both preventive and therapeutic applications.*”

3.3.3. Human Adenovirus. Human adenovirus infection can
lead to severe pneumonia in children, with high morbidity and
mortality rates, and currently, specific diagnostic biomarkers
for human adenovirus—associated pneumonia are lacking.
However, miRNA sequencing of serum exosomes has
identified miRNAs that can differentiate adenovirus-infected
patients from healthy controls."”® These miRNAs, namely
miR-98-5p, miR-103a-3p, miR-103b-5p, and miR-450a-Sp,
may improve the diagnosis of pneumonia in children with
adenovirus infections.

3.3.4. Tuberculosis. Finally, EVs can be a source of
biomarkers for TB. EVs from the urine of TB patients contain
a range of biomarkers, including Mycobacterium tuberculosis
lipoarabinomannan (LAM) and CFP-10 (Rv3874), which are
present in both pulmonary and extrapulmonary TB. Detection
of LAM in urinary EVs offers a promising adjunct test for the
rapid diagnosis of TB, and an immuno-polymerase chain
reaction assay targeting LAM in these EVs could further
enhance diagnostic speed and accuracy.”**** In addition to
LAM and CFP-10, M. tuberculosis—encoded ASdes and miRS,
unique to TB patients, show potential as sensitive and precise
diagnostic tools. These biomarkers, found in plasma-derived
EVs from individuals with active pulmonary TB, could provide
a minimally invasive approach for TB screening and
diagnosis.””**° Moreover, using an automated nanoparticle-
enhanced immunoassay combined with dark-field microscopy
and machine learning enables convenient smartphone-based,
point-of-care detection of M. tuberculosis virulence factors on
circulating EV surfaces. Advances in SiEV analysis will further
enhance our understanding of pathogen physiology and
improve diagnostic and therapeutic strategies.”>”*’

CD9 or CD81 indicates a plasma membrane origin, and
CD63 suggests an endosomal origin. Analysis of tetraspanin
expressions on virus-like particles (VLPs) showed that HIV-
Gag—induced VLPs resemble EVs more closely than SARS-
CoV-2-NP/M/E—induced VLPs. HIV-Gag—green fluorescent
protein (GFP) VLPs highly colocalized with CD9, CD63, and
CD81, while SARS-CoV-2-NP-GFP VLPs did not. This
suggests that tetraspanin-expressing EVs may be produced
similarly to HIV.®*'
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Figure 7. Overview of the promises and challenges of EV-based diagnostics across key stages: patient benefits, sample collection, isolation,
characterization, and clinical applications. The upper section highlights advantages such as early detection, noninvasive sampling,
technological advancements, comprehensive profiling, and translational potential. The lower section outlines challenges, including ethical
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Figure 7. continued

considerations, preanalytical variability, heterogeneity, insufficient sensitivity, regulatory hurdles, and logistical constraints, which impact

clinical applications. Figure created with Biorender.com.

4. ANALYZING EVS

EV-based diagnostics offer many promises, but several
remaining challenges hinder their widespread adoption (Figure
7). In this section, we examine the promises, challenges,
traditional methods, limitations, and biases associated with
analyzing EVs for EV-based diagnostics.

4.1. Promise of Analyzing EVs. EVs possess remarkable
potential, promising to improve medicine. One of the key
advantages of EVs lies in their unparalleled capability for early
disease detection.””® EVs can carry biomarkers for various
diseases, allowing for early diagnosis and potentially improving
patient outcomes. The specificity of EV biomarkers further
enhances their utility, as they reflect the molecular signatures
specific to different origins and diseases. By analyzing the
molecular content of EVs, clinicians can differentiate between
various disease states with precision, facilitating accurate
diagnosis.*”> Importantly, EV cargo composition often changes
before clinical symptoms manifest, providing a critical window
for timely interventions, when treatments are most effective.
And EVs offer other advantages. The accessibility of EVs in
bodily fluids such as blood, urine, and saliva allows for
noninvasive or minimally invasive sample collection, thereby
reducing patient discomfort and eliminating the need for
invasive tissue biopsies.”® Furthermore, the lipid bilayer
membrane surrounding EVs acts as a protective barrier,
shielding their cargo from degradation by extracellular
enzymes. This inherent stability ensures the integrity of
biomarkers during sample storage and transportation, thereby
enhancing the feasibility of EV-based diagnostics for clinical
deployment.'*’

EVs also hold promise for personalized medicine approaches
by elucidating individual disease profiles. EVs can provide
detailed information about the disease state of a patient,
enabling more personalized treatment plans. Through scrutiny
of the unique molecular signatures present in EVs, clinicians
can tailor treatment strategies to address each patient’s specific
needs, thereby optimizing therapeutic outcomes. Additionally,
longitudinal monitoring of EV composition provides valuable
insights into disease progression and treatment response,
empowering clinicians to make informed decisions and
promptly adjust therapeutic strategies.””

Technological advancements, including refinements in EV
isolation techniques and analytical methods, have significantly
enhanced the sensitivity and specificity of EV-based
diagnostics."®® Techniques such as mass spectrometry, flow
cytometry, and next-generation sequencing enable compre-
hensive profiling of EV cargo, facilitating the discovery and
validation of disease-specific biomarkers. Furthermore, the
integration of machine learning algorithms aids in the analysis
of complex data sets generated from EV-profiling experiments,
thereby augmenting diagnostic accuracy and efficiency."’”
While much of the research on EV-based diagnostics remains
in the preclinical realm, there is a growing interest in
translating these findings into clinical practice. Ongoing clinical
trials are rigorously evaluating the performance of EV-based
diagnostic assays in diverse patient cohorts, with the aim of

validating their clinical utility and establishing standardized
protocols for routine adoption.*”®

EVs represent a versatile platform for disease detection,
monitoring, and personalized management, highlighting the
ongoing need for research and technological advancements to
fully exploit their potential and enhance their impact in clinical
applications. The potential of EV analysis in clinical diagnostics
is expansive and continuously evolving, spanning from BuEV
to SiEV analysis to understand pathological diversity. Key
benefits include enhanced early disease detection, sensitivity
and specificity, minimally invasive sampling, personalized
medicine approaches, real-time monitorin§, comprehensive
profiling, and potential clinical translation. 77 These factors
underscore the role of EV-based diagnostics in improving
patient care and advancing precision medicine. Continuous
innovation and research efforts in this domain are crucial to
harnessing the complete capabilities of EV analysis and
ushering in a new era of diagnostic excellence.

4.2. Challenges of Analyzing EVs. Analyzing EVs offers
remarkable potential, yet also presents challenges. EV
populations are highly heterogeneous, derived from various
cell types and diverse in composition. This heterogeneity
complicates isolation and characterization protocols, making
data intergretation and standardization of analysis methods
difficult.*®” Specifically, EVs exhibit significant size overlap
with non-EV particles (NEVs), including supermers, exomeres,
protein aggregates, lipoproteins (e.g., high-density lipoproteins
[HDL] and low-density lipoproteins [LDL]), apoptotic bodies,
and cellular debris.'>> This overlap complicates the accurate
categorization of EV subpopulations, potentially leading to
misclassification and inconsistencies across studies. Addition-
ally, the presence of NEVs, along with contaminants and
sample impurities, can obscure experimental outcomes and
hinder reliable data interpretation. This challenge highlights
the importance of developing more precise methods for
distinguishing between EVs and other particles to ensure the
reliability of experimental findings.**

Mass spectrometry analysis has shown that plasma-derived
very low—density lipoprotein (VLDL) and low-density lip-
oprotein (LDL) particles contain proteins such as LDL-
receptor, CD14, protein S100-A8, and HLA class I molecules,
which are also found in EVs.**" Contaminants from isolation
procedures or coisolated particles may skew data analysis,
complicating accurate assessment of the biological properties
of EVs. DNA, RNA, and proteins are often associated with the
surface of EVs, either naturally or as contaminants. Treatments
with DNase, RNase, and proteinase are recommended to
address these potential contaminants.™

EVs released by diseased cells, such as cancer cells, carry
specific molecular signatures that can serve as biomarkers. For
example, EVs from cancer cells may contain oncogenic
proteins like pS3 or mutated versions of genes such as
KRAS, BRAF, BRCAI, or EGFR. These molecular signatures
are crucial for cancer diagnosis."*’ But if the heterogeneity of
EVs is not accounted for, diagnostic assays might miss these
disease-specific EVs, leading to less accurate diagnoses."*”***
EVs from different cellular origins can have varying biological
activities. For example, EVs from immune cells might carry
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different signaling molecules compared to those from tumor
cells. Understanding these functional differences is crucial for
developing diagnostic tools that can accurately reflect the
disease state.

Different subpopulations of EVs can carry distinct sets of EV
markers. Analyzing EV profiles can help in identifying the type
and stage of cancer. However, if EV heterogeneity is not
considered, the diagnostic analysis might not capture the full
range of disease-related EVs. Isolating specific EVs from a
combined population is challenging, which can affect the
sensitivity and specificity of diagnostic assays. Accurately
identifying and quantifying specific molecules within EVs
remains challenging, as existing cargo analysis techniques often
lack the sensitivity or specificity required for comprehensive
characterization. This limitation hampers efforts to clarify the
functional significance of EVs and identify disease-specific
biomarkers.**>

Functional assays developed to evaluate the biological
functions of EVs may not completely capture their intricacies,
highlighting the necessity for strong tests that truly represent
the complex roles of EVs. Modern methods used for analyzing
EVs, like nanoparticle tracking analysis (NTA) and flow
cytometry, frequently yield overall data that may not
differentiate between various subgroups of EVs. This could
result in a limited grasp of the diagnostic capabilities of EVs.
Variables like the circumstances of blood collection, process-
ing, and storage can greatly affect both the quantity and quality
of EVs. And because standardized protocols are lacking for
these preanalytical steps, variability in results may occur.
Although EVs show potential as diagnostic biomarkers, there
are multiple challenges in validating EV-based biomarkers for
clinical application. Extensive research and thorough validation
procedures must be conducted to confirm dependability and
precision.

An absence of standardized tests and differences in sample
handling make the validation process more complex.
Developing regulations and quality controls for EV diagnostics
is a challenging task. Robust guidelines and validation
protocols are necessary to guarantee consistency and
reproducibility in various laboratories and clinical settings.**®

Moving from fundamental research to practical clinical use
faces considerable obstacles, such as adhering to complex
regulations, scaling up isolation techniques, and guaranteeing
the effectiveness and safety of EV-driven diagnostics. Over-
coming these obstacles is crucial for effectively translating EV
research findings into clinical practice. As research on EVs
progresses, ethical considerations relating to their use in
diagnostics are becoming more significant. Ethical standards in
research and clinical applications must address matters like
informed consent, privacy, and fair access to EV-based
technologies. To tackle these downsides and obstacles in EV
research, it is necessary for diverse teams to work together.**’
Establishing consistent methodologies, improving analysis
techniques, verifying biomarkers, addressing translational
challenges, and adhering to ethical standards are crucial for
fully utilizing EVs in enhancing diagnostics."*>**’

4.3. Challenges in Applying EV-Based Diagnostics. As
discussed previously, EVs have garnered attention as promising
biomarkers for various diseases, including cancer, owing to
their capability to transport molecular cargo reflective of their
cellular origin. However, the diverse nature of EVs in terms of
size, composition, and cargo poses significant hurdles in
standardizing isolation and analysis methods. This hetero-

geneity not only introduces variability in results but also
complicates the establishment of consistent diagnostic criteria
across different pathological conditions. Therefore, the
application of EV-based diagnostics for pathological conditions
presents numerous challenges that must be effectively
addressed for successful clinical implementation.”*® Current
methods for isolating EVs from biological fluids often suffer
from inefficiency and susceptibility to contamination, which
can lead to false-positive results and compromised diagnostic
accuracy. Techniques like ultracentrifugation (UC), size
exclusion chromatography (SEC), and precipitation methods
may inadvertently coisolate NEVs, exacerbating these
challengesf*gg’490 In addition, the aforementioned isolation
methods enrich EVs irrespective of their cellular source; both
disease-associated and nondisease—associated EVs are isolated.
As such, subtle molecular changes indicative of a particular
disease state may be masked by the coisolation of nondisease—
associated EVs.”"

Biological fluids contain a diverse array of EV populations,
derived from different cell types and tissues, posing challenges
in discriminating disease—s;)eciﬁc EVs from background noise
and nonpathological EVs.*”> Moreover, accurate quantification
of EVs is paramount for diagnostic purposes, yet existing
quantification methods, such as nanoparticle tracking analysis
and flow cytometry, face limitations in sensitivity, specificity,
and reproducibility. Addressing these limitations necessitates
the standardization of quantification protocols and the
development of more robust techniques.*””

Preanalytical factors, such as sample collection, storage
conditions, and processing methods, can significantly influence
EV isolation and analysis. Standardizing preanalytical proce-
dures becomes imperative to minimize variability and ensure
consistency across studies. Additionally, identifying reliable
disease-specific biomarkers within the complex cargo of EVs
remains a formidable challenge. Comprehensive profiling of
EV cargo and validation in large, well-characterized patient
cohorts are essential steps to identifying robust biomarkers.
Furthermore, the limited volume of clinical samples presents
logistical challenges for EV-based diagnostics, particularly for
certain patient populations. For example, techniques requiring
large sample volumes may not be feasible for pediatric patients,
and techniques requiring high EV concentrations may not be
teasible for patients with early-stage disease. Moreover, EVs are
sensitive to storage conditions, and ensuring their stability
during sample storage is critical to maintaining the integrity of
EVs and the accuracy of diagnostic results. In addition, the lack
of standardized protocols, regulatory guidelines, and quality
control measures for EV-based diagnostics impedes their
clinical translation.*****> Collaboration among stakeholders,
including researchers, clinicians, regulatory agencies, and
industry partners, is essential to address these challenges and
facilitate the development of reliable EV-based diagnostic
assays. Addressing these formidable hurdles requires continued
research and innovation, crucial for realizing the full clinical
utility of EV-based diagnostics for pathological conditions.

4.4. Traditional Methods for Analyzing EVs. Tradi-
tional methods for analyzing EVs in clinical samples are vital
for the development of diagnostics, as they elucidate the role of
EVs in various pathological conditions and identify disease-
specific biomarkers. These methods, which characterize EVs
from bodily fluids like blood, urine, saliva, and cerebrospinal
fluid, include NTA, ELISA, electron microscopy, and flow
cytometry.*”® NTA enables real-time, high-resolution analysis
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of EV size and concentration, providing insights into their
heterogeneity.””” ELISA quantifies specific proteins in EV
samples for diagnostic purposes. Electron microscopy
techniques, such as transmission electron microscopy (TEM)
and scanning electron microscopy (SEM), visualize EV
morphology and structure at high resolution. Flow cytometry
analyzes EVs on the basis of size and surface protein
expression, allowing for quantitative analysis of subpopulations
and disease-specific biomarker detection.*”®

While these traditional methods offer valuable insights into
EV characteristics, composition, and cargo, they come with
several limitations. First, traditional isolation methods fail to
provide pure EV samples. Biological fluids, such as blood or
urine, are complex matrices, containing lipoproteins, protein
aggregates, and cell debris, which may co-isolate with EVs.
Such contaminants interfere with analysis, complicating result
interpretation and introducing biases.””” UC in particular,
while effective in isolating EVs, can coprecipitate contaminants
and compromise EV sample purity. And immunocapture-based
methods may inadvertently trap NEVs bearing similar surface
markers, leading to false-positive results.’” Second, traditional
methods may preferentially isolate certain types of EVs, which
can also introduce bias. UC and density gradient centrifugation
can yield low EV recovery rates, especially for smaller EVs,
leading to incomplete characterization of an EV population.”’
Traditional methods may also be biased toward isolating highly
abundant EVs, overlooking less abundant EV populations that
could be biologically significant.”** Third, traditional methods
provide limited quantitative information about EVs, such as
size distribution, concentration, and cargo content. While
techniques like NTA quantify EV size and concentration, they
do not offer comprehensive insights into EV cargo
composition. Fourth, some traditional methods, UC in
particular, can damage EVs. Mechanical stress or damage
from high-speed centrifugation can alter EV properties,
affecting downstream analyses and interpretation of EV
function and cargo. And finally, traditional methods can be
time-consuming and require expensive, specialized equipment.
ucC r_e(iuires specialized equipment and long processing
times.”” TEM and SEM require specialized equipment and
sample preparation. As research in the field of EVs progresses,
newer techniques are emerging to address these limitations.”"*

4.5. Analyzing EVs from Single Cells. Current
approaches primarily reflect population-level data, obscuring
cell-to-cell variability in EV secretion and function. SiEV
analysis using state-of-the-art imaging approaches enables
detailed profiling of molecular colocalization within individual
EVs, yet still does not reveal which cell type or state the vesicle
originated from.'"> Recent advances have enabled direct
detection and profiling of EVs secreted by individual cells.
By integrating microfluidics, single-cell isolation, and high-
sensitivity EV capture, researchers can now monitor EV
secretion dynamics at the single-cell level. This allows precise
mapping of cell-type-specific EV output and uncovers
functional heterogeneity obscured in bulk analyses. Linking
vesicle cargo to distinct cellular states such as activation,
transformation, or therapeutic resistance offers powerful tools
for cell-level diagnostics and mechanistic insights into
intercellular communication.’”> For example, Ji et al. created
a high-throughput microchip-based platform capable of
multiplexed surface marker profiling of EVs secreted by
thousands of single cells. By integrating cytokine profiling,
the study delineated functionally distinct cellular subgroups

with dominant EV or cytokine secretion behaviors, offering a
multidimensional view of intercellular communication at
single-cell resolution.’® In addition, Nikoloff et al. introduced
a nanoliter-scale microfluidic platform functionalized with
monoclonal antibodies to capture EVs secreted from single
cells. Using multicolor fluorescence imaging, they classified 15
distinct EV phenotypes and tracked secretion dynamics
influenced by pathways such as neutral sphingomyelinase
signaling. This technology provides a scalable, time-resolved
framework to study EV secretion and uptake in real-time.’"®
Fathi et al. addressed another critical limitation in EV biology
by tracing EV secretion to individual breast cancer cell clones.
Their high-throughput single-cell cloning assay established that
specific subsets of EVs linked to nonmetastatic phenotypes can
be stably inherited, and their secretion dynamics mapped to
distinct transcriptional states via single-cell RNA sequencing.
Their single-cell RNA sequencing and EV profiling approach
established a connection between transcriptional states and EV
output, identifying inheritable secretion programs and
providing insights into tumor heterogeneity and progres-
sion.”

Similarly, Zhou et al. investigated esophageal squamous cell
carcinoma (ESCC) by combining single-cell RNA sequencing
with exosomal RNA profiling to map the genetic origin and
cellular diversity of EVs within the tumor microenvironment.
Their analysis revealed that epithelial cells predominantly
release EVs in malignant tissues, while endothelial cells and
fibroblasts are the main contributors in nonmalignant regions.
Notably, the study identified specific EV signatures associated
with poor patient prognosis and developed a prognostic model
based on exosomal RNA markers, highlighting the clinical
relevance of understanding EVs' cell origins and content.’”®
Further emphasizing the clinical potential, Forte et al.
integrated single-cell metabolic profiling with EV character-
ization in acute myeloid leukemia. By mapping the metabolic
landscape of leukemic stem cells and immune subsets, and
linking these to EV-derived surface markers, they identified
metabolically vulnerable acute myeloid leukemia subtypes.
Their approach unveiled prognostic EV signatures and opened
avenues for personalized therapy using EV-based metabolic
stratification.””” Recently, a functional analysis platform for
EVs secreted from individual cells has been developed. By
capturing and profiling EVs at the single-cell level, this
technology enables high-throughput identification of cells
with superior EV secretion capacity and highlights cell-to-cell
heterogeneity that traditional bulk methods overlook. This
approach not only deepens our understanding of EV biology
but also facilitates the selection of potent therapeutic cell
subpopulations for regenerative applications.’'’

Altogether, by characterizing EVs at the single-particle level,
researchers can potentially uncover patient-specific biomarkers,
monitor treatment responses, and stratify patients for
personalized therapy. This precision approach enhances
diagnostic performance, improves therapeutic targeting, and
ultimately contributes to more effective and individualized
healthcare.”**

4.6. Importance and Advantages of SiEV Analysis.
SiEV analysis plays a crucial role in advancing our under-
standing of the complex nature of EV populations. The
heterogeneous characteristics of EVs, including size, cargo
composition, and cellular origin, present significant challenges
for conventional BuEV analysis methods.
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SiEV analysis provides a nuanced approach that delves into
the characteristics of an SiEV within a population, offering
detailed insights that are often obscured in aggregate
measurements. By examining SiEVs, researchers can uncover
rare or unique vesicle subtypes with distinct functional roles in
intercellular communication, disease pathogenesis, or ther-
apeutic response. This level of granularity allows for the
identification of specific biomolecules or signaling molecules
enriched within certain EV subpopulations that could serve as
crucial disease markers or targets for therapeutic intervention.
Moreover, SiEV analysis enhances the sensitivity and
specificity of disease diagnosis, prognosis, and monitoring
therapeutic responses, as it enables the detection of rare
biomarkers such as specific proteins, RNA species, and lipids
from individual EVs.

Furthermore, SiEV analysis elucidates the dynamic processes
underlying EV biogenesis, release, and uptake at the SiEV
level 3! By tracking SiEVs, researchers can observe the kinetics
of their secretion, their interactions with recipient cells, and the
mechanisms involved in cargo delivery and uptake. This
detailed understanding of EV dynamics provides valuable
insights into the molecular mechanisms governing intercellular
communication and signaling pathways.

SiEV analysis also enables functional profiling of SiEVs,
offering a deeper understanding of their biological activities
and effects on recipient cells.” Researchers can study how
SiEVs influence cellular signaling pathways, gene expression
profiles, or phenotypic changes, providing critical insights into
their functional consequences in both physiological and
pathological contexts.”"”

In addition to its scientific applications, SIEV analysis holds
significant promise for clinical applications. By enabling the
characterization of SiEV profiles from patient samples, this
approach offers the potential for personalized medicine.
Researchers can identify patient-specific biomarkers, monitor
disease progression, and tailor therapeutic interventions
targeting specific EV subpopulations or cellular pathways.
This personalized approach enhances diagnostic accuracy,
treatment efficacy, and patient outcomes across various
diseases, making SiEV analysis a powerful tool for precision
medicine.”">*'*

While the potential of SiEV analysis is clear, several
technological challenges remain. These challenges include
ensuring scalability, cost-effectiveness, and the development of
high-throughput platforms suitable for routine clinical use. As
SiEV analysis technology continues to evolve, it is expected to
become an invaluable tool in clinical diagnostics, therapeutic
monitoring, and personalized medicine. The importance of
SiEV analysis lies in its ability to uncover the intricate
biological properties of EVs, providing invaluable insights into
their heterogeneity, functional diversity, and interactions with
recipient cells. Ultimately, SiEV analysis holds the key to
unlocking the full diagnostic, prognostic, and therapeutic
potential of EVs in a wide range of biomedical applications.

5. RECENT ADVANCES IN EV AND SIEV ISOLATION
TECHNIQUES

For both BuEV and SiEV analyses, a crucial first step is
isolating a substantial quantity of EVs from clinical samples,
but the objectives of EV isolation vary between the types of
analysis. Isolation techniques for BuEVs aim to obtain diverse
EV samples for comprehensive analysis, crucial for biomarker
discovery, therapeutic applications, and ensuring reproduci-

bility in research. On the other hand, isolation techniques for
SiEVs aim for intact structure, high bioactivity, and high purity,
allowing for detailed analysis of individual vesicles, possibly
identifying rare EV subpopulations and providing high-
resolution insights into their specific roles and functions.
Both objectives are essential for advancing clinical research and
applications.

Traditional methods of isolating EVs, such as UC, density
gradient centrifugation, and precipitation-based techniques,
pose significant challenges for clinical translation. In recent
years, and as mentioned previously, there has been a surge in
the development of advanced techniques aimed at overcoming
challenges associated with UC and improving EV isolation
from clinical samples. These advanced techniques offer
enhanced efficiency, purity, and scalability, making them
more suitable for clinical applications, including personalized
medicine and early disease diagnosis. This section provides an
overview of recent advances in EV isolation techniques.

5.1. Integrated Techniques in Ultracentrifugation.
Since its use in pioneering EV studies, UC has been a
fundamental technique for isolating EVs because of its
simplicity and widespread availability. By applying high
centrifugal forces and leveraging the principles of sedimenta-
tion and buoyancy, UC progressively separates particles on the
basis of their size and density, removing debris and larger
vesicles while concentrating EVs. However, as mentioned
previously, the technique has notable drawbacks. Advances
aiming to optimize UC include density gradient UC, which
separates EVs from other cellular debris and contaminants on
the basis of size and density. This technique improves EV yield
and purity compared to that of traditional UC, enabling more
precise SiEV analysis without the contamination of larger
cellular components.Sb However, despite these improvements,
the yield and purity are often still insufficient for downstream
analyses, and the technique is time-consuming.®"®

To overcome these limitations, researchers have improved
centrifugation-based EV isolation by combining centrifugation
with other techniques, such as sucrose gradient ultra-
centrifugation (SGUC), size-based filtration—UC, or size-
exclusion chromatography.*”> These integrated methods aim
to enhance EV purity by separating particles on the basis of
both size and density, ultimately improving the efficiency of EV
isolation.”’” SGUC, a form of density gradient UC, uses a
continuous density gradient, typically composed of materials
like sucrose or iodixanol, to achieve greater resolution in EV
separation, resulting in highly pure exosome populations.
Recent improvements in this technique, such as optimizing
gradient composition and automation, have led to higher
exosome recovery rates and reproducibility.’'® Improving
exosome purity even further, size-based filtration—UC
combines SEC with UC and a sucrose density gradient,
effectively removing contaminants and isolating EVs on the
basis of size and density.”” The highly pure exosome
populations resulting from this technique are ideal for SiEV
analysis. Furthermore, combining size exclusion chromatog-
raphy with UC and a sucrose density gradient (SBF-UC)
results in highly pure exosome populations. By effectively
removing contaminants and isolating EVs on the basis of size
and density, this method results in highly pure exosome
populations, ideal for SiEV analysis.”” UC has also been
improved by combining it with asymmetric flow field-flow
fractionation (AF4). While UC often involves multiple
centrifugation steps, which can prolong the separation, the
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Figure 8. Integrated techniques for immunoaffinity-based EV isolation. (A) Magnetic colloid antibodies (MCAs) accelerate the isolation of
small extracellular vesicles (sEVs). This system integrates V-Chip technology with an MCA-based sandwich enzyme-linked immunosorbent
assay (ELISA), allowing for the sensitive detection and quantification of tumor markers from sEVs in plasma, facilitating rapid, point-of-care
cancer diagnostics. Copyright 2021, American Chemical Society. Reprinted with permission from ref 528. (B) Transferrin-conjugated
magnetic nanoparticles (TMNs) are used to isolate brain-derived exosomal microRNAs from the plasma of patients with neurological
disorders. These TMNs target transferrin receptors, enriching brain-derived exosomes for more precise molecular diagnostics. Copyright
2024, Elsevier. Reprinted with permission from ref 529. (C) Enhanced immune capture of EVs using gelatin nanoparticles (GNPs) and
acoustic mixing within an acoustofluidic device. The device directly isolates antibody-treated EVs in a microfluidic channel, where acoustic
streaming enhances the binding between antibodies and vesicles. GNPs functionalized with specific CD63 antibodies are introduced to the
channel surface, creating a rough texture that increases EV capture efficiency. Copyright 2021, Royal Society of Chemistry. Reproduced with
permission from ref 531. (D) Dual-mode horseshoe-shaped orifice micromixer (DM-HOMM) microfluidic chip—based strategy enables
continuous isolation of stem cell—derived extracellular vesicles (SC-EVs). Recycled magnetic beads within the microfluidic channels enrich
and elute specific SC-EVs, allowing for efficient, continuous separation. Copyright 2023, Springer Nature. Reproduced with permission from
ref 534. (E) EV microfluidic affinity purification chip for the affinity selection of EVs (schematic on left). The chip consists of 1.5 million
micropillars (10 pm effective diameter) with a spacing of 10 gm that are packed into 7 separate beds placed in a parallel arrangement, which
allows for high-speed processing and a large surface area to produce a large analytical dynamic range. The accompanying images of the chip
(middle) were obtained using rapid scanning confocal microscopy. The chip was made via injection molding of the plastic, cyclic olefin
polymer. Catch and release of EVs affinity selected by using the EV-MAP chip (schematic on right). The antibodies are attached to the
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Figure 8. continued

plastic surface with a uracil-containing ssDNA molecule and the captured EVs are released enzymatically Copyright 2020, Springer Nature.

Reproduced with permission from ref 206.

AF4 technique enhances the separation process through
continuous flow fractionation, effectively minimizing process-
ing delays. In the integrated approach, UC is used first to
concentrate EVs from biological fluids, followed by AF4, which
further fractionates the EVs into distinct subpopulations. This
combined approach allows for eflicient EV isolation,
minimizing the contamination from NEVs and resulting in
high yield and purity, facilitating more accurate downstream
analyses.”"”

5.2. Size Exclusion Chromatography. SEC is a
fundamental technique for isolating EVs from biological
samples, and recent advancements in this and associated
techniques have substantially improved the efficiency, scal-
ability, and purity of EV isolation, particularly in clinical
applications.”® SEC operates on the principle of separating
particles by size. In SEC, smaller molecules, such as free DNAs,
RNAs, proteins, and small lipoproteins, penetrate the porous
matrix of the stationary phase, while larger components, such
as cellular debris and aggregated proteins, are excluded or
slowed down. This allows EVs, which are larger than small
proteins but smaller than cellular debris, to elute in a distinct
fraction, enhancing the purity of the isolated EVs.”*

Several advanced techniques built upon SEC principles have
emerged to enhance EV isolation from clinical samples. In one
advanced technique, density gradient UC is first used to
deplete lipoproteins, including high-density lipoproteins, from
plasma before isolating EVs via SEC. The initial density
gradient UC step significantly reduces contaminants, improv-
ing the efficiency of subsequent SEC by further eliminating
residual lipoproteins and plasma proteins. The combination of
density gradient UC and SEC not only enhances the purity of
the isolated EVs but also enables rapid and automated isolation
from small clinical samples. This streamlined process is
particularly advantageous for developing biomarker assays, as
it facilitates the swift and accurate detection of disease-specific
EV signatures, critical for diagnostic and therapeutic
applications.””" In another advanced technique, immunocap-
ture based on SEC utilizes antibodies specific to common EV
surface markers, such as CD63, CD9, CD81, or cancer
markers, to capture EVs. Initially, EVs are enriched using
immunocapture beads targeting the desired markers. Sub-
sequently, SEC is employed for further purification and
separation from captured contaminants, ensuring high
specificity and purity.”**

Another advanced technique integrates dead-end filtration
with SEC to isolate EVs from complex samples. Initially, dead-
end filtration removes large particles and debris, and the filtrate
undergoes SEC to separate EVs based on size and elution
profile, providing high-purity EV isolates suitable for down-
stream applications. This integrated approach improves the
efficiency of EV isolation by reducing non-EV contaminants
and en};g;lcing purity compared to the traditional SEC
d.

Another technique integrates multiangle light scattering with
SEC, providing detailed information on EV composition and
structure and enhancing data analysis capabilities. This
integration surpasses the capabilities of traditional methods,
offering a deeper understanding of EV properties through

precise characterization of size distribution and molecular
weight, which are crucial for SiEV analysis.”**

Finally, isolating EVs by integrating microfluidic devices with
SEC is gaining traction, owing to the capability of these devices
to precisely control fluid flow and separation processes, leading
to more consistent and reliable results.”** These microfluidic
SEC devices enable rapid, automated, and high-throughput
isolation of EVs from small sample volumes. Compared to
traditional SEC methods, these devices also reduce sample loss
and provide rapid and more consistent and reliable results.

Compared to the SEC traditional methods, all the advanced
techniques based on SEC enhance the efficiency, purity, and
scalability of EV isolation from clinical samples. They facilitate
the utilization of EVs in various biomedical applications by
providing higher-quality isolates suitable for detailed SiEV
analysis.

5.3. Immunoaffinity-Based Isolation. Immunoaffinity-
based isolation of EVs is invaluable for selectively extracting
EV subpopulations from complex biological samples. This
method utilizes antibodies targeting specific EV surface
markers (CD63, CD9, or CD81), the tetraspanins expressed
on both disease-associated and nondisease—associated EVs,
and specific markers, such as cancer biomarkers (EpCAM, PD-
L1, or EGFR) or other biomolecules that ensure high purity
and efficiency in EV capture.”™ In addition, alternative
bioaffinity agents can be used, such as aptamers.””’ For
example, He and colleagues reported novel 3D-structured
nanographene immunomagnetic particles (NanoPoms) with
unique flower pom-pom morphology and photoclick chem-
istry, enabling the specific marker—defined capture and release
of intact exosomes.”*

Various platforms are utilized for effective immunoaffinity-
based isolation, including beads, nanoparticles, microfluidic
chips, membranes, and surfaces, all coated with antibodies
targeting antigens,527 including EV surface markers.”*® For
example, in antibody-coated magnetic bead isolation, antibod-
ies specific to EV surface markers are conjugated onto
magnetic beads, which are typically larger than the EVs.
When mixed with a sample containing EVs, the smaller EVs
bind to the larger beads via the specific antibodies (Figure
8A,B).>**°% After binding is allowed to occur, a magnetic field
is applied to separate the EV-bound beads from the sample
matrix, and nontarget components are washed away.”** This
technique ensures high specificity and efliciency, enabling the
isolation of EVs expressing specific surface markers. Compared
to traditional isolation methods, it improves the purity and
yield of specific EV subpopulations.

In another example, nanoparticle-based immune isolation
utilizes nanoparticles coated with antibodies to capture EVs.
These antibody-coated nanoparticles, typically smaller than
EVs, are introduced to samples containing EVs, and the
nanoparticles selectively bind to target EVs. After binding is
allowed to occur, EV-bound nanoparticles are separated from
the sample matrix by using centrifugation or filtration
techniques. This approach offers high sensitivity and is
adaptable for isolating EV subpopulations present in low
abundance. It is valuable for detecting disease-specific EV
biomarkers and studying EV heterogeneity, offering a level of
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specificity and purity that traditional isolation methods cannot
achieve (Figure 8C).>*'

In yet another example, microfluidic chip platforms integrate
immunoaffinity capture with microfluidic technology. Anti-
bodies targeting EV surface markers are immobilized within
microfluidic channels, enabling selective capture of EVs.””
Microfluidic systems allow for rapid isolation, reduced sample
volumes, and improved reproducibility.”*” They are suitable
for point-of-care diagnostics and high-throughput screening,
offering precise and automated EV isolation that surpasses
traditional immunoaffinity isolation methods in terms of speed
and efficiency.”®® The dual-mode horseshoe-shaped orifice
micromixer (DM-HOMM) chip provides an advanced
immunoaffinity-based method for the eflicient isolation of
specific stem cell—derived extracellular vesicles (SC-EVs). The
enrichment phase of the chip is optimized to achieve high
binding efficiency by adjusting the size and concentration of
magnetic beads within the micromixer. In the elution phase,
the antigen—antibody bonds are disrupted, allowing the
selective separation of SC-EVs. The isolated SC-EVs retain
their intact morphology and exhibit uniform size and
concentration. Additionally, these vesicles demonstrate
wound-healing properties. This continuous isolation process
using the DM-HOMM chip offers a reliable approach for
producing standardized EVs (Figure 8D).>** Other micro-
fluidic chip platforms integrate nanomaterial-based immunoaf-
finity capture with microfluidic technology for isolating specific
subtypes of EVs. The exosomes track-etched magnetic
nanopore (exosomes TENPO) chip integrates nanomaterials
with microfluidic technology for efficient, sensitive, and
scalable isolation of exosomes directly from unprocessed
serum or plasma. The chip uses superparamagnetic nano-
particles coated with biotinylated antibodies to target exosomal
markers such as tetraspanins (CD9, CD81) or tumor-specific
markers like EpCAM. Exosomes are magnetically captured via
a disc magnet, and the device features a track-etched
polycarbonate membrane with engineered nanopores that
exclude contaminants while allowing exosome capture. A
multilabeling approach ensures efficient exosome capture by
overcoming drag forces, enhancing sensitivity. After capture,
exosomes are lysed on-chip, and their mRNA cargo is analyzed
using quantitative PCR. The exosomes TENPO chip
represents a significant advancement in EV isolation and
analysis, offering a sensitive, efficient, and scalable platform for
the capture and downstream molecular profiling of tumor-
derived exosomes. By integrating immunomagnetic labeling
with innovative nanopore technology, this platform holds great
promise for clinical applications in cancer diagnostics and
beyond.**’

Immunoaffinity-based techniques are often combined with
other methods to further enhance isolation efficiency.”'® For
instance, they can be combined with the SEC for further
purification. In this approach, EVs are first enriched using
immunocapture beads targeting specific markers, and then
SEC is employed to separate EVs from contaminants. This
ensures high specificity and purity, enhancing isolation
efficiency and enabling detailed SiEV analysis. As another
example, L1CAM-expressing neuronal EVs were isolated by
using a combination of SEC and a microfluidic chip comprised
of pillars (1.5 million pillars) to which anti-L1CAM antibodies
were surface-immobilized.””' Because L1CAM protein can
exist in plasma in its free form, SEC was used first to remove
free LICAM protein from a plasma sample, followed by affinity

selection of the LICAM-expressing EVs. In this case, the EV-
selection microfluidic chip (EV-MAP) was made from plastic
via injection molding to allow for high-scale production at low
cost, making it appropriate for clinical applications. The
capture antibodies could be linked to the surface of the pillars
using an ssDNA molecule that could be cleaved enzymatically
through the presence of the uracil residue in the ssDNA
(Figure 8E).>*

Opverall, compared to traditional methods, these immunoaf-
finity-based techniques offer significant improvements in the
specificity, purity, and yield of EV isolation, making them
invaluable for SiEV analysis in various biomedical applications.

5.4. Polymer-Based Precipitation. Polymer-based pre-
cipitation is widely used for isolating EVs from complex
biological samgles, including patient blood samples in clinical
applications.”> In this method, a polymer solution containing
polyethylene glycol and polyvinylpyrrolidone induces EVs to
aggregate and subsequently settle, allowing for their separation
from other sample components.™

Polymer-based precipitation offers advantages such as
simplicity, scalability, and rapid isolation without requiring
UC, but this method also faces several challenges. Specifically,
the particles used in the precipitation process (often made
from polymers) can exhibit uneven sizes, especially due to the
formation of EV agglomerates, which may compromise the
reproducibility of the isolation process.”’ In addition,
removing these polymer particles can be challenging, and the
mechanical forces involved in the technique may damage the
EVs or hinder their surfaces due to chemical additives.
Concerns also exist regarding low purity and recovery rates, as
well as the presence of contaminants such as proteins and non-
EVs, which can adversely affect analytical accuracy in clinical
applications.”>” To address these challenges, researchers have
developed modified precipitation protocols, using other
polymers like polyethylenimines, for example, to optimize EV
recovery and minimize sample contamination. One notable
advancement involves using specialized polymers with tailored
properties to enhance EV recovery and purity. These polymers
selectively interact with EVs while minimizing nonspecific
binding to other sample components, resulting in cleaner EV
isolates.”*® Other adjustments may involve varying factors such
as polymer concentration, incubation time, and centrifugation
parameters to achieve better isolation outcomes.**’

In recent years, researchers have explored integrating
polymer-based precipitation with other techniques, such as
SEC, to enhance EV isolation efficiency. This combination
typically involves a sequential approach: first, the sample
undergoes polymer-based precipitation to precipitate and
concentrate EVs while reducing contaminants, such as proteins
and NEVs; and second, the resulting precipitate is run through
an SEC column for further purification. This two-step process
maximizes the purity and quality of isolated EVs, as SEC
effectively separates the concentrated EVs from residual
contaminants on the basis of size.”*’

Polymer-based precipitation has also been integrated with
nanomaterials, such as nanoparticles and nanofibers, which has
been particularly impactful. Nanomaterials offer unique
properties that facilitate EV capture and purification while
minimizing nonspecific binding. For example, functionalized
magnetic nanoparticles coated with specific ligands or
antibodies selectively bind to EV surface markers, enhancing
EV isolation efficiency in blood samples.”*” Nanofiber-based
matrices, often functionalized with affinity ligands or antibod-
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Figure 9. Recent advancements in microfluidic technology for EV isolation. (A) Integrated droplet microfluidic system featuring a droplet
generator, incubator, and magnetic bead extraction module. Droplet generation is controlled via three inlets (1, 2, 3), while outlet 5 allows
droplets to enter a storage capillary without breakup. Inlet 4 connects to a pressure controller. Droplet generation occurs at a double T-
junction, alternating aqueous phases with immiscible fluorinated oil. The bead extraction module utilizes a magnetizable iron tip to facilitate
magnetic bead extraction as droplets are transported through the capillary. Copyright 2024, Elsevier. Reprinted with permission from ref
546. (B) Viscoelastic microfluidic system for sEV separation from whole blood. The device comprises two sequential modules: a cell-
depletion module, where blood components larger than 1 gm (WBCs, RBCs, PLTs) are removed at outlet O, and an sEV-isolation module,
where larger EVs (IEVs) and medium-sized EVs (mEVs) are collected at outlet O,, and sEVs are isolated at outlet O;. Copyright 2023 AAAS.
Reprinted with permission from ref 547. (C) Digital microfluidic (DMF) platform automates the conventional magnetic microparticle (MP)
affinity-based EV isolation process, integrating EV isolation, washing, and lysis into a streamlined workflow. Copyright 2024, Elsevier.
Reprinted with permission from ref 459. (D) Insulator-based dielectrophoretic (iDEP) device generates a trapping zone at the micropipette
tip by balancing the dielectrophoretic (DEP) force with electrokinetic forces such as electroosmosis (EOF) and electrophoresis (EP),
enabling sEV purification from serum, plasma, and urine samples. Copyright 2023, Springer Nature. Reproduced with permission from ref
SS1.

ies, provide a high surface area for EV binding and are
compatible with polymer-based precipitation methods. The
integration typically involves sequential steps, rather than a
single mixture. First, the polymer is dissolved in a suitable
solvent to create a precipitation solution. Second, nanomateri-
als are added to this solution, either prefunctionalized or as
part of a subsequent step, enhancing the specificity of EV
capture. Third, the biological sample is introduced to the
mixture, allowing the polymer to promote EV aggregation
while the nanomaterials enhance binding capacity. And fourth,

Polymer-based precipitation can be effectively integrated
with microfluidic devices that incorporate nanomaterials,
allowing for the precise manipulation of EVs within microscale
channels. In this setup, polymer-based precipitation reagents
can be injected into the microfluidic chip, where they interact
with the EVs, facilitating their selective precipitation. This
integration reduces the overall volume of reagents required and
enables rapid mixing and reaction times within the confined
microfluidic environment, enhancing the efficiency of EV
isolation. In addition, this integration improves the scalability
of the process, as multiple channels can be designed to operate

separation techniques, such as magnetic capture for nano- in parallel, increasing throughput. These devices enable rapid

particles or filtration for nanofibers, are employed to isolate the
EVs. This multistep approach leverages the strengths of both
polymers and nanomaterials, optimizing EV isolation.”*!
Furthermore, nanomaterials can serve as carriers for EV
isolation reagents, delivering the precipitation reagents
specifically to EVs and promoting their aggregation and
isolation.

28060

and automated isolation of EVs from small clinical samples,
which is crucial for developing biomarker assays that can
quickly and accurately detect disease-specific EV signatures.
This capability makes them highly suitable for point-of-care
diagnostics and personalized medicine applications.”"”

Thus, polymer-based precipitation represents an advance-
ment in SiEV analysis, especially when integrated with
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advanced nanomaterials. Such integrated isolation techniques
offer improved precision, enhanced purity, and broader
applicability in clinical settings. By refining EV isolation
processes and enabling detailed molecular profiling of
individual vesicles, polymer-based precipitation contributes
significantly to advancing our understanding of EV biology and
accelerating the development of EV-based diagnostics.

5.5. Microfluidic Devices. As already mentioned, micro-
fluidic devices offer significant potential for isolating EVs from
clinical samples. These systems use small channels and precise
fluid manipulation to efficiently capture and purify EVs.”** As a
main advantage, microfluidic devices do not require more than
a small sample volume, which is crucial for isolating EVs from
clinical samples in which volume is limited, such as
cerebrospinal fluid, saliva, and tears. A new microfluidic
approach to streamline and expedite the exosome analysis
pipeline by integrating specific immunoisolation and targeted
protein analysis of circulating exosomes. This represents one of
the first microfluidic approaches to immuno-isolate and target
protein biomarkers within EVs. Using this device, they were
able to assess the total expression and phosphorylation levels of
IGF-1R in NSCLC patients by probing plasma exosomes as a
noninvasive alternative to conventional tissue biopsy.”**
Microfluidic isolation can also detect low-abundance EVs
more effectively, enhancing its diagnostic potential for early
disease detection. For example, Zhang and colleagues
engineered a microfluidic chip with a self-assembled 3D
herringbone nanopattern that detected low levels of tumor-
associated exosomes in plasma (10 exosomes/uL) that would
be undetectable by standard microfluidic systems for
biosensing.”*> Moreover, microfluidic devices provide rapid
EV isolation, reducing processing time compared to that of
traditional isolation methods. This is specifically important for
point-of-care applications, where timely diagnosis and treat-
ment are critical.

Many variations of microfluidic chips have been developed
to improve EV isolation. For example, microfluidic devices
with multiplexed capture zones enable the simultaneous
isolation of multiple EV subpopulations from a single
sample.”**>*> A novel integrated droplet microfluidic system
has been developed, comprising a droplet generator, incubator,
and magnetic bead extraction module. This system is
specifically designed for efficient EV isolation. Compared to
other microfluidic platforms utilizing droplet-based affinity
capture, it offers a significantly higher isolation throughput
(400 uL/h) and the ability to process larger sample volumes
(up to 2 mL). This strategy ensures complete infusion of the
sample, eliminating losses in containers or capillaries. This
feature is crucial for diagnostic applications, where sample
volumes range from hundreds of microliters to a few milliliters
(Figure 9A).>* Viscoelastic microfluidics allow for the direct
isolation of small EVs from human blood. In one example,
researchers extracted small EVs from the blood of 20 cancer
patients and 20 healthy donors and isolated small EVs with UC
or viscoelastic microfluidics. When viscoelastic microfluidics
were used for isolation, the concentrations of small EVs were
higher, and the size distribution was more uniform, with a
greater proportion of smaller vesicles detected. This suggests
that viscoelastic microfluidics can provide a more accurate
representation of the small EV population in blood samples,
potentially improving the sensitivity of downstream analyses
for biomarkers in cancer diagnostics (Figure 9B).>*” Another
innovative example is conductive spiral microfluidic chips

combining hydrodynamic and dielectrophoretic forces, which
enhance separation efficiency. These chips isolate uniformly
sized exosomes from complex environments, such as cell
culture media, showcasing their rapid, straightforward, and
efficient exosome isolation capabilities.”** And there are other
examples of using external forces or hydrodynamic properties
to manipulate EVs in microfluidic chips, including active
methods, such as acoustic-, electric field-, and filtration-based
techniques, and passive methods that rely on physical
constraints within microfluidic channels.”*” These approaches
enable precise control over EV separation and purification.
Microfluidic chip—based isolation can also be enhanced by
nanotechnology. Chips can incorporate functionalized nano-
particles coated with specific ligands or antibodies that can
selectively bind to EVs, improving capture efficiency and
specificity during the isolation process.”*® Nanofilters or
nanoporous membranes integrated into microfluidic channels
can selectively trap EVs on the basis of their size, with
adjustable pore sizes allowing for high-purity isolation.”****°

Recent advancements in microfluidic technology have led to
the development of digital microfluidic platforms, which
automate conventional magnetic microparticle affinity-based
EV isolation. This innovation significantly reduces isolation
time, from 1 to 3 h to just 20—30 min, achieving over 77% EV
isolation efficiency. Digital microfluidic platforms manipulate
small liquid volumes by using programmable electric fields,
enhancing the precision and automation of fluid handling
processes. These systems can be seen as a specialized variation
of traditional microfluidic devices (Figure 9C)."” Moreover,
microfluidic systems can incorporate insulator-based dielec-
trophoretic devices, which create trapping zones at micro-
pipette tips, facilitating the isolation of small EVs from human
biofluids (Figure 9D).”' A notable advancement is the
integration of a microfluidic chip with an antibody barcode
biochip. This setup achieves 82% filtration efficiency,
effectively removing vesicles larger than 200 nm. The antibody
barcode biochip utilizes antibodies tagged with unique
barcodes for the identification and capture of specific EV
populations, enhancing both separation and detection
capabilities. This integrated approach has successfully sepa-
rated and characterized EV subgroups from clinical samples,
including serum, cerebrospinal fluid, and cell supernatants.”

Microfluidic isolation techniques have advantages over
BuEV analysis methods by providing selective, sensitive,
rapid, and controlled isolation of SiEVs. These capabilities
are pivotal for advancing our understanding of the biology of
EVs and exploiting their potential in clinical settings.

5.6. Membrane-Based Isolation Techniques. Mem-
brane-based isolation techniques use porous membranes to
isolate EVs from smaller molecules. Basically, by applying
pressure or using tangential flow, a sample is pushed through a
membrane.”>® The membrane acts as a barrier, allowing small
molecules and fluid to pass through while catching larger
particles like EVs.>>* The size and surface properties of the
membrane pores can be customized to enhance EV capture
and minimize nonspecific binding.

One commonly used membrane-based technique is ultra-
filtration, which uses pressure differentials to drive a sample
through a porous membrane. Ultrafiltration membranes have
pore sizes ranging from a few nanometers to hundreds of
nanometers, allowing selective retention of EV particles while
enabling smaller molecules to pass through the membrane.
The result is better EV purity than that of UC, which may
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Figure 10. Advanced integrated membrane technologies for EV isolation. (A) Isolation of bovine milk exosomes using electrophoretic
oscillation-assisted tangential flow filtration with antifouling microultrafiltration membranes. The oscillations assist in driving exosomes
through antifouling silicon nitride (SiNx) microultrafiltration membranes and prevent pore blockage by larger particles. Copyright 2023,
American Chemical Society. Reprinted with permission from ref 555. (B) Microfluidic device for precise, size-based EV separation via
alumina nanochannel array membranes. The membranes are positioned between the sample loading and collection chambers. The top
loading chamber contains an inlet for sample introduction, while the collection chip comprises S supporting circular layers (3 mm in
diameter) to stabilize the membrane during filtration. Blocked vesicles are periodically flushed by reversing flow with washing buffer through
bottom-to-top channels, maintaining membrane efficiency and allowing for continuous isolation. Copyright 2024, Elsevier. Reprinted with
permission from ref 557. (C) Sequential filtration of exosomes using a zwitterionized tandem membrane system. The system consists of 2
filters: a 200 nm pore poly(vinylidene fluoride) (PVDF) filter followed by a 30 nm pore cellulose triacetate (CTA) filter. The zwitterionized
hydrogel, sulfobetaine methacrylate, is applied to the CTA filter to mitigate protein fouling and enhance exosome capture, allowing for
selective exosome enrichment and improved purity in downstream applications. Copyright 2024, American Chemical Society. Available
under a CC-BY 4.0.>°® (D) Catch and display for liquid biopsy (CAD-LB) for capturing and analyzing SiEVs. Fluorescent labeling of EVs is
performed by using carboxyfluorescein succinimidyl ester (CFSE), along with antibody targeting for specific biomarkers. The labeled EVs
are introduced into a microfluidic device equipped with an ultrathin nanoporous silicon nitride (NPN) membrane. During filtration,
unreacted antibodies and contaminants are removed. Captured EVs are subsequently visualized via fluorescence microscopy, enabling the
colocalization of CFSE and antibody signals for precise biomarker detection. Copyright 2024, Wiley-VCH GmbH. Reprinted with
permission from ref 559.

coprecipitate contaminants such as lipoproteins and protein
aggregates.”> Ultrafiltration is advantageous for processing
relatively large sample volumes and can be automated.
However, traditional ultrafiltration methods often encounter
issues like membrane fouling and clogging, which can reduce
separation efficiency and result in sample loss.”>” One variation
of ultrafiltration is tangential flow filtration, which allows
continuous processing of large sample volumes, making it
suitable for industrial-scale EV isolation. But this method
requires specialized equipment and may also face clogging
problems.”°

To overcome these and other challenges, researchers have
developed advanced membrane-based techniques, focusing on
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improving the efficiency, speed, and scalability of membrane-
based EV isolation. In recent years, novel membrane materials
with optimized pore sizes, surface chemistry, and antifouling
properties have been explored to enhance EV capture
efficiency and reduce the common issue of membrane
fouling.>” One such approach for isolating bovine milk
exosomes combines tangential flow ultrafiltration with electro-
phoretic oscillation to address fouling. Fouling occurs when
larger particles obstruct nanopores, impeding exosome
isolation, and it is particularly a problem in microultrafiltration
using silicon nitride (SiNx) membranes. This novel approach
mitigates fouling by introducing low-voltage, low-frequency
electrical field oscillations that induce particle movement
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within the nanopores, effectively dislodging trapped particles.
The tangential flow then transports these loosened particles to
a reservoir, enhancing filtration efficiency (Figure 10A).555 In
another innovation, a nanofluidic device integrates 2 micro-
fluidic chips, forming a dual-function system. A filtration chip
efficiently separates EVs via an alumina nanochannel array
membrane, and a detection chip captures and analyzes EVs.
This cost-effective, highly efficient, and automated device
enabled direct separation of EVs from serum or cerebrospinal
fluid with an efficiency of 82%, followed by in situ detection.
The compact design provides a powerful tool for high-
efficiency EV identification and analysis, offering significant
potential for clinical diagnostics (Figure 10B). 7 Another
advanced membrane-based technique is a zwitterionic tandem
membrane system for exosome isolation. This system features
a 200 nm pore poly(vinylidene fluoride) (PVDF) filter and a
30 nm pore sulfobetaine methacrylate hydrogel-modified
cellulose triacetate (CTA) filter, facilitating precise exosome
separation. The inclusion of the hydrogel-modified CTA filter
enhances the biocompatibility and bioactivity of the materials,
meeting critical requirements for biomedical applications. This
innovative approach leverages the unique properties of
zwitterionic materials to optimize exosome isolation, ensuring
high yield and purity (Figure 10C).>>® Moreover, a novel
microfluidic technique, termed “catch and display for liquid
biopsy” (CAD-LB), rapidly isolates and characterizes EVs at
the single-vesicle level using ultrathin nanoporous silicon
nitride (NPN) membranes. In this technique, minimally
processed EV-containing samples are pipet-injected into a
microfluidic device, where EVs are fluorescently labeled with
carboxyfluorescein succinimidyl ester (CFSE) and an antibody
targeting a specific biomarker. After labeling, EVs are captured
within the nanopores of the NPN membrane, filtering out
unreacted antibodies and contaminants. The captured EVs are
then analyzed via fluorescence microscopy to detect CFSE and
antibody signals, indicating biomarker-positive EVs. This
platform significantly enhances the specificity and sensitivity
of EV analysis, advancing liquid bi_o}))sy applications for
personalized medicine (Figure 10D).>> Finally, membrane
coatings with functional groups can be tailored to selectively
bind EVs via surface markers or biochemical properties. This
customization allows researchers to isolate specific EV
subpopulations, improving the specificity of capture and
enabling detailed downstream analysis.”®® An example is the
ultrafast-isolation system EXODUS, which uses negative
pressure oscillations and double-coupled harmonic oscilla-
tor—enabled membrane vibration for rapid and automated
exosome purification for clinical samples.””” This approach
inhibits fouling effects, enabling clog-free purification of
exosomes.

Membrane-based techniques for EV isolation offer signifi-
cant advantages over BuEV analysis methods by providing
improved selectivity, purity, efficiency, and scalability. These
advancements facilitate SiEV analysis, allowing for precise
characterization and potential biomarker discovery in clinical
settings.

6. RECENT ADVANCES IN EV CHARACTERIZATION
AND QUANTITATIVE TECHNIQUES

Understanding the roles of BuEVs and SiEVs in disease
pathogenesis is crucial for developing effective diagnostic
approaches. As interest in EV research has continued to grow,
researchers have faced significant challenges that have driven

the development and application of a variety of innovative
techniques for measuring and analyzing these vesicles.
However, no single method has yet demonstrated the
capability to fully characterize the diverse properties of EVs,
as well as size distribution and quantity, across a wide range of
biological and clinical samples.

The inherent heterogeneity of EVs, characterized by a wide
array of biochemical and physical properties, complicates the
interpretation of results derived from bulk analysis alone.
Recent studies emphasize the necessity of employing multiple
methods for analyzing EVs in clinical samples. For example,
TEM is frequently utilized to confirm the structural
morphology of EVs, while NTA quantifies the number and
size distribution of EVs within a given sample.’®"*®*
Additionally, immunoblotting is employed to verify EV origin,
and Western blotting is used to detect specific proteins
associated with EVs in purified samples. However, even when
used in combination, traditional bulk analysis techniques have
limitations in differentiating between EV subpopulations or in
providing detailed information about their cargo.>*’

To address these limitations, recent advances in analytical
techniques have incorporated nanomaterials, micro- or nano-
fluidic devices, and artificial intelligence (AI) and machine
learning (ML) into conventional methods.”*® This integration
marks a significant shift toward SiEV analysis, significantly
enhancing the sensitivity and specificity of EV detection and
characterization.”>>>** These innovations facilitate the precise
identification of EVs, even in complex biological samples,
allowing for the differentiation between BuEV and SiEV
populations, a critical step in understanding the functional
heterogeneity of EVs and their roles in various pathological
conditions.

Moreover, advanced analytical methods now enable the
comprehensive characterization of EV cargo, including
proteins, nucleic acids, lipids, and metabolites. This detailed
cargo analysis aids in defining distinct EV subpopulations and
linking them to various diseases, thus deepening our
understanding of disease mechanisms. The capability of
analyzing EVs from bodily fluids also opens up avenues for
noninvasive or minimally invasive diagnostics via liquid biopsy,
representing a considerable shift in disease detection,
monitoring, and personalized treatment strategies. Although
SiEV analysis requires smaller sample volumes, often measured
in microliters or nanograms, it also necessitates higher sample
quality because of the sensitivity of EVs to handling and
processing.314

In this section of the review, we will present recent advances
in both BuEV and SiEV analysis techniques, organized by their
underlying principles. This categorization will provide an
overview of the advanced approaches available for character-
izing and analyzing BuEVs and SiEVs in clinical diagnostics.
The implications of these advancements for personalized
medicine are significant, as these advancements offer enhanced
sensitivity, greater specificity, and improved patient care. The
technological innovations that have improved the character-
ization and analysis of EVs, from BuEV to SiEV analysis,
represent a pivotal evolution with profound implications for
clinical applications.

6.1. Electron Microscopy. Electron microscopy is a
powerful imaging technique that employs electrons, not
photons, to achieve high-resolution imaging down to the
nanometer scale. SEM and TEM, the main types of electron
microscopy, are prominent methods utilized for BuEV and
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Figure 11. Advanced techniques for BuEV and SiEV characterization. (A) Cryo-TEM and electron tomography. EV samples are applied to a
grid and undergo cryo-TEM imaging and processing. Electron tomography is then used for 3D reconstruction. Copyright 2023, John Wiley
and Sons. Reprinted with permission from ref 566. (B) AFM-IR spectra and scan mapping image of SiEV in the 1,000 to 1,800 cm™' range,
and high-resolution spectra at 1 cm™' resolution. Copyright 2019, Springer Nature. Reproduced with permission from ref 568. (C)
Purification analysis, intracellular tracking, and colocalization of EVs using atomic force and 3D single-molecule localization microscopy.
Copyright 2023, American Chemical Society. Available under a CC-BY 4.0.°® (D) ILM instrument for nanoparticle characterization and the
pipeline for analyzing interactions with the environment. Copyright 2024, Wiley-VCH GmbH. Reprinted with permission from ref 573. (E)
iNTA utilizes a Wide-field iSCAT setup for tracking freely diffusing particles. Copyright 2022, Springer Nature. Reproduced with permission
from ref 576. (F) SMLM determination of the number of green fluorescent protein (GFP) molecules loaded into SiEVs. Copyright 2021,
Journal of Extracellular Vesicles published by Wiley Periodicals, LLC on behalf of the International Society for Extracellular Vesicles.
Reprinted with permission from ref 76.

SiEV analysis, offering detailed insights into EV structure and surface features but also internal structures, offering richer
morphology. SEM provides detailed surface topography of morphological and structural information. This is particularly
EVs, making it useful for assessing the size, shape, and surface valuable for characterizing the complex architectures of EVs,
morphology of large EV populations. TEM, on the other hand, which are often involved in nuanced biological processes.
offers a more detailed view of internal EV structures, such as However, FIB-SEM, like SEM, requires that biological samples
their membrane and cargo organization, and is commonly used be coated with a conductive material. While surface imaging
for SiEV analysis because of its higher resolution. SEM requires and 3D topography are central to these methods, the added
that biological samples be coated with a conductive material, value of FIB-SEM lies in its ability to offer precise, layer-by-
such as gold, to prevent charging and achieve optimal imaging layer visualization, significantly advancing our understanding of

quality. In contrast, TEM does not require sample con- EV structure in both isolated and complex environments.”**
ductivity, and ultrathin conductive material coating can be Several advanced TEM-based techniques have been
directly observed in transmission mode. While both SEM and developed. Cryogenic transmission electron microscopy
TEM are valuable for visualizing EV morphology, they (Cryo-TEM) rapidly freezes EVs in vitreous ice, preserving
primarily provide structural information. SEM also enables their native structure and providing high-resolution images
relatively large area analysis, allowing researchers to analyze without staining or chemical fixation, thus minimizing artifacts.
multiple EVs across broader sample regions, giving a more This represents a significant advantage over traditional TEM,
comprehensive overview of their distribution and diversity. allowing for the high-resolution imaging of EV membranes and
A more advanced variant of SEM, focused ion beam lumens, providing detailed information about EV structure,
scanning electron microscopy (FIB-SEM), extends the membrane organization, and cargo distribution. This technique
capabilities of traditional SEM by enabling detailed 3D has been used to reveal substantial morphological diversity
reconstruction of EVs.””” Through a process of milling away among SiEV.***°* Immunolabeling electron microscopy
layers of material, FIB-SEM allows for visualization not only of (immuno-TEM) labels EVs with antibodies conjugated to
28064 https://doi.org/10.1021/acsnano.5c00706
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electron-dense markers like gold nanoparticles, enabling the
visualization of specific proteins or markers within EVs and
thus indicating the presence and distribution of specific
proteins or cargo molecules.’®> Correlative light and electron
microscopy (CLEM) combines TEM’s high-resolution imag-
ing with fluorescence microscopy’s specific labeling, enabling
the identification and localization of fluorescently labeled EVs
within complex biological samples, thus indicating EV
interactions and identifying EV subpopulations on the basis
of specific markers.”®> And electron tomography collects TEM
images at different tilt angles and reconstructs them to
generate a 3D model of EV structures, providing detailed 3D
structural information about SiEVs and facilitating the study of
complex EV structures and interactions with other cellular
components (Figure 11A).°°° These advanced TEM techni-
ques provide valuable insights into the structure, composition,
and interactions of EVs, enhancing our understanding of their
biological roles and guiding the development of diagnostics.

6.2. Atomic Force Microscopy. AFM is a powerful
imaging technique used for characterizing EVs, providing
detailed information about their biophysical properties at the
nanoscale level. It enables high-resolution imaging and
mechanical mapping of entire EVs, allowing for the analysis
of both their surface features and internal structure.*”> AFM
provides crucial data on size, surface topography, and
mechanical properties, which are essential for studying the
heterogeneity of SiEVs. In addition to standard topographic
imaging, advanced AFM modes offer deeper insights, such as
analyzing the kinetics of EVs at the single-vesicle level, which
can reveal how membrane phases and EV origins influence
vesicle internalization routes.””’ AFM can also be combined
with other methods. For example, AFM combined with
infrared spectroscopy (AFM-IR), a technique that has seen
extensive use in various applications, offers simultaneous
measurements with enhanced spatial resolution. While its
utilization in SiEV studies remains relatively limited, its
potential for detailed chemical analysis of EV composition
makes it a promising technique for further exploration (Figure
11B).>°® AFM has also been combined with 2D single-
molecule fluorescence microscopy (SMFM) and 3D single-
molecule localization microscopy (SMLM) to provide a
comprehensive understanding of purified, fluorescently labeled,
endosome-derived EVs, particularly in terms of their size and
colocalization with a specific protein (Figure 11C).>*” The
researchers employed 2-color 3D SMLM and newly developed
software to measure, for the first time, the colocalization of
EVs with transferrin, a protein known to be involved in early
endosomes and recycling processes within cells.

6.3. Fluorescence Microscopy. EVs can be characterized
by using fluorescence microscopy techniques, such as total
internal reflection (TIRF) microscopy, confocal microscopy,
super-resolution microscopy, SMLM, and light-sheet micros-
copy, which play crucial roles in understanding various EV—
cell interactions, including EV release, uptake, and SiEV
composition.''® TIRF microscopy, in particular, is especially
useful for analyzing EV content, as it visualizes molecules
within a thin region near the glass coverslip surface where EVs
or cells are immobilized. By restricting fluorescence detection
to this area, TIRF enhances the signal-to-noise ratio, making it
ideal for single-molecule analysis and enabling precise
detection of fluorescence signals at the cell membrane
surface.””” This capability allows detailed insights into the
molecular composition of SiEVs. For instance, studies using

TIRF and SiEVs with GFP-tagged organelle markers have
shown that CD9 and CD81 are primarily associated with the
plasma membrane, while CD63 is linked to endosomal
organelles.””" TIRF microscopy is also often employed in
SMLM to provide quantitative and high-resolution details at
the SiEV level, including the shape and morphology of SiEVs,
which help to elucidate relationships between morphology and
function.””® Combining TIRF microscopy with microfluidic
resistive pulse sensing (MRPS) offers additional avenues for
SiEV  analysis, enabling precise sizing, quantification, and
insights into membrane dynamics and interactions.””” One
notable assay employing TIRF microscopy for image recording
and analysis is the immune lipoplex nanoparticle (ILN)
biochip assay. This assay is designed to capture specific
subpopulations of EVs and detect GPC1 mRNA and its
corresponding protein at the SiEV level. The assay established
optical cutoff values for GPC1 mRNA (threshold fluorescence
intensity [TFI] = 325,873) and tetraspanin membrane vesicle
(tMV) protein (TFI = 32,495), enabling differentiation of
PDAC patients from controls with 100% specificity, based on
ROC curves. These cutoff values correspond to 6.5 X 10° and
2.0 X 10® PANCI-derived EVs/mL in healthy donor serum,
ensuring reproducibility across laboratories. Clinical evalua-
tions demonstrated the assay’s translational potential for early
PDAC screening and treatment prognosis. It achieves high
AUC values of 0.947 for stage I PDAC and 0.973 for stage III/
IV. Additionally, the performance of the EV GPC1 biomarker
was compared to CA19-9, the established clinical standard for
PDAC diagnosis and prognosis.''® To optimize the detection
and analysis of EVs within the ILN biochip assay, the
researchers employed algorithms for EV detection that
generally consider EVs as diffraction-limited objects and
approximate their shape to a Gaussian function in confocal,
TIRF, and light-sheet microscopy.*®® In addition, the use of
interferometric light microscopy (ILM) enhances this analysis
by measuring nanoscale viscosity, providing insights into local
viscosity at the vesicle surface and its effects on EV size and
concentration (Figure 11D).””> This combination of techni-
ques underscores the assay’s ability to accurately identify and
characterize SiEVs, further supporting its application in PDAC
diagnostics.

6.4. Nanoparticle Tracking Analysis. Dynamic light
scattering (DLS) and nanoparticle tracking analysis (NTA) are
vital techniques for understanding the physical properties of
BuEVs and SiEVs in suspension.””* DLS is often used for
particle sizing, providing a straightforward and accurate
assessment of the hydrodynamic size distribution of EVs,
crucial for evaluating their stability and aggregation. But DLS
has limitations in resolution, especially for heterogeneous
samples and aggregates, leading to potential overestimation of
EV size, and the technique provides limited insights into
morphology and cargo content.”* In contrast, NTA offers high
resolution and the capability to detect individual EVs, enabling
real-time analysis and movement tracking. NTA’s reliance on
Brownian motion analysis allows for real-time quantification of
particle concentration and determination of hydrodynamic
radius, overcoming challenges associated with analysis
following common EV isolation methods, where particles can
be obscured by similarly sized lipoproteins. NTA directly
visualizes SiEVs, effectively overcoming challenges associated
with polydispersity and the presence of similarly sized
lipoproteins that can complicate traditional EV isolation
methods. This capability also facilitates surface protein
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phenotyping of EVs. While NTA is versatile and effective for a
range of EV types, it does have limitations. It requires careful
sample preparation and may struggle with detecting very small
or very lar%e EVs, leading to incomplete analysis for certain
size ranges.”®' Despite this, NTA is widely used for quantifying
EV populations and characterizing their size distribution,
which is critical for understanding the heterogeneity of EV
samples.

Advanced techniques can couple orthogonal detection
strategies with NTA. For example, NTA coupled with
fluorescence detection (NTA-FD) can enable simultaneous
visualization and quantification of fluorescently labeled SiEVs,
while single particle tracking analysis (SPTA) offers high-
throughput analysis and detailed morphological information
about EV populations.””> Moreover, interferometric nano-
particle tracking analysis (iNTA) is a new method that
employs interferometric detection of scattering to analyze the
trajectories and scattering cross sections of diffusing single
nanoparticles. Interferometric detection of scattering (iSCAT),
to reach unprecedented sensitivity and precision in determin-
ing the size and refractive index distributions of nanoparticles
in suspensions. iNTA represents a recent breakthrough in
particle analysis, offering precise determination of size and
refractive index with exceptional sensitivity. Unlike conven-
tional NTA, iNTA has improved capability to differentiate
between EVs and lipoproteins, enabling precise quantification
of EVs. Thus, iNTA holds significant promise as a novel
standard for label-free characterization of EVs in suspension
(Figure 11E).”’® These advanced techniques enhance the
capabilities of NTA, promising significant advancements in
studying EVs across various scientific disciplines, including
nanomedicine and biotechnology.

6.5. Flow Cytometry. Flow cytometry is a commonly used
technique for examining and separating cells (i.e., fluorescence
or flow-assisted cell sorting [FACS]) on the basis of their
physiological and chemical traits. In conventional flow
cytometry, cells are labeled with fluorescent markers and
then passed through a laser beam. A detector captures
scattered and emitted light, providing information on cell
size, granularity, and surface markers.’ Although helpful for
analyzing cells, using flow cytometry to analyze EVs comes
with distinct challenges because of their tiny size—most
conventional flow cytometers cannot accurately detect particles
smaller than 500 nm in diameter, as well as their diversity and
relatively low protein content.””®

To overcome these challenges, researchers have developed
advanced techniques. Recently, it was shown that a laboratory-
built nanoscale flow cytometer could detect SiEVs as small as
40 nm in diameter as well as single DNA fragments of 200 bp
upon SYTO 16 staining, used to study EV DNA at the SiEV
level.”” Another technique, high-resolution flow cytometry
(HRFC), combines traditional flow cytometry with high-
resolution imaging to enhance EV detection, sensitivity, and
resolution. This allows for the analysis of SiEVs and their
cargo, including proteins and nucleic acids, and enables the
identification of specific subpopulations with diagnostic
relevance.”® Innovations like the BD influx flow cytometer
and HRFC now enable the detection of smaller EVs, down to
about 100 nm, thus improving BuEV analysis. Integrated
techniques, such as optimized vesicle flow cytometry, enhance
sensitivity and resolution for detecting SiEVs, while nanoscale
flow cytometry specifically utilizes nanostructures for improved
detection.”®" The integration of nanoflow cytometry and

SMLM provides a rapid and reliable method for analyzing
SiEVs within a population of engineered EVs. This advanced
approach enabled a detailed examination of the distribution of
GFP across various SiEV subpopulations, highlighting differ-
ences in their engineering (Figure 11F).”° SMLM, in
particular, is a highly precise technique that allows for the
quantification of GFP molecules present in individual SiEVs.
Through comparative analyses, we can evaluate the extent of
GFP enrichment when SiEVs are fused with different EV-
sorting proteins. This capability is crucial, as it helps identify
which sorting proteins enhance the targeting efficiency of
engineered EVs toward specific recipient cells.

High-sensitivity flow cytometers, such as CytoFLEX by
Beckman Coulter, CellStream by Cytek, and Flow Nano-
Analyzer by NanoFCM, can detect EVs as small as ~60 nm by
using a “top-down” approach, in which technologies developed
for large entities (cells) have been adapted for the study of
EVs. But new technologies are achieving even higher sensitivity
by using a “bottom-up” approach, in which technologies
developed to study single molecules are being adapted for the
study of EVs. For example, a recent comparison study of the
performance of a single-molecule sensitive flow cytometry
(SMFC) platform with CytoFLEX and CellStream in
characterizing sEVs from colorectal cancer cells found that
CytoFLEX detected only 5.7% of EVs detected by SMFC and
CellStream, only 1.5%, and that median EV diameter and
protein biomarker copy numbers were much larger for
CytoFLEX and CellStream than for SMFC and as measured
by single-molecule microscopy.”®” This comparison demon-
strated that SMFC detects many sEVs that are below the limits
of detection of the other systems. Thus, calibrating instruments
and determining their limits of detection is important so the
subpopulation of detected sEVs can be ascertained for
improved rigor and reproducibility.

Another microfluidic approach for the molecular profiling of
SiEVs was developed through nanoscale exome protein-based
sorting using immunomagnetic-activated cytometry (Nano-
EPIC). The NanoEPIC platform conducts high-throughput
and high-resolution sorting of individual SiEVs on the basis of
surface marker expression, offering robust profiling of exosome
markers and enabling small EV subpopulation analysis.”**

Furthermore, fluorescence imaging flow cytometry (IFC)
combines flow cytometry with microscopy, allowing visual-
ization and analysis of SiEVs.”®* Recent research developed a
method named “EV fingerprinting,” which discerns distinct
vesicle populations using dimensional reduction of multi-
paragetric data collected by quantitative SiEV flow cytom-
etry.

These advancements hold promise for clinical diagnostics,
providing deeper insights into EV heterogeneity and cargo for
elucidating pathological mechanisms and managing diseases.
Nonetheless, challenges in standardization and accessibility
persist. Ongoing developments in innovative flow cytometry
platforms, including microfluidics-based systems, offer poten-
tial solutions to these issues, potentially contributing to EV
analysis for clinical diagnostics.

6.6. Resistive Pulse Sensing. Resistive pulse sensing
(RPS)-based techniques offer robust methods for both BuEVs
and SiEVs. In bulk analysis, RPS accurately measures EV size,
concentration, and surface charge by detecting changes in
electrical resistance as EVs traverse a nanopore.”” This
technique, also known as tunable resistive pulse sensing, is
particularly advantageous for analyzing polydispersed samples,
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as it allows for the adjustment of nanopore size to enhance
sensitivity across a broad range of particle sizes.”*® RPS finds
applications in diverse areas, ranging from the development of
EV isolation protocols for miRNA sequencing to the
investigation of disease-specific EVs.”®” In SiEV analysis, RPS
provides a detailed examination of individual EVs, uncovering
the heterogeneity within EV populations and enabling dynamic
studies of EV responses to stimuli or treatments.”® A
challenge with RPS is its restricted particle concentration
detection limit. For example, a typical concentration limit of
detection is ~10°® particles/mL for many commercial RPS
machines, due to the limited sampling efficiency of the
platform. This challenge was addressed by an extended Nano-
Coulter Counter, which comprised S pores in parallel that
increased the sampling efficiency. In addition, the pores were
placed within a microfluidic chip, and with the proper fluidic
network, which also increased the sampling efficiency. As a
result, the team reported a concentration limit of detection of
~1000 particles/mL.589

Variations of RPS have been developed, such as microfluidic
resistive pulse sensing, which measures the particle size
distribution of EVs. However, for this technique, specific
guidelines for measuring EVs together with other biofluid
particles are lacking, affecting reproducibility, and to address
this issue, a procedure has been developed to reproducibly
measure the particle size distribution.””* Ongoing advance-
ments in RPS instrumentation and data analysis algorithms
promise to further enhance our understanding of the biology of
EVs and their clinical relevance.

6.7. Mass Spectrometry. Techniques based on mass
spectrometry (MS) have become essential tools in the fields of
genomics, metabolomics, and proteomics.590 In metabolomics,
MS provides intricate insights into small molecules (metabo-
lites) present in biological samples.””" Liquid chromatogra-
phy—mass spectrometry (LC-MS) and gas chromatography—
mass spectrometry (GC-MS) are commonly used for
metabolite profiling. LC-MS is particularly powerful because
of its capability to separate and identify complex mixtures of
metabolites, facilitating our precise understanding of metabolic
pathways and disease mechanisms, leading to biomarker
discovery.592 In proteomics, MS allows comprehensive analysis
of proteins and their modifications, crucial for our under-
standing of cellular functions and disease processes. Shotgun
proteomics, which involves digesting proteins into peptides
before MS analysis, provides insights into protein expression,
post-translational modifications, and protein interactions.’”
Targeted proteomics, such as selected reaction monitoring
(SRM) and parallel reaction monitoring (PRM), enables
precise quantification of specific proteins or post-translational
modifications, thus aiding in the discovery of biomarkers and
their validation in clinical samples.””*

Mass spectrometry (MS)-based techniques have been
instrumental in characterizing EVs by enabling the precise
identification and quantification of EV-associated proteins.
Through proteomic analysis, MS has revealed dynamic changes
in EV protein expression under various physiological and
pathological conditions, aiding in the discovery of new
biomarkers.**>*° For example, LC-MS was used to analyze
serum EVs from patients with biliary tract infections and
revealed potential protein biomarkers for this condition,
CEACAM1 and CRB3, holding promise for clinical
diagnosis.””” As another example, ultrafast isolation and
MALDI-TOF MS were used for the proteomic analysis of

BuEVs from plasma, a technique known as robust acute
pancreatitis identification and diagnosis (RAPIDx). This
technique involves the proteomic fingerprinting of intact
nanoscale EVs from clinical samples. Through quantitative
analysis of EV fingerprints using MALDI-TOF MS, specific
proteins such as SAA proteins (SAA1-1, desR-SAA1-2, SAA2,
SAA1-2) were identified with AUCs ranging from 0.92 to 0.97,
enabling the detection of acute pancreatitis within 30 min.
Moreover, the combination of SAAI-1 and SAA2, with two
specific protein peaks (5290.19, 14032.33 m/z), achieved an
AUC of 0.83 for classifying the severity of the condition. This
platform holds promise for facilitating the timely diagnosis and
treatment of acute pancreatitis, preventing the development of
severe acute pancreatitis and persistent organ failure, and
contributing to precision diagnostics and the early detection of
pancreatic cancer.”

LC coupled with electrospray ionization tandem mass
spectrometry (ESI-MS/MS) is a preferred technique for
analyzing the molecular content of EVs. Specifically, nano-
ESI-MS/MS offers high sensitivity and resolution, allowing
for the detection, identification, and quantification of
thousands of proteins within a homogeneous EV population.
For instance, the content of sEVs from different glioblastoma
stem-like cell subtypes has been investigated to identify
molecules involved in their plasticity. Profiling the protein,
metabolite, and fatty acid content revealed significant differ-
ences in biomolecule abundance between proneural and
mesenchymal sEVs, suggesting that these distinct subtypes
cooperate via sEVs, contributing to the aggressive character-
istics of glioblastoma.™”

The integration of MS with other techniques has further
enhanced diagnostic performance. Other advanced MS-based
techniques, such as targeted sequential window acquisition of
all theoretical fragment ion spectra mass spectrometry
(SWATH-MS) proteomic workflows, have shown promise in
identifying and quantifying plasma-EV proteins. These
advanced MS-based techniques enable rapid and sensitive
analysis of both BuEVs and SiEVs, promising to revolutionize
clinical diagnosis by providing insights into disease mecha-
nisms and facilitatin6% the development of personalized
medicine approaches. 9 Moreover, the integration of MS
with other techniques such as tandem surface-enhanced
Raman spectroscopy (SERS), when applied to MS profiling
of plasma-derived EV, has shown significant promise in
detecting early ovarian cancer biomarkers, demonstrating
high diagnostic accuracy. This underscores the effectiveness
of combinin§ these techniques for the identification of key
biomarkers.®

Integrating nanomaterial-based enrichment with advanced
mass spectrometry enhances the precision and depth of EV
proteome analysis. For example, combining the TiO, nano-
material enrichment method for EV isolation with high-
throughput MS facilitates efficient characterization and
proteome profiling of EVs from complex and viscous biofluids.
In this example, the high specificity of the interaction between
EVs and TiO, beads allows for effective isolation of EVs from
plasma, separating them from abundant plasma proteins and
lipoproteins. This targeted removal facilitates the identification
of EV proteins throu§h LC-MS/MS, improving the accuracy of
proteomic analysis.””> Another technique is multiplexed gold
nanoshell and porous silicon nanowires-assisted laser desorp-
tion/ionization (LDI), known as MNALCI, which shows high
sensitivity and specificity in distinguishing various cancers from
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Figure 12. Advanced Raman techniques for BuEV to SiEV analysis. (A) Surface-enhanced Raman scattering (SERS) barcode-based gold
microelectrode for BuEV detection. BuEVs purified from human blood are captured and identified using nanobox-based SERS barcodes
under alternating current. Upon laser excitation, BuEVs bridge the gold microelectrode and the SERS barcode, forming a nanocavity that
detects Raman signals corresponding to specific protein expression levels. Copyright 2024, American Chemical Society. Reprinted with
permission from ref 611. (B) Single-particle automated Raman trapping analysis (SPARTA) platform. SPARTA uses surface plasmon
resonance microscopy (SPRM) for automated SiEV analysis, generating detailed compositional Raman spectra for over 14,000 individual
SiEVs. Copyright 2021, American Chemical Society. Available under a CC-BY 4.0.°"°

healthy controls using minimum serum samples.””> Further-
more, MS can also be integrated with nanoprojectile secondary
ion mass spectrometry (NP-SIMS), which assesses the protein
content of EVs using tagged antibodies. NP-SIMS determines
the relative abundance of EV-associated proteins by bombard-
ing a surface with individual gold nanoprojectiles. Each impact
transfers material from the sample to a mass spectrometer,
generating MS signals that enable the identification and
quantification of specific biomolecules. Despite challenges
associated with this technique, such as the need for specialized
algorithms and software for data analysis, NP-SIMS has great
potential for biomarker discovery in EVs.®*#*%

Recent advancements in elemental and molecular mass
spectrometry (MS) techniques have significantly enhanced our
ability to analyze biomolecules at the SiEV level. Techniques
such as inductively coupled plasma mass spectrometry (ICP-
MS), especially when combined with metal-labeled probes,
facilitate multiplexed analysis of EVs, providing valuable
insights into their heterogeneity, biogenesis, composition,
and function. While ICP-MS shows considerable promise in
analyzing SiEVs and single cells, challenges related to
sensitivity and resolution persist at these smaller scales.
Despite these limitations, these techniques offer substantial
potential for advancing our understanding of EVs in biological
processes.606 Furthermore, integrated techniques, such as

28068

nanoscale secondary ion mass spectrometry (NanoSIMS)
combined with transmission electron microscopy (TEM), have
enabled in-depth investigations into the role of vesicle size in
partial release events. In a study involving PCI12 cells
containing dopamine-loaded vesicles via the vesicular mono-
amine transporter 2 (VMAT2), NanoSIMS facilitated the
absolute quantification of dopamine (DA) at the single-vesicle
level. The study revealed that partial release was independent
of vesicle size, suggesting that this release mode is a
characteristic feature of all dense-core vesicles.””” Analyzing
SiEVs remains challenging due to their low molecular content
and the potential for contamination from nonspecific binding
of environmental proteins. To address these issues, specialized
algorithms and software have been developed to enhance data
analysis of SiEVs, improving the accuracy and reliability of
results.”*”

6.8. Raman Spectroscopy. Raman spectroscopy (RS) is a
label-free technique that provides a powerful means of analysis.
In RS, laser light interacts with a sample, causing molecular
vibrations, which result in inelastic scattering of the light. This
scattered light is then detected to analyze the sample.’”®
Innovative techniques derived from RS have been developed
for BuEV and SiEV analysis, tailored for both IEVs and
GEVs 609,610
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Figure 13. Advanced nanoplasmonic techniques for BuEV and SiEV analysis. (A) Copper nanoshell-enhanced immunoassay (Cu-NEI).
Copper nanoshells are grown in situ on antibody-conjugated gold nanoparticles that specifically bind to LAM biomarkers on EVs for the
detection of M. tuberculosis—derived LAM for TB diagnostics. Copyright 2022, Wiley-VCH GmbH. Reprinted with permission from ref 616.
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Figure 13. continued

(B) Nanoplasmon-Enhanced Scattering (nPES) assay for EV Detection. Dark-field microscope (DFM) images of AuS-anti-CD63 (green),
AuR-anti-CD9 (red) and AuS-EV-AuR complexes, which are detectable as bright yellow dots. Scale bars: main images, 2 pm; magnified
images, 100 nm. Copyright 2017, Springer Nature. Reproduced with permission from ref 618. (C) Geometry-induced electrohydrodynamic
tweezers (GET) for SiEV trapping. The SEM image shows the plasmonic double nanchole aperture antenna at the core of the trap, with the
inset providing a closer view. Temperature distribution analysis at the surface of the plasmonic antenna on a sapphire substrate confirms that
the trapping intensity remains controlled to avoid overheating. Frame-by-frame sequence SiEV are dynamically trapped and released by
superposition electrohydrodynamic forces with plasmon-enhanced optical trapping potential upon laser illumination, SiEV is seamlessly
manipulated and transferred from one trap to the next. Copyright 2023, Springer Nature. Reproduced with permission from ref 622.

One such technique is surface-enhanced Raman spectros-
copy (SERS), which utilizes localized surface plasmon
resonance (LSPR). In a novel nanocavity-based system, the
integration of surface-enhanced SERS barcodes with mirror-
like, asymmetric gold microelectrodes enables precise SEV
analysis. By applying an alternating current across the gold
microelectrodes, nanofluidic shear forces are generated,
promoting the binding of sEVs and facilitating the efficient
assembly of nanoboxes. The binding forms a nanocavity
between the nanobox and the gold microelectrode, which
significantly amplifies the local electromagnetic field, thereby
enhancing the Raman signals from four distinct SERS
barcodes. These amplified signals generate patient-specific
molecular sEV signatures. This system simultaneously profiled
4 protein markers (CD63, MUC1, EGFR, and TNC) on the
sEV surface. When tested on a cohort of clinical samples (n =
76) representing various stages of lung cancer, the patient-
specific sEV molecular signatures enabled accurate identi-
fication, stratification, and treatment monitoring of lung cancer
patients, underscoring the system’s potential for clinical
application (Figure 12A).°"" Another system derived from
RS is single particle automated Raman trapping analysis
(SPARTA), an automated system optimized for SiEV analysis,
representing a versatile approach for studying EVs as a source
of cancer biomarkers. This technique offers molecular
characterization of SiEVs by capturing their Raman spectra,
providing detailed insights into their chemical composition
(Figure 12B).°"° Another innovative system is tip-enhanced
Raman spectroscopy (TERS), a combination of RS and AFM.
This system offers enhanced spatial resolution and sensitivity,
providing detailed local information on nanometer-sized
EVs.*”

RS can also be integrated with nanoplasmonic techniques,
which amplify the Raman signals of molecules near metal
nanostructures, enabling highly sensitive detection of EV
molecules. These systems, which can be used in conjunction
with nanomaterials and machine learning algorithms to
enhance the accuracy, sensitivity, and selectivity of EV analysis,
are proving to be important for clinical diagnosis.’’> In one
example, exosomes from prostate cancer cells were detected in
undiluted patient serum or microvesicles in whole blood at the
single-particle level by optical microfibers modified with
nanomaterials.”'> Specifically, the microfibers were modified
with the nanomaterial tungsten disulfide (WS,)—supported
gold nanobipyramid (Au NBPs) nanointerfaces and EpCAM
aptamers to detect exosomes. Leveraging near-field LSPR, this
integrated technology achieved ultrasensitive detection of
exosomes, with a limit of detection value of 23.5 particles/
mL in pure PBS and 570.6 particles/mL in 10% serum,
respectively.

In another example, SERS was combined with machine
learning to analyze EVs for diagnosing and staging thyroid

cancer. This integrated technology profiled exosomes in
clinical blood samples by using SERS on substrates function-
alized with MXene-coated gold@silver (core@shell) nano-
particles and combined this with deep learning. This
technology achieved a dynamic range of 0.5 X 10" to 2.0 X
10" EVs/mL with a limit of detection of 1.7 X 10° EVs/mL.
Impressively, it demonstrated a diagnostic accuracy of 96.0% in
differentiating thyroid cancer patients from healthy controls
and an accuracy of 86.6% in staging the cancer patients.’"
These advanced techniques enable rapid, sensitive, and label-
free analysis of both BuEVs and SiEVs, offering great promise
for precision diagnostics and personalized medicine.

6.9. Nanoplasmonic Techniques. Nanoplasmonic tech-
niques leverage plasmonic nanostructures, primarily composed
of noble metals like gold and silver, to enhance electromagnetic
fields at the nanoscale through surface plasmon resonance
(SPR) and LSPR. These techniques significantly improve the
sensitivity of biosensing for biomolecule detection, particularly
through SERS, which allows for the identification of specific
biomolecules at low concentrations. In addition, they enhance
fluorescence signals, improving imaging resolution in biological
samples.”’ "> The localized electromagnetic “hotspots”
generated by these nanostructures enable the detection of
EVs, making nanoplasmonic techniques highly valuable for
advancing diagnostic applications in clinical settings.*'*>¢'®

LSPR arises in nanoscale metallic structures, such as gold or
silver nanoparticles, where localized oscillations of conduction
electrons are confined within the nanostructure. LSPR-based
biosensors offer high sensitivity and can be implemented in
simplified optical configurations, including dark-field and
colorimetric detection.”’” To enhance LSPR biosensing
capabilities, various strategies have been explored, often
requiring trade-offs between signal amplification, target
specificity, and assay complexity. To address these challenges,
a rapid copper nanoshell-enhanced immunoassay (Cu-NEI)
was developed, leveraging in situ copper growth for efficient
and cost-effective signal amplification. This method exploits
the superior plasmonic properties of copper nanoshells while
maintaining assay simplicity (Figure 13A).°’® In the Cu-NEI
assay, Cu nanoshells are grown on antibody-conjugated gold
nanoparticles (AuNPs) that specifically bind to LAM
biomarkers on EVs, facilitating the detection of M. tuber-
culosis-derived LAM for TB diagnostics. The Cu nanoshells
preferentially form cubic and tetrahedral morphologies on
monocrystalline AuR probes, significantly enhancing the
scattering signal. This streamlined approach is compatible
with high-throughput multiwell formats and maintains a high
signal-to-noise ratio, crucial for sensitive detection. Further-
more, the assay integrates seamlessly with dark-field micros-
copy, supporting its potential for clinical translation. Validation
in a TB-screened cohort demonstrated robust diagnostic
performance, achieving a sensitivity of 76.19%, specificity of
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100%, and overall accuracy of 83.81%, with an AUC of 0.92.
These findings highlight the Cu-NEI assay as a promising
platform for EV-based TB diagnostics.

An advanced nanoplasmonic technique, the nanoplasmon-
enhanced scattering (nPES) assay addresses the limitations of
conventional EV assays, such as large sample requirements,
lengthy processing times, and high costs. By leveraging
antibody-conjugated gold nanospheres and nanorods, nPES
enables rapid, ultrasensitive, and cost-effective detection of
tEVs from just 1 L of plasma. These nanoparticles selectively
bind to captured EVs on a sensor chip, generating a localized
plasmonic effect that enhances detection sensitivity and
specificity (Figure 13B).°'® A major application of nPES is
the detection of EphA2-positive EVs, a biomarker linked to
pancreatic cancer. The EphA2-EV nPES assay demonstrated
high diagnostic accuracy, effectively distinguishing pancreatic
cancer from pancreatitis and healthy controls. Furthermore,
EphA2-EV levels correlated with tumor progression and early
treatment responses, outperforming conventional ELISA. A
pilot study involving patients with pancreatic cancer (stages I—
III), pancreatitis, and healthy individuals validated its
diagnostic performance, showing that changes in EphA2-EV
levels reflected treatment responses. With its high-throughput,
rapid, and low-cost capabilities, the nPES assay represents a
significant advancement in EV-based diagnostics, offering
potential applications in early disease detection and real-time
therapeutic monitoring across diverse clinical settings.”'®

SPR has emerged as a label-free technique for analyzing EVs,
ranging from BuEVs to SiEVs. It detects changes in the
refractive index of a plasmonic surface due to molecular
interactions, providing a platform for biomarker detection.’'”
To enhance the sensitivity of SPR assays, nanomaterials with
unique optical properties have been incorporated into SPR
platforms, significantly improving signal amplification and
detection sensitivity.””" Recent advancements in SPR
techniques have transformed the characterization of EVs
from BuEV to SiEV levels. These advances offer enhanced
sensitivity, specificity, and multiplexing capabilities, enabling
the detection of EV biomarkers in complex biological samples
and improving clinical diagnosis.621 However, these SPR
approaches often rely on large spectrometers, limiting
portability. To address this, alternative techniques such as
the digital SiEV analyzer (DEA) have been introduced. DEA
automates SiEV analysis within the SPR platform, allowing for
subpopulation identification, counting, and sizing. Despite
these advances, challenges such as low contrast and signal-to-
noise ratios persist in SiEV detection. Novel SPR sensor
designs are tackling these challenges by improving the
detection of low-abundance biomarkers.**

Beyond these SPR innovations, a new method called the
geometry-induced electrohydrodynamic tweezers (GET) plat-
form has been developed (Figure 13C), which rapidly traps
SiEVs from the surrounding solution at designated locations
within seconds.””” The GET platform comprises a finite array
of plasmonic nanoholes arranged in a circular geometry with
an inner void region. This design generates multiple electro-
hydrodynamic potentials and integrates nanoscale plasmonic
cavities at the center of each trap. Positioning SiEVs near
plasmonic cavities enables instant plasmon-enhanced optical
trapping upon laser illumination without causing heating
damage. This approach enhances trapping efficiency even in
low-particle-concentration media, significantly boosting anal-
ysis throughput. Thus, these noninvasive, scalable hybrid

nanotweezers mark a significant advancement in high-
throughput, tether-free plasmon-enhanced SiEV trapping and
spectroscopy, holding great potential for advancing diagnostic
techniques based on SiEVs.

A novel concentric gradient nanoplasmonic sensor offers
label-free, sensitive, and quantitative analysis of tumor-derived
BuEVs. This sensor, comprising a wafer-scale metasurface with
gradient metal nanostructures, demonstrated excellent sensi-
tivity in detecting EVs from the plasma of cancer patients, with
a high sensing performance of 9.23 X 107> refractive index
units (RIU), achieving real-time measurements of BuEV
binding at concentrations as low as 143 femtomolar.’*’
Moreover, a compact imaging-based sensing device was
designed, combining large-area and real-time imaging with
spectroscopic approaches, promising for point-of-care diag-
nostics.

Despite these advancements, limitations remain in systems
like nanoplasmonic exosome (nPLEX), which struggle with
bulk analysis sensitivity and lack multiplexing capabilities.
Innovations like the fluorescence-amplified extracellular vesicle
sensing technology (FLEX) and the next-generation enhanced
fluorescence detection (nPLEX-FL) platform address these
issues by improving fluorescence signal amplification and
enabling multiplexed analysis of SiEV.

In the FLEX assay, EVs are captured on a plasmonic gold
nanowell surface and immunolabeled for specific biomarkers,
enabling protein profiling of EVs at the SiEV level.''" Using
this assay, researchers have identified biomarkers of chol-
angiocarcinoma, such as MUCI1, EGFR, and EPCAM, and
have used these biomarkers to detect tEVs in clinical samples.
This innovation detected cholangiocarcinoma with an AUC of
0.93, suggesting its potential as a reliable liquid biopsy test for
early screening and detection of this type of cancer.

In the nPLEX-FL platform, using periodic gold nanohole
structures, amplifies fluorescence signals associated with EVs.
This enhancement allows for sensitive and multiplexed analysis
of SiEVs, improving the detection and profiling of various
biomarkers.””> These advancements in high-throughput SPR
platforms promise to improve clinical diagnostics by providing
rapid, accurate, and personalized tools for disease detection
and molecular monitoring, while also enabling real-time
monitoring of EV interactions with capture molecules,
significantly aiding in biomarker discovery.

6.10. Digital Techniques. Digital techniques encompass
analytical methods that utilize digital quantification to enable
precise detection and measurement of biomolecules. By
converting biological signals into discrete, countable units,
these techniques facilitate highly sensitive and accurate
molecular-level assessments.”*® These approaches can also be
integrated with digitized sensors with advanced Al algorithms,
offering powerful platforms for the simultaneous detection of
multiple targets with exceptional sensitivity and precision.®””

In the context of EV analysis, digital techniques offer
significant advantages, particularly in overcoming the limi-
tations of BuEV analysis. Diagnosing diseases using BuEV
presents challenges due to the low expression levels of
biomarkers and the complex physical and biological properties
of EV samples. Thus, recent advancements in digital-based
methods have shifted the focus from BuEVs to SiEV analysis,
enabling the examination of individual vesicles in clinical
samples and their potential use as diagnostic tools.** *° For
example, a highly sensitive double digital assay has been
developed for the absolute quantification of individual
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Figure 14. Advanced digital techniques for SiEV analysis. (A) Workflow for digital PCR (dPCR) chip detection of SiEV long noncoding
RNAs. The process includes partitioning SiEV mixtures into microchannels and microchambers, PCR amplification, and absolute
quantification. Copyright 2023, Elsevier. Reprinted with permission from ref 628. (B) Integrated digital droplet technology with microfluidic
chip using hydrogel-based digital droplet multiple displacement amplification (ddMDA) for SiEV DNA analysis. Copyright 2024, American
Chemical Society. Reprinted with permission from ref 477. (C) Surface plasmon resonance microscopy (SPRM) for automatic SiEV analysis,
capturing SiEVs of varying sizes from biological samples. The developed digital EV analyzer (DEA) software enables size distribution and
dynamic single-EV tracking, with classification based on size-dependent surface protein signatures. Copyright 2023, Shanghai Fuji
Technology Consulting Co., Ltd., authorized by Professional Community of Experimental Medicine, National Association of Health
Industry and Enterprise Management (PCEM) and John Wiley & Sons Australia, Ltd. Reprinted with permission from ref 631. (D) Digital
decoding of SiEV phenotypes differentiating early malignant and benign lung lesions. The DECODE chip distinguishes these lesions through
SiEV counting and phenotyping using anti-TNC antibody conjugated nanopillars and nanobox-based SERS barcodes targeting CD63,
THSB2, VCAN, and TNC. SEM images and SERS spectra (MMC, TFMBA, DTNB, MBA) demonstrate the detection process. Copyright

2022, Wiley-VCH GmbH. Reprinted with permission from ref 458.

molecules in SiEVs.'"> Another example is digital polymerase

chain reaction (dPCR), a highly sensitive method that allows
for the absolute quantification of nucleic acids. Unlike
conventional PCR, which provides relative quantification,
dPCR partitions a sample into thousands of individual
reactions, detecting and counting DNA or RNA molecules in
each partition. This method enhances precision and sensitivity,
particularly in cases of low biomarker expression, making it a
valuable tool for analyzing SiEVs. Its application in disease
diagnosis has demonstrated the potential to identify rare
genetic mutations and other molecular alterations with greater
accuracy.”*> Moreover, the digital enzyme-linked immuno-
sorbent assay (d-ELISA) builds upon the traditional ELISA
method by providing digital quantification of protein
biomarkers. By isolating and detecting single molecules, d-
ELISA increases the detection sensitivity, which is crucial when
analyzing complex and heterogeneous EV populations. This
technique has shown promise in accurately measuring low-
abundance proteins, offering an improvement over BuEV

28072

analysis. Clinical studies have highlighted its utility in
diagnosing diseases in which protein expression levels are
key indicators of disease progression or response to treat-
ment.**

Integrated digital microfluidics harnesses the combined
strengths of digital quantification and precise fluid control,
enabling sensitive, high-throughput analysis of EV and SiEV
biomarkers while serving as a robust platform for advanced
diagnostics such as early tumor detection and multiplexed
biomarker profiling. An integrated digital microfluidics
combines the advantages of digital quantification with
microfluidic platforms, enabling the manipulation and analysis
of small volumes of fluid containing EVs or SiEVs. This
technology is particularly effective for high-throughput
analyses, allowing for the simultaneous processing of multiple
samples. Integrated digital microfluidics also offers advantages
in automation, speed, and multiplexing, which are critical for
large-scale clinical diagnostics. Its potential lies in personalized
medicine, where tailored treatment strategies rely on precise
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biomarker profiling at the SiEV level.”™™ One pioneering
development is the digital polymerase chain reaction (dPCR)
chip, specifically designed to detect EV-associated biomarkers
in saliva for the early diagnosis of tumors. This chip utilizes
microfluidic technology with precisely engineered micro-
structures to partition the sample into thousands of individual
reaction chambers, each containing only a few molecules or
even a single molecule of interest. By doing so, the dPCR chip
allows for highly accurate quantification of biomolecules
carried by BuEVs. With exceptional sensitivity, detecting as
few as 10 copies of EV IncRNAs, the chip has effectively
discriminated lung cancer cases from healthy controls,
demonstrating higher precision compared to that of qPCR.
Thus, the dPCR chip is a promising technolo§y for
noninvasive, early screening of tumors (Figure 14A).62

In addition, a versatile droplet digital immuno-PCR
(ddiPCR) assay combines the high specificity of immuno-
PCR with the sensitivity of ddPCR to profile surface proteins
of SiEV, enabling the detection and quantification of multiple
EV subpopulations within a sample. Immuno-PCR involves
attaching DNA tags to antibodies, which bind to specific EV
surface proteins, while ddPCR amplifies these DNA tags within
individual droplets, allowing for precise and highly sensitive
measurements. In a clinical study, the ddiPCR approach
simultaneously profiled EV proteins associated with breast
cancer and hepatocellular carcinoma, showing significant
differences in multisubpopulation EV counts between cancer
patients and healthy controls that were based on specific EV
surface markers for each cancer type.””” Notably, ddiPCR
successfully profiled biomarkers such as CD9/CD63/CD81,
HER2, and EpCAM for breast cancer and CD9/CD63/CD81,
GPC-3, and EpCAM for hepatocellular carcinoma. Further
improvements in disease diagnosis could be achieved by
integrating ddiPCR with machine learning, promising
enhanced accuracy and efficiency in cancer diagnostics.

Recently, researchers have developed a cost-effective dual-
color membrane digital ELISA (MemdELISA) platform.""”
This innovative platform utilizes track-etched polycarbonate
membranes, effectively eliminating air bubbles and forming
microwells, and enables a duplex digital protein colorimetric
assay, allowing for the simultaneous detection of protein
biomarkers. It successfully identified breast cancer biomarkers,
namely EpCAM" EVs and GPC-1" EVs, from breast cancer
cells. The MemdELISA platform exhibits a wide dynamic range
and low detection limit, and with easy setup, low cost, and
high-throughput capabilities, it shows promise for advancing
biomarker detection technologies in various biomedical
applications.

Another breakthrough is EV-CLIP, a highly sensitive
droplet-based digital method leveraging microfluidic compart-
mentalization. This approach enables high-throughput digital
profiling of EVs containing target miRNA or mRNA.*** EV-
CLIP employs the fusion of EVs with charged liposomes
(CLIPs) within a microfluidic chip. The optimized surface
charge of the CLIPs enhances the sensitivity and selectivity for
detecting EV-derived miRNAs and mRNAs. This was achieved
in a microfluidic droplet reactor, allowing digital investigation
of miRNAs and mRNAs within SiEVs. This signal is then
digitally detected and quantified in a microfluidic droplet
reactor, allowing precise analysis of EV-derived miRNAs and
mRNAs. In samples from 73 lung cancer patients and 10
healthy donors, EV-CLIP detected EGFR mutations L858R
and T790 M in blood plasma with high AUC values: 1 for

L858R and 0.9784 for T790M. EV-CLIP eliminates the need
for sample preprocessing; it does not require prior EV isolation
or RNA preparation, simplifying the detection process while
minimizing the loss of BuEVs. Its success in serial monitoring
during chemotherapy further suggests its potential for precise
quantification of rare EV subpopulations. Consequently, EV-
CLIP can facilitate biomarker discovery and enhance our
understanding of diverse EV populations in various disease
states, particularly in diagnostics.

Furthermore, a rapid and fully automated sample prepara-
tion platform using digital microfluidic (DMF) technologgy has
been developed for clinical liquid biopsy of tumors.**” This
platform integrates EV pretreatment protocols with a reusable
DMEF chip technique, allowing for automated sample
processing in 20—30 min and immediate RT-qPCR analyses
of EV-derived miRNAs. According to clinical validation, this
platform was effective for detecting biomarkers of NSCLC,
such as EV-miR-486-5p and miR-21-Sp, and required only a
small sample volume (20—40 uL), consistent with results
obtained using a commercial exosome miRNA extraction Kkit.
Therefore, this approach provides a simple solution to EV
isolation for liquid biopsy, holding promise for early cancer
detection.

Moreover, a hydrogel-based droplet digital multiple displace-
ment amplification (ddMDA) approach has been introduced
for comprehensive profiling of EV DNA at the SiEV level
(Figure 14B).*”” This method disperses SiEVs in thousands of
hydrogel droplets, where they undergo lysis for DNA
amplification and identification. The droplet microfluidics
strategy provides single-molecule sensitivity and enables
absolute quantification of DNA-containing EVs, offering
insights into EV. DNA heterogeneity in terms of content,
distribution, and properties. By encapsulating SiEVs into
monodispersed droplets, this approach reduces sample cross-
contamination risk and allows for DNA sequencing of ddMDA
products, thus providing a robust tool for investigating EV
DNA content and its implications for early cancer detection
and treatment response monitoring.

To improve SiEV analysis, an automated digital EV analyzer
(DEA) has been developed for size-dependent subpopulation
analysis in surface plasmon resonance microscopy (SPRM).
This software automates SiEV identification, counting, sizing,
and dwell time quantification, potentially advancing SPRM
technology in cancer diagnosis by accurately grouping EVs
from different origins (Figure 14C).%*!

Ultrasensitive SiEV  detection using a high-throughput
droplet digital enzyme-linked immunosorbent assay (DEVA)
enables EV quantification at a detection limit of 9 EVs per uL,
greatly surpassing existing gold standard methods. DEVA
operates by emulsifying a biological sample into thousands of
tiny droplets, each acting as an individual reaction chamber.
Inside these droplets, specific capture antibodies bind to target
markers on the EVs. After this binding process, an enzyme-
linked secondary antibody reacts with a substrate to produce a
detectable signal, such as fluorescence or color change, that
indicates the presence of EVs. Each droplet is analyzed to
determine the signal, enabling precise quantification of EVs,
including rare subpopulations, even in complex bodily fluids,
demonstrating its clinical potential.””*

In addition, a digital SiEV counting detection technology
known as DECODE represents a significant advancement in
noninvasive lung cancer diagnostics (Figure 14D).*® This
innovative technology captures SiEVs on a nanostructured
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Figure 15. Electrochemical systems for clinical EV analyses. (A) High-throughput integrated magneto-electrochemical (HiMEX) device. This
device integrates magneto-electrochemical technology for rapid and efficient profiling of tumor-derived EVs (tEVs) from plasma. Copyright
2021, Springer Nature. Reproduced with permission from ref 462. (B) Electrochemical ITO sensor—integrated microfluidic device. This
device consists of 2 key components designed to optimize EV purification and detection. First, the multiorifice flow fractionation (MOFF)
channel removes blood cells and debris, delivering a purified EV sample. Next, the geometrically activated surface interaction (GASI)
chamber, fitted with electrochemical ITO sensors, enriches and detects EVs with high specificity and efficiency, offering a streamlined
approach for EV analysis. Copyright 2023, Elsevier. Reprinted with permission from ref 637.

pillar chip and profiles biomarkers using SERS barcodes,
allowing for precise, bias-free digital readouts. By analyzing EV
biomarkers such as TNC, CD63, THSB2, and VCAN,
DECODE effectively distinguishes between malignant and
benign lung lesions with high accuracy (AUC = 0.85),
particularly in early-stage cancer. Compared to BuEV methods

that provide averaged information and can lead to
quantification bias and limited sensitivity, the DECODE
approach generates comprehensive, detailed molecular profiles
of SiEVs, enhancing diagnostic accuracy and sensitivity. This
highlights its potential as a reliable screening tool, one that can
reduce the need for invasive tissue biopsies and benefit the
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broader population through early detection and improved
clinical outcomes.

Tyramide signal amplification (TSA) assays can enhance the
fluorescent signal readout, compensating for the low relative
abundance of proteins in SiEVs.**® Utilizing advanced
microfluidic technology, this method effectively compartmen-
talizes SiEVs, demonstrating its capability for digital partition-
ing. This system shows potential for profiling crucial diagnostic
and prognostic cancer biomarkers. Its ability to accurately
quantify rare protein molecules from SiEVs offers significant
insights into EV heterogeneity and possibly the identification
of new biomarkers.

These recent digital-based advances represent a significant
leap forward in the understanding and diagnosis of diseases
through the detailed analysis of SiEVs, which offers a more
precise, sensitive, and cost-effective approach compared to
conventional BuEV analysis. These methods enhance early
detection, treatment monitoring, and biomarker discovery
across various disease states.

6.11. Electrochemical Systems. Electrochemical systems
detect the interaction of a target analyte with a sensor,
transforming analyte concentration into an electrochemical
response signal. Common electrochemical systems include
cyclic voltammetry, electrochemical impedance spectroscopy,
square wave voltammetry, linear sweep voltammetry, and
differential pulse voltammetry.**>*** Target analytes encom-
pass a broad spectrum, from biomolecules such as DNA, RNA,
and proteins to EVs and cells. Thus, these systems offer
insights into disease mechanisms and biomarker identifica-
tion.”®

Electrochemical biosensors are customizable with specific
protein markers such as CD63, CD9, or EpCAM, which are
immobilized on electrode surfaces. This approach effectively
targets protein biomarkers present on EV membranes, making
electrochemical-based techniques indispensable in clinical EV
analysis. They offer sensitivity, specificity, and efficiency
beyond traditional analysis methods.®**

Researchers are currently focusing on developing advanced
electrochemical techniques, which involve the use of nano-
composite materials with high conductivity and surface area.
Integrating these materials with microfluidic systems or
magneto-electrochemical methods into 96-well assays has
demonstrated enhanced downstream processing, significantly
improving the efficiency and performance of EV analysis for
clinical samples.******

Numerous studies have described the development of
electrochemical biosensors capable of detecting EV-related
DNA, RNA, and protein biomarkers. These approaches
provide valuable diagnostic insights by enabling the identi-
fication of disease-related EVs. This aids in early diagnosis and
monitoring disease progression.633 A paper-based electro-
chemical strip was developed by screen printing conductive ink
and modifying it with AuNPs to detect cancer-derived EVs in
bodily fluids. The system had a linear range extending to 10°
EVs/mL and an limit of detection of 0.7 X 10° EVs/mlL,
allowing for the detection of avf36-expressing cancer cells.”*

For clinical applications, integrating EV isolation and
detection is crucial. A high-throughput integrated magneto-
electrochemical (HiMEX) device was developed for this
purpose, featuring a 96-well assay that enriches EVs with
antibody-coated magnetic beads and also performs electro-
chemical detection (Figure 15A).**> This system utilizes a
combination of antibodies targeting clinically relevant tumor

biomarkers (EGFR, EpCAM, CD24, and GPA33) for the
detection and analysis of colorectal cancer. In a prospective
study using this device and involving 90 patients, the burden of
tEVs predicted S-year disease-free survival. Additionally, in a
longitudinal analysis of plasma from 11 patients, EV burden
declined postsurgery and increased upon relapse. This method
achieved a detection sensitivity of 94%, a specificity of 100%,
and an accuracy of 96% for colorectal cancer diagnosis using
conventional and EV markers.

Microfluidic chips that integrate EV capture with electro-
chemical detection present an efficient approach for clinical
analysis. A recent study evaluating the malignancy of
pancreatic cystic neoplasms utilized such a microfluidic device
(Figure 15B).*” The integrated device consists of 2 essential
components: a multiorifice flow-fractionation (MOFF)
channel, which effectively extracts pure EVs by removing
blood cellular debris, and an indium—tin-oxide (ITO) sensor
coupled with a geometrically activated surface interaction
(GASI) channel for the enrichment and quantification of tEVs.
Specific antibodies immobilized on the ITO surfaces capture
tdEVs, showing a linear response between 10° and 10° tdEVs/
mL. Antibodies targeting EpCAM and CD49f were used for
quantitative EV measurement and an evaluation of the
epithelial-to-mesenchymal transition index. Such devices
isolate EVs from blood and analyze them directly, enhancing
speed, sensitivity, and specificity of clinical EV analysis.

The development of multiplexed electrochemical biosensors
enhances the diagnostic capabilities of EV analysis. These
biosensors can target multiple EV biomarkers simultaneously,
providing comprehensive disease status information from
clinical samples. A notable example is the electrochemical
sensor that incorporates PbS colloidal quantum dots (CQDs)
into the antibody immobilization structure. When a sample of
small EVs is detected by this sensor in the presence of an
applied electric field, specific capture is mediated by anti-CD63
antibodies. The charge transfer occurring at the binding
interface between PbS CQDs and anti-CD63 is converted into
electrical signals. This phenomenon is attributed to the
abundance of active sites and the distinctive capacitive effect
of the CQDs. This sensor achieves quantitative detection of
small EVs, covering a dynamic range spanning nearly 6 orders
of maégl}itude and having a detection limit of 19 particles
mL™.%*° Moreover, it has demonstrated clinical applicability,
by detecting surface proteins of EVs derived from breast cancer
cell lines.

Another innovative method is the proximity-guaranteed
DNA machine for accurate identification of EVs released by
breast cancer, which is beneficial to explore the subtype
features of breast cancer.”** This method utilizes a program-
mable DNA machine, an engineered nucleic acid device
designed to detect coexpression of specific EV biomarkers
using the CRISPR-Casl2a system. HER-2 and EGFR were
chosen as model targets due to their coexpression being
associated with poor clinical outcomes in HER-2" breast
cancer. The DNA machine is activated through proximity-
driven copper-free click ligation, which facilitates the
simultaneous targeting of both biomarkers. Once the probes
bind to HER-2 and EGFR on the same EV, their proximity
triggers the ligation of their terminal modifications, initiating a
cascade of DNA reactions. This process amplifies the signal,
enabling sensitive and specific identification of breast cancer
EVs. The method has shown high sensitivity and specificity
when tested with EVs derived from breast cancer cell lines and
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clinical samples, allowing use not only for the identification of
breast cancer patients with special subtypes but also for the
staging of tumor progression. Recently, genomic tools such as
Argonaute-based sensors have been employed on digital
platforms to enable ultrasensitive and multiplex detection,
serving as a gowerful tool for the analysis of various
biomolecules.””” We envision these technical advances can
be further integrated to improve the throughput in EV analysis.

A new electrochemical biosensing method based on a
proximity labeling—assisted click conjugation strategy has been
proposed for specific subgroup analyses of circulating EVs.
This method, demonstrated with CD44* EVs as a model,
showed satisfactory utility for clinical blood samples and
versatility with other EV targets, providing reliable guidance for
cancer diagnoses and management strategies.633

Another noteworthy development is the laser-induced
graphene-based electrochemical microfluidic chip for simulta-
neous analysis of miRNAs. This chip allows precise multi-
plexed quantification of miR-21, miR-155, and miR-1246, at
concentrations ranging from 0.5 to 1000 pM with a limit of
detection down to 0.17 pM, 0.11 pM, and 0.24 pM,
respectively, demonstrating high sensitivity and specificity
and offering a potential tool for detecting exosomes in clinical
serum samples.®*

Electrochemical sensing strategies integrated with aptamers,
DNA nanomachines, rolling circle amplification (RCA), and
label-free and homogeneous electrochemical techniques have
shown promise for tumor-derived exosome detection via
simultaneously targeting exosomal MUC1 and PD-L1. This
approach was incorporated into a separation-free electro-
chemical detection assay, and the results strongly correlated
with findings from computerized tomography and pathological
analyses, demonstrating 100% specificity, 92% sensitivity, and
an overall accuracy of 94.6%, with an AUC of 0.97.°*°

Furthermore, field-effect transistors (FETSs), are micro
electrochemical system, offer an effective strategy for electrical
EV sensing. The FET setup includes a gate electrode, a
semiconductor (like a graphene film), and EV-specific capture
molecules, such as anti-CD63 antibodies, immobilized on the
surface of the semiconductor. When an EV binds to these
capture molecules, the surface charge of the EV influences the
local electric field at the semiconductor interface. This, in turn,
affects the current flow through the semiconductor.”*' FET-
based biosensors have been employed for the ultrasensitive
detection of various biomolecules at very low concentrations in
all types of bodily fluids, without using any labeling and
amplification  strategies.”’> These biosensors provide early
disease diagnosis with high specificity and sensitivity at a
relatively low cost, and they are easily deployable in point-of-
care devices.

To ensure the clinical utility of electrochemical techniques
for EV analysis, robust evaluation of assay performance is
essential. This involves validation studies using clinical samples
to assess sensitivity, specificity, and reproducibility. Stand-
ardization of assay protocols and quality control measures are
necessary for reliability and consistency across different
laboratories. Furthermore, the development of point-of-care
electrochemical devices holds great promise for rapid and
decentralized disease diagnosis using EV analysis. Advanced
electrochemical methods offer a precise and versatile approach
to detecting EV-derived protein and nucleic acid biomarkers,
which can facilitate the early diagnosis and continuous
monitoring of various diseases. With continued advancements

in assay development, standardization, and point-of-care device
design promise to improve clinical diagnosis and improve
patient outcomes.

6.12. Artificial Intelligence and Machine Learning. Al
and ML are important tools for clinical diagnostics by enabling
more accurate, efficient, and insightful analysis of the complex
data derived from clinical samples. Al refers to systems
designed to mimic human intelligence, while ML, a subset of
Al, involves algorithms that allow systems to learn from data
and make predictions or decisions on the basis of that data.***
These technologies are increasingly crucial for identifying
patterns and extracting meaningful insights from large, complex
data sets, particularly in genomics, proteomics, and other
diagnostic fields, where traditional methods struoggle to manage
the volume and complexity of information.”*”*** Specifically,
ML is enhancing diagnostic accuracy by analyzing data from
EVs, ranging from BuEVs to SiEVs, and providing deeper
insights into the molecular mechanisms of diseases.

The transformative impact of Al and ML in diagnostics is
reflected in numerous applications that demonstrate the ability
of these technologies to uncover previously hidden patterns
and improve the reliability of clinical decision-making.***
Notably, ML has been applied to SERS, a technique with
exceptional sensitivity that provides highly detailed informa-
tion regarding molecular structure. ML algorithms have been
employed to analyze the spectral data generated by SERS,
helping to identify disease-specific molecular signatures.
Without ML, the intricate and vast amount of spectral data
would be difficult to interpret manually, and significant
patterns relevant for diagnostic purposes might be missed.
By automating and refining this analysis, ML models can detect
subtle disease-related changes in EV profiles that traditional
diagnostic methods mibght overlook, leading to more accurate
and reliable diagnoses.”’"°'*

ML has also played a critical role in analyzing data from the
procoagulant EV barcode (PEVB) assay, which was developed
to assess venous thromboembolism risk in cancer patients.’*’
This assay uses TiO, nanoflowers to capture EVs efficiently,
and the data generated is complex and multidimensional. ML
algorithms analyze this data, enabling the assay to distinguish
between high- and low-risk patients with better accuracy than
that of traditional diagnostic methods. ML also enables the
identification of subtle differences in EV profiles that would be
difficult to assess using conventional statistical methods alone,
improving both sensitivity (96.8%) and specificity (97.1%),
surpassing traditional analyses for venous thromboembolism.
Similarly, ML has played a critical role in analyzing data
generated by an electrochemical sensing platform for the
detection of gastric cancer. This multibiomarker platform
integrates tetrahedron-Dox-AuNPs (TDA) tags with DNA
tetrahedrons to detect small EV-derived circRNAs, and it
generates complex data sets that require advanced computa-
tional techniques for accurate interpretation. ML is employed
to analyze the data, enabling the identification of biomarkers
associated with early-stage gastric cancer. By leveraging ML,
the platform can identify disease signatures with greater
precision and speed than traditional methods, facilitating early
detection and personalized treatment. The platform is highly
specific, sensitive, rapid, and user-friendly, making it an ideal
tool for clinical diagnostics.”*”

In another breakthrough, 3 supervised ML feature selection
methods were used in conjunction with real-time qPCR to
identify plasma sEV, derived miRNA biomarkers associated
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Figure 16. Artificial intelligence and machine learning—based advanced approaches for clinical EV analyses. (A). DNA cascade reaction—
triggered SiEV nanoencapsulation (DCR-IEVN) assay. This assay enables the selective profiling of tumor-derived extracellular vesicles
(tEVs) in serum samples, which are often mixed with normal cell-derived EVs and free proteins. The DCR-IEVN method employs dual-
affinity probes to recognize tEVs, initiating a primer exchange reaction (PER) cycle, followed by hairpin stacking and quantum dot (QD)
binding. These steps result in the encapsulation of tEVs into flower-like structures larger than 600 nm. Machine learning is applied to
analyze and classify tEV subpopulations, distinguishing between patients with hepatocellular carcinoma, patients with cirrhosis, and healthy
donors. Copyright 2024, American Chemical Society. Reprinted with permission from ref 648. (B) Multi-miRNA total internal reflection
fluorescence (TIRF) imaging and deep learning algorithm for the automatic detection, analysis, and classification of SiEV images. The multi-
miRNA TIRF approach provides a high-resolution platform for SiEV profiling, enabling precise and automated interpretation of EV-derived
miRNA signatures in various clinical samples. Copyright 2024, American Chemical Society. Reprinted with permission from ref 466.

with PDAC.""” This study demonstrates the use of a plasma
sEV—miRNA diagnostic signature for distinguishing individu-
als with PDAC from those without PDAC, those with benign
pancreatic diseases, and healthy controls. ML methods,
including LASSO regression, random forest, and support
vector machine recursive feature elimination, were employed
to identify key miRNAs. The miRNA miR-664a-3p emerged as
a crucial biomarker, associated with PDAC features such as
vascular invasion and poor differentiation, promoting epithe-
lial-mesenchymal transition and angiogenesis. Combining the
miRNA signature with the clinical biomarker CA19-9
improved diagnostic accuracy. These findings highlight the
potential of sEV-miRNA signatures, supported by ML, as a
powerful tool for early PDAC detection and insights into
disease mechanisms.

In another study, ML algorithms such as linear discriminant
analysis, support vector machine, and logistic regression were
integrated with an approach termed DNA cascade reaction
triggered individual EV nanoencapsulation (DCR-IEVN) to
diagnose HCC from patient serum (Figure 16A).°* This
integrated approach accurately quantified multiple tEV
subpopulations, including EpCAM*PDL1* EVs, Ep-
CAM*MUCI1* EVs, and PDL1*MUCI1" EVs, without interfer-
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ence from nontumor EVs and particles. It was also able to
distinguish between patients with hepatocellular carcinoma,
patients with cirrhosis, and healthy donors with remarkable
accuracy, surpassing traditional clinical indicators like the
AST/ALT ratio, CEA, and AFP. In the validation cohort (30
patients), the trained linear discriminant analysis model
(trained on 120 patients) achieved the highest overall accuracy
of 93.3%, underscoring the reliability and robustness of this
technology. Moreover, this approach streamlined the workflow,
requiring only small-volume serum samples and routine clinical
devices, facilitating the use of tEVs for diagnosis in clinical
practice. Thus, the integration of ML with DCR-IEVN offers a
potent analytical tool that holds promise for precise disease
diagnosis and marks a significant advancement in the field of
personalized medicine.

For the first time, TIRF imaging was integrated with deep
learning, which enhanced the profiling of multiple miRNAs in
SiEVs for cancer diagnosis (Figure 16B).**® TIRF, with its high
resolution and superior signal-to-noise ratio, facilitates the
simultaneous in situ detection of multiple miRNAs within
SiEVs, and the deep learning algorithm automates high-
resolution image analysis, eliminating the need for complex
and often inaccurate manual feature extraction. Through this
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Figure 17. Other advanced techniques for EV Analysis. (A) Signal amplifying vesicles in array (SAViA) for high-grade serous ovarian cancer
(HGSOC) detection. EV markers specific to fallopian tube (FT) carcinoma were identified in the blood samples of HGSOC patients,
enabling differentiation between early stage (I & II) and late-stage (III & IV) disease. In the SAViA method, EVs are captured on a multiwell
plate via physical adsorption. The target EV protein is labeled with a primary antibody (1° Ab), followed by a secondary antibody (2° Ab)
conjugated with horseradish peroxidase (HRP). Upon the addition of tyramide-biotin and hydrogen peroxide (H,0,), HRP catalyzes the
dense deposition of biotin, which is subsequently detected by using fluorescent streptavidin (StAv-BV510). Copyright 2023, Wiley-VCH
GmbH. Reprinted with permission from ref 400. (B) Proximity ligation assay (PLA)-based approach for EV phenotyping. This method
integrates an aptamer/microbead-based assay with a size-based microarray readout platform for EV detection. The triple-marker assay
employs EGFR aptamer—modified microbeads to capture EVs, while dual aptamers specific for PD-L1 and EpCAM trigger PLA and
subsequent rolling circle amplification (RCA) reactions on captured EVs, enabling highly specific and sensitive EV phenotyping. Copyright
2022, American Chemical Society. Reprinted with permission from ref 651.

approach, researchers discovered that the most significant
variation between EVs from 5 cancer cell types and normal
plasma was found in the triple-positive EV subpopulation. The
classification accuracy for distinguishing single triple-positive
EVs across 6 sources exceeded 95%. In a clinical cohort
comprising 20 cancer patients (S with cancer of the lung, S,
breast; S, cervix, and S, colon) and § healthy controls, the

method achieved a 100% overall prediction accuracy. This

SiEV strategy opens new avenues for identifying more specific
EV biomarkers, advancing cancer diagnosis and classification.

6.13. Other Analytical Approaches. Advanced analytical
techniques are continually evolving to enhance the detection
and characterization of BuEVs and SiEVs, providing new
insights into disease mechanisms and potential biomarkers for
diagnosis. Several notable techniques do not fit neatly into the

previously mentioned categories, so we discuss them here.
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Figure 18. Forster resonance energy transfer (FRET)—based techniques for EV mRNA and miRNA detection. (A) DNA tetrahedron-based
thermophoretic assay (DTTA) for EV mRNA detection. This method integrates a FRET-based DNA tetrahedron (FDT) for efficient EV
internalization and target mRNA detection with size-selective thermophoretic accumulation to amplify the FRET signal. The FDT consists
of 2 recognition sequences labeled with Cy3 and Cy$ fluorophores, which switch the FRET signal from “off” to “on” upon binding to target
mRNA. To facilitate passive internalization into EVs, FDT adopts a corner-attachment mode, overcoming the energy barrier of EV
membranes. Once inside the EVs, FRET activation occurs upon target mRNA binding, and subsequent thermophoretic enrichment enhances
the signal, enabling ultrasensitive in situ detection of EV mRNA. Copyright 2021, Elsevier. Reprinted with permission from ref 468. (B)
CRISPR-enhanced RT—RPA fluorescent detection system (CRISPR-FDS) is an advanced diagnostic platform for the ultrasensitive detection
of SARS-CoV-2 RNA using EVs. The CRISPR-FDS assay involves CD81-mediated capture of EVs, followed by their fusion with RT—RPA—
CRISPR-loaded liposomes. This fusion facilitates RT—RPA-mediated target amplification, generating a fluorescent signal through CRISPR-
induced cleavage of a quenched fluorescent probe. The intensity of the signal correlates with the concentration of target amplicons. The
assay was performed with cell culture media and plasma samples from nonhuman primate (NHP) COVID-19 disease models and COVID-19
patients. FAM, carboxyfluorescein. The RT—RPA—CRISPR liposome synthesis workflow and reagents include DMPC (1,2-dimyristoyl-sn-
glycerol-3-phosphorylcholine). Copyright 2021, Springer Nature. Reproduced with permission from ref 253.

One such technique involves label-free characterization of
SiEVs using two-photon fluorescence lifetime imaging
microscopy (FLIM) of NAD(P)H.>*® In a proof-of-concept
study, researchers imaged EVs derived from various cell lines
using FLIM to assess their NAD(P)H fluorescence lifetime
repeatability, heterogeneity, and functional characteristics, with
the goal of understanding the relationship between EVs and
their parent cells. The study illustrated the feasibility,
repeatability, and utility of two-photon FLIM for analyzing
NAD(P)H in isolated EVs. This noninvasive and label-free
optical metabolic imaging technique opens up new possibilities
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for studying and characterizing EVs in greater detail in future
research.

Another innovative technique incorporates a novel nanop-
robe based on dissociation-enhanced luminescence technology,
enabling the analysis of multiple surface proteins on small EVs
and facilitating the accurate diagnosis of diseases like breast
cancer.®” In this technique, small EVs are captured on a solid
surface (like a microplate) via antibodies that specifically target
CD63, a transmembrane protein commonly found on the
surface of small EVs. After the small EVs are immobilized, the
nanoprobe comprising NaEuF, nanoparticles conjugated with
additional antibodies, including anti-EpCAM, anti-EGFR, and
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anti-PD-L1, is introduced. These antibodies target specific
proteins associated with breast cancer, enhancing the
specificity of the detection. To enhance the sensitivity of
detection, the NaEuF, nanoparticles serve as tags for signal
amplification. When the nanoprobe binds to the targeted
surface proteins on the small EVs, the Eu®* ions within the
NaEuF, nanoparticles undergo a process called dissolution-
enhanced luminescence. In this process, the presence of the
targeted proteins activates the Eu’' ions, leading to a
luminescent signal that is much stronger than the inherent
signals from the EVs themselves. This amplification strategy
allows for the detection of multiple surface proteins on the
small EVs simultaneously. By detecting these proteins,
researchers can gather critical information regarding the
presence and abundance of biomarkers related to breast
cancer. This method enhances sensitivity and identifies
different stages of breast cancer with high accuracy (90.5%),
thus aiding in diagnostic efforts.”*’

Another innovative technique, termed signal amplifying
vesicles in array (SAViA), has been developed to enhance EV
assays by improving the immobilization of EVs for superior
sensitivity and throughput (Figure 17A).*"° The SAViA assay
operates by analyzing CD63 titration curves through a dual
approach that combines EV physisorption onto a solid support
and tyramide-assisted signal amplification to significantly
enhance detection sensitivity, achieving a lower estimated
detection limit (2.4 X 10* EV/mL) compared to that of the
conventional sandwich-type ELISA (3.0 X 10° EV/mL). This
heightened sensitivity allows for the detection of biomarkers
within a small plasma volume (25 uL), enabling the adoption
of a convenient 384-well plate format for high-throughput
analysis of multiple biomarkers. This advancement is
particularly crucial for the detection of multiple proteins in
low-abundance EVs associated with early-stage ovarian cancer.
Single markers and their combinations were used as classifiers
for cancer patients (n = 37) and controls (n = 14), with EVs
associated with high-grade serous ovarian carcinoma showing
the highest AUC with a minimal marker set. A pilot clinical
study (n = S1) further identified S candidate EV markers,
EpCAM, CD24, VCAN, HE4, and TNC, whose combined
expression distinguished high-grade serous ovarian carcinoma
from noncancer with 89% sensitivity and 93% specificity.*”

Furthermore, a label-free fluorescent biosensor has been
developed, utilizing a novel dual aptamer recognition—based
approach assisted by functionalized metal—organic frameworks
and RCA to achieve ultrasensitive detection of cancer-derived
EVs." In this technique, aptamers are used to convert the
protein signal on the EV surface into a nucleic acid signal,
which is further amplified by RCA. The fluorescence emitted is
positively correlated with the concentration of specific EVs,
allowing for highly sensitive and accurate label-free fluorescent
detection. Because this technique relies on aptamer—protein
recognition for both EV separation and assay processes, it
effectively eliminates interference by other impurities in the
sample and improves the accuracy of disease diagnosis.

An advanced technique, the size-coded affinity microbead
probe strategy for EV phenotyping, utilizes a microfluidic chip
with spacer arrays to segregate microbeads by size, enabling
location-specific signal generation for different EV biomarkers
(Figure 17B).°>" This approach employs a proximity ligation
assay (PLA)—based method for tEV detection and involves
three key steps. First, EVs are labeled with biomarker-specific
aptamers carrying extended binding sequences, which enable

PLA reactions to generate biomarker-specific DNA tags.
Second, microbeads of different sizes, modified with
complementary hairpin probes, capture tagged EVs after
unbound aptamers are removed. Finally, hybridization with
hairpin probes triggers toehold-activated RCA for signal
readout. This method enables a single fluorophore to detect
multiple biomarkers, avoiding signal overlap, and is adaptable
for different tEV phenotypes by modifying detected bio-
markers. Clinical cohort studies highlight its potential for
cancer diagnosis and personalized treatment.

Another notable technique for cancer detection was
reported in a recent study.” Using liquid biopsies from breast
cancer patients, this technique allows for the precise
quantification and profiling of exosome surface proteins via
whispering gallery mode (WGM) microlasers. The use of
miniaturized laser probes offers high precision and sensitivity,
enabling accurate analysis of exosomes and their protein
profiles for breast cancer diagnosis.

Another assay combines Forster resonance energy transfer
(FRET)-based DNA tetrahedron (FDT) for efficient EV
internalization and target mRINA detection, with size-selective
thermophoretic accumulation to amplify the FRET signal
within EVs (Figure 18A).*® The DNA tetrahedron-based
thermophoretic assay selectively enhances the detection of
PSA mRNA in serum EVs by utilizing the thermophoretic
effect, which causes particles to move based on their size in a
temperature gradient. This approach achieves an impressive
limit of detection of 14 aM for PSA mRNA in serum EVs,
without the need for RNA extraction and enzyme amplifica-
tion. The assay demonstrated that EV PSA mRNA is more
effective than serum PSA protein, the current gold standard in
prostate cancer screening, in distinguishing between prostate
cancer and benign prostatic hyperplasia (AUC: 0.93 vs 0.74; n
= 42 patients). This innovative technology has the potential to
significantly broaden the applications of DNA nanostructure-
enabled liquid biopsy.

The all-in-one fusogenic nanoreactor (FNR) is an innovative
diagnostic platform for rapid detection of EV miRNAs.”” It
incorporates DNA-fueled molecular machines (DMMs) that,
via their hemagglutinin (HA) protein coating, mimic the
fusogenic properties of enveloped viruses and facilitate
selective fusion with EVs. This fusion allows DMMs to
recognize target miRNAs and trigger a cascade strand-
displacement reaction, leading to nonenzymatic signal
amplification and fluorescent signal generation within 30
min. The FNR has demonstrated 86.7% accuracy in classifying
major breast cancer cell lines and 86.4% accuracy in
differentiating cancer patients from healthy controls. Increasing
the number of EV miRNAs (miR-200c, miR-222, and miR-
375) analyzed from 1 to 3 improved patient discrimination
accuracy from 78.8 to 95.4%. This platform offers a
nondestructive, straightforward approach for EV processing
and signal amplification in a single step, eliminating time-
consuming procedures like EV isolation, RNA extraction, and
enzymatic amplification. The FNR presents a powerful, mix-
and-read solution for sensitive detection of EV miRNAs,
enhancing personalized breast cancer treatment.

The CRISPR-enhanced RT-RPA fluorescent detection
system (CRISPR-FDS) represents an advanced diagnostic
platform for the ultrasensitive detection of SARS-CoV-2 RNA
using EVs. This assay leverages a FRET dequenching method,
where the FRET activity decreases as the liposome/EV ratio
increases. This dilution effect of FRET dyes in the liposome

https://doi.org/10.1021/acsnano.5c00706
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membrane leads to a reduction in the donor and acceptor
signals, enhancing and attenuating the respective signals. The
CRISPR-FDS assay begins with the capture of EVs from
plasma using antibodies targeting the CD81 surface protein.
These captured EVs are then fused with liposomes containing
reverse transcriptase (RT), recombinase polymerase amplifi-
cation (RPA), and CRISPR-Casl2a reagents. This fusion
facilitates a workflow similar to ELISAs commonly used in
clinical diagnostics. The CRISPR-Casl2a component, guided
by RNA, binds to an RT-RPA amplicon, triggering
concentration-dependent cleavage of a quenched oligonucleo-
tide probe, enabling the highly sensitive detection of SARS-
CoV-2 RNA. By combining antibody-mediated EV capture
with liposome-mediated reagent delivery, the CRISPR-FDS
assay demonstrates exceptional sensitivity, outperforming RT-
gPCR in some cases. The assay can detect SARS-CoV-2-
positive EVs as early as day 1 postinfection, with signals
detectable for up to 28 days in nonhuman primates and 20—60
days in young children. This nanoparticle-based, noninfectious
method significantly extends the detection window, enabling
the diagnosis of COVID-19 in patients without detectable
RNA in the respiratory tract, offering a promising advancement
in clinical diagnostics (Figure 18B).**

As these technologies continue to evolve, they hold promise
for advancing clinical diagnostics and improving patient
outcomes. However, further research and wvalidation are
necessary to realize their full potential in clinical practice.

7. CLINICAL UTILITY AND EVALUATION

7.1. Clinical Utility. EVs carry diverse biomolecules, such
as proteins and miRNAs, that reflect physiological and
pathological states, making them valuable disease biomarkers.
Validating EV-associated biomarkers and detection methods in
clinical samples is a crucial step toward advancing disease
understanding and improving diagnostics. This serves as a key
milestone in integrating EV-based diagnostics and therapeutics
into clinical practice, enabling more precise and personalized
interventions. Table 3 shows several representative examples of
preclinically validated EV-associated biomarkers, detailing their
disease relevance, isolation and analysis methods, and clinical
cohort assessments. However, variations in sample collection,
isolation, and detection methods complicate hinder direct
comparisons of diagnostic performance, posing a key challenge
highlighting the need for future research. Standardized
protocols and rigorous validation in well-characterized patient
cohorts are essential to ensure the reliability and clinical
translation of these biomarkers.

7.2. Current Clinical Trials of EVs for Diagnostic
Applications. EVs have garnered significant attention in
recent years for their potential as biomarkers for the
noninvasive diagnosis and prognosis of various diseases. This
has led to over 112 registered clinical trials exploring EVs, with
more than 40 focusing specifically on their role in diagnostics.
The clinical application of EV-based diagnostics spans several
major diseases, including cancer, neurodegenerative condi-
tions, and cardiovascular diseases, with efforts particularly
focused on early detection. Table 4 provides a summary of
registered clinical trials investigating EVs for diagnostic
purposes, with data sourced from ClinicalTrials.gov (https://
clinicaltrials.gov/ ) accessed on March 8, 2025. Although
numerous clinical trials have been initiated to explore the
clinical utility of EVs, relatively few have successfully
progressed through all stages of validation, highlighting the

significant bottleneck that impedes their widespread adoption
in clinical practice. This bottleneck stems from several
challenges, including the lack of standardized protocols for
EV isolation, which leads to variability in the quantity and
quality of EVs across different samples. Additionally, issues
with reproducibility, the complexity of detecting low-
abundance biomarkers, and the difficulty of achieving high
sensitivity and specificity in assays hinder progress. Further-
more, regulatory hurdles, limited large-scale clinical validation,
and the need for robust and cost-effective diagnostic platforms
further complicate the transition of EV-based diagnostics from
research settings to routine clinical use. Despite these
obstacles, the growing interest in EVs reflects their potential
as pivotal components of liquid biopsy strategies, with the
capability to transform early disease detection and patient
monitoring.

7.2.1. Completed Clinical Trials. The exploration of EVs as
versatile biomarkers has gained significant momentum through
initiatives like the Fox BioNet initiative and related clinical
trials. These efforts exemplify the potential of EVs as
noninvasive diagnostic tools across various diseases.

The Fox BioNet initiative includes 2 projects advancing
cerebrospinal fluid EV research in Parkinson's disease. Fox
BioNet Project ECV-003 (NCTO03775447) focuses on
optimizing preanalytical protocols for CSF EV isolation to
enhance the detection of leucine-rich repeat kinase 2 (LRRK2)
activity. Key objectives include evaluating various isolation
methods to enrich biomarkers such as LRRK2, phosphorylated
LRRK2 (p1292-LRRK2), Rabs, and phosphorylated Rabs
(pRabs), as well as ensuring interlaboratory reliability, network
efficiency, standardized protocol adherence, and robust
biosample collection. Building on these efforts, Fox BioNet
Project ECV-004 (NCTO04603326) aims to identify reliable
markers of LRRK2 activity by assessing the performance of
assays, including quantitative Western blot, immunoassays, and
LC-MS to measure LRRK2 activity and its downstream
pathways. By prioritizing assays with high sensitivity and
reproducibility, the project seeks to differentiate pathogenic
LRRK2 variant carriers from idiopathic Parkinson's disease
patients and healthy controls. Beyond the Fox BioNet
initiative, other completed clinical trials have further
demonstrated the utility of EV-based diagnostics. For example,
the trial, New Strategies to Detect Cancers in Carriers of
Mutations in RB1 (NCT04164134), developed noninvasive
cancer tests based on RNA sequencing data from platelets
(ThromboSeq) or EVs derived from tumor cells in blood. This
trial aimed to determine the noncancerous baseline in adult
RB1-mutation carriers (heritable-Rb survivors) and contribute
to the biobanking of blood and tissue samples for future
research. The platelet or EV-based tests offer promising
potential for early tumor detection in RBl-mutation carriers.
Another significant study is The Sensitivity and Specificity of
Using Salivary miRNAs in Detection of Malignant Trans-
formation of Oral Lesions (NCT04913545), which evaluated
the diagnostic accuracy of salivary EV-derived miRNAs (miR-
412 and miR-512) in detecting malignant transformation.
Through EV isolation and gRT-PCR analysis, this study
demonstrated that salivary miRNAs could serve as noninvasive
biomarkers for the early detection of oral cancer. Furthermore,
a newly completed clinical trial advancing EV-based
diagnostics, the Saliva and Extracellular Vesicles for Parkinson's
Disease (RaSPiD) trial (NCT06202547), explored the
potential of salivary EVs in neurodegenerative disease

https://doi.org/10.1021/acsnano.5c00706
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Table 4. continued

EV bio-

key outcomes/goals

status

sample type(s)

tumor

marker(s)

EV miRNAs

EV subtypes

EV.

disease focus

trial name

year

trial identifier
NCT05798338

To evaluate how the single molecule array (SiMoA), a digital ELISA

recruiting

breast cancer

characterization of extracellular

2024

technology capable of detecting extremely low concentrations of EV-

vesicles in breast cancer pa-

tients

associated proteins, can enable the quantification of EVs in plasma from
patients with breast cancer. This approach aims to provide valuable diagnostic
and prognostic information by assessing EV levels in breast cancer patients.

To evaluate the safety and preliminary efficacy of human umbilical cord

not yet re-

exosomes

Alzheimer disease, Par-

HUC-MSC-sEV-001 nasal drops

2024

NCT06607900

mesenchymal stem cell—derived sEVs hUC-MSC-SiEV-001 nasal drops in

cruiting

kinson disease, multi-
ple system atrophy,

for neurodegenerative diseases

multiple neurodegenerative diseases, including Alzheimer disease, Parkinson
disease, multiple system atrophy, Lewy body dementia, and frontotemporal

dementia.

Lewy body dementia,

and frontotemporal

dementia

To research the impact of molecular signals from the heart, liver, and fat tissue

not yet re-

blood, subcuta-

EVs, EV

obesity and cardiometa-

EVOC—EVs in obesity and

2024

NCT06408961

on cardiovascular disease risk, and the presentation of Type II diabetes and
diseases that affect the heart, blood vessels and metabolism (cardiometabolic

disease). Specifically, the focus is on the content and function of EVs.

cruiting

neous, visceral

fat tissue

mRNAs

bolic disease

cardiometabolic disease

diagnostics. This study aimed to validate a novel diagnostic
tool for the early and accurate detection of Parkinson's disease
and atypical Parkinsonism, leveraging salivary EVs and Raman
spectroscopy. By providing a fast, reliable, and noninvasive
method for assessing patient status and therapeutic responses,
this approach represents a promising advancement in
personalized rehabilitation strategies for Parkinson's disease.

Collectively, these studies underscore the role of EV-based
diagnostics in advancing precision medicine and enabling early
disease detection, indicating their promise for broader clinical
applications.

7.2.2. Active and Recruiting Clinical Trials. Several ongoing
trials explore the diagnostic potential of EVs in a variety of
diseases. The Salivary Extracellular Vesicle Associated
IncRNAs in Heart Failure (SEAL-HF) (NCT06169540) trial
aims to determine the diagnostic value of salivary and blood
EV-derived RNAs in distinguishing acute decompensated heart
failure (ADHF) from chronic heart failure (CHF). This
multicohort study seeks to correlate EV RNA levels in plasma
and saliva, providing a potential noninvasive diagnostic tool for
heart failure exacerbation. The trial Circulating Extracellular
Vesicles: Biomarkers in Colorectal Cancer Patients
(NCT04523389) focuses on the role of circulating EV-derived
miRNAs as biomarkers of disease progression in colon cancer.
Because of their stability and protection from RNAase
degradation, exosomal miRNAs are being investigated for
their potential to serve as early diagnostic and prognostic
biomarkers in colorectal cancer. The ExoLuminate Study for
Early Detection of Pancreatic Cancer (NCT05625529) is
designed to compare the performance of the ExoVerita assay
with standard-of-care methods in detecting PDAC. This study
targets individuals with elevated risk for PDAC, aiming to
improve early detection of this highly lethal cancer through
noninvasive EV-based assays. Other notable ongoing trials
include the Application of Circulating Extracellular Vesicles in
Early Disease Assessment and Prognosis After Traumatic Brain
Injury (NCTO05279599), which investigates EV-derived
biomarkers as early indicators of traumatic brain injury
(TBI) outcomes. Additionally, the trial Circulating EV Long
RNA Profiles in SCLC (NCT05191849) aims to identify EV-
derived long RNAs as biomarkers for predicting therapeutic
responses in small cell lung cancer (SCLC).

7.2.3. Emerging Technologies and Platforms. Emerging
diagnostic platforms like ExoLuminate show promise in
enhancing the sensitivity and specificity of detecting disease-
related EVs. One cutting-edge platform currently under
investigation is the Single Molecule Array (SiMoA), a digital
ELISA technology capable of detecting extremely low
concentrations of EV-associated proteins. This platform is
being tested in breast cancer patients (NCT05798338), where
it holds promise as a noninvasive method for quantifying
plasma EV levels, providing diagnostic and prognostic insights,
particularly in relation to neoadjuvant treatments. Similarly, the
Clinical Study of Glycosylated Extracellular Vesicles for Early
Diagnosis of Breast Cancer (NCT05417048) uses the novel
GlyExo-capture technology to isolate glycosylated EVs from
patient serum. This prospective study integrates ML with
miRNA sequencing to develop an early diagnostic model for
breast cancer, validated by qPCR.

7.2.4. Other Investigational Applications. In the metabolic
disease domain, the EVs in the Obesity and Cardiometabolic
Disease (EVOC) study (NCT06408961) focus on EV-derived
proteins, RNAs, and metabolites to assess their role in
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cardiovascular risk and type II diabetes. This study explores
how EVs from subcutaneous and visceral fat influence heart
and liver cells, with implications for cardiometabolic disease
research. The Extracellular Vesicle Micro RNA Profiling in
Congenital Heart Disease (EVmiRNA) trial (NCT06434207)
investigates the role of EV-derived miRNAs in regulating
clotting mechanisms in newborns with congenital heart disease
(CHD). This study aims to better understand perioperative
clotting profiles and to identify novel biomarkers for
thrombosis in infants with severe CHD. Finally, the HUC-
MSC-sEV-001 Nasal Drops for Neurodegenerative Diseases
(NCT06607900) trial evaluates the safety and preliminary
efficacy of human umbilical cord mesenchymal stem cell—
derived small EVs (hUC-MSC-sEV-001) administered as nasal
drops in patients with neurodegenerative diseases such as
Alzheimer's and Parkinson's disease. This novel approach
leverages the therapeutic potential of EVs to target neuro-
degenerative disorders.

EVs have emerged as promising diagnostic biomarkers, with
ongoing clinical trials primarily focusing on the bulk
population of EVs and their collective content of nucleic
acids, proteins, and lipids. The potential of EV-based
diagnostics to improve early disease detection, prognostics,
and patient monitoring is evident. Despite the challenges of
sensitivity, specificity, and standardization, the successful
integration of EV-based diagnostics into routine clinical
practice could facilitate earlier interventions and more accurate
disease monitoring. Although single-EV analysis has not yet
been fully realized in clinical trials because of the technical
challenges of isolating and characterizing SiEVs, the potential
benefits are substantial. As technologies for single-vesicle
detection and analysis continue to advance, integrating SiIEV
analysis into clinical trials appears inevitable, promising to
unlock new diagnostic frontiers and move EV-based
diagnostics closer to routine clinical use.

7.3. Validation of SiEV Analysis in Clinical Diagnos-
tics. SiEV analysis represents an exciting frontier in clinical
diagnostics, offering a potential solution to the limitations of
BuEV analysis. By focusing on SiEV analysis, researchers are
uncovering detailed insights into molecular and functional
heterogeneity, which is particularly valuable in complex
diseases like cancer, where tumor heterogeneity presents
significant challenges. Validating SiEV for clinical diagnostics
involves a multifaceted approach, integrating cutting-edge
technologies such as single-particle interferometric reflectance
imaging sensor (SP-IRIS), total internal reflection fluorescence
(TIRF) microscopy, immunomagnetic-activated cytometry
(NanoEPIC), SiEV-RNA sequencing, digital droplet PCR,
immuno-digital droplet PCR (iddPCR), droplet-based single-
exosome-counting ELISA (droplet digital ExoELISA), nano-
pore, and nano plasmonic (nPES). These methods allow
precise characterization of SiEVs in terms of size, concen-
tration, and molecular content. Clinical trials for SiEV-based
diagnostics should begin with the development and opti-
mization of isolation techniques, such as microfluidics and
immunocapture-integrated nanomaterials, tailored to enrich
specific subpopulations of SiEVs. Subsequent phases should
involve comparative studies with established diagnostic
standards, like tissue biopsies and blood-based biomarkers, to
demonstrate the clinical utility of SiEV analysis. Key validation
metrics include analytical sensitivity, specificity, reproducibility,
and clinical relevance. Incorporating advanced methodologies
like droplet digital PCR and super-resolution microscopy has

enhanced the accuracy and reliability of SiEV measurements,
providing robust data for clinical decision-making. As the field
progresses, large-scale multicenter trials and longitudinal
studies are essential to validate the clinical efficacy of SiIEV
diagnostics across diverse populations and disease states. The
future of SiEV analysis in clinical diagnostics is promising, with
potential applications in early disease detection, personalized
medicine, and real-time therapeutic monitoring. Addressing
current challenges, such as developing high-throughput, cost-
effective, and standardized platforms, will be critical to fully
realizing the clinical potential of SiEV. Collaboration among
researchers, clinicians, and industry stakeholders, supported by
regulatory oversight, will be crucial for successfully translating
SiEV technologies into routine clinical practice.

7.4. Comparison of BUEV Analysis and SiEV Analysis
Technologies. EV analysis plays a crucial role in advancing
biomedical and clinical research, with distinct methodologies
for BuEV and SiEV analysis. A comparative evaluation of these
approaches highlights their respective advantages and limi-
tations, offering insights into their respective applicability in
clinical diagnostics. These approaches differ in aspects such as
sensitivity, molecular profiling and specificity, sample require-
ments, throughput and scalability, data complexity and
interpretation, cost and accessibility, and clinical use cases.

BuEV analysis amplifies signals from large vesicle popula-
tions, making it effective for detecting abundant biomarkers
but less suited for rare ones. In contrast, SIEV analysis isolates
individual vesicles, enhancing rare biomarker detection, though
background noise remains a challenge. BuEV enables broad,
molecular profiling for large-scale screening but lacks the
resolution to distinguish EV subpopulations. SiEV offers high
specificity and in-depth analysis, essential for personalized
medicine and precise disease characterization. While BuEV
requires larger sample volumes, which may not always be
available in clinical settings, SIEV’s higher sensitivity allows for
lower sample requirements. However, both methods demand
high-purity EV isolation, which remains technically challeng-
ing, time-consuming, and resource-intensive. Additionally,
handling small EV volumes requires precision to ensure
reliable results and avoid variation between batches.

From a throughput and scalability perspective, BuEV
analysis is advantageous. Its high-throughput nature makes it
well-suited for large-scale studies, such as population-based
screenings and clinical diagnostics. Its ability to process large
numbers of samples efficiently is a significant advantage,
especially in clinical settings with many patients. In contrast,
SiEV analysis, while offering high specificity, faces limitations
in throughput and scalability. The need for high-purity EV
isolation, careful handling of small sample volumes, and the use
of more complex detection methods all contribute to the
increased demands in terms of time, resources, and technical
expertise. As a result, compared to BuEV methods, SiEV
analysis is less suited for large-scale studies.

Data interpretation in BuEV analysis is relatively straightfor-
ward due to its reliance on well-established techniques. SiEV
analysis, on the other hand, requires advanced computational
tools and expertise to accurately interpret the data. This
complexity in interpretation can hinder its routine clinical
implementation, although the insights provided are far more
precise.

BuEV analysis tends to be more cost-effective, with well-
established technologies such as ELISA and flow cytometry
enabling easy integration into clinical workflows. In contrast,
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Table 5. Comparison of the Advantages and Limitations of BuEV and SiEV Analysis Technologies

aspect

sensitivity

molecular profiling
and specificity

sample requirements

throughput and
scalability

data complexity and

interpretation

cost and accessibility

clinical use cases

BuEV analysis

Pros

higher sensitivity for abundant biomarkers across many vesicles

enhanced signal from aggregated EV populations

Cons

misses rare biomarkers expressed on small subsets of EVs
aggregated data can mask heterogeneous populations
Pros

broad molecular profiling of EVs, useful for general disease
identification

Cons

masking of EV heterogeneity due to averaging across the population
difficult to detect disease-specific or rare EV subpopulations

Pros

less demanding in terms of sample volume and processing time
suitable for clinical use with typical blood or plasma samples

Cons

loss of rare EV subpopulations during isolation or processing

Pros

high throughput, suitable for large-scale screening (e.g., population
studies)

easily integrates into routine clinical laboratories
Cons
N/A

Pros

easier to interpret with aggregated data across EV populations
simple workflow, suitable for routine clinical diagnostics

Cons

N/A

Pros

more cost-effective for clinical laboratories due to simpler protocols
and less expensive equipment

utilizes well-established and commercially available methods like
ELISA, flow cytometry, and Western blotting

Cons
N/A

Pros
well-suited for broad disease screening

ideal for monitoring disease progression and therapeutic efficacy in
later-stage conditions

Cons
less effective for early stage detection or rare diseases

may overlook subtle changes in disease biomarkers

SiEV analysis

Pros

high sensitivity for rare or low-abundance biomarkers on individual
EVs.

ideal for detecting subtle biomarker changes in early disease stages
Cons

detection may be limited for extremely low-abundance biomarkers
higher background noise from low signals

Pros

high specificity for individual EVs, enabling precise characterization of
rare subpopulations

ability to identify disease-specific EVs with rare or unique biomarker
combinations

Cons

limited by current technologies for detecting multiple biomarkers on
SiEVs

Pros

requires smaller EV sample volumes while maintaining high sensitivity
for detecting low-abundance biomarkers

provides more detailed data from smaller EV subpopulations, useful
for targeted analysis

Cons

requires higher amounts of EVs isolated with high purity, which can
be challenging in clinical settings

Pros
N/A

Cons

low throughput, more time-consuming, and more labor-intensive than
BuEV analysis

not yet scalable for large patient cohorts or mass screening

Pros

can provide detailed molecular insights into disease heterogeneity and
progression

Cons

high complexity due to individual EV profiling

requires advanced computational tools and expert knowledge for data
analysis

Pros

N/A

Cons

emerging technologies for SiEV analysis are still developing and may
have limitations in sensitivity or throughput

expensive, requiring specialized equipment and expertise
limited infrastructure for routine clinical use

Pros

best for early detection of diseases and personalized medicine

crucial for understanding complex diseases with high molecular
heterogeneity

Cons
not yet widely used for mass screening

may be too slow and costly for large-scale applications

SiEV analysis requires specialized equipment, such as micro-
fluidics or nanopore sensing devices, along with technical
expertise, making SiEV analysis more expensive and less
accessible for routine use. This restricts its use primarily to
research settings or specialized clinical applications.

In summary, BuEV analysis is well-suited for broad, high-
throughput screening and large-scale disease monitoring, with
the benefit of being cost-effective and clinically accessible.

However, it is not capable of detecting rare, disease-specific
biomarkers or distinguishing EV subpopulations, limiting its
utility in precision medicine and early-stage disease detection.
SiEV analysis, on the other hand, excels in detecting rare
biomarkers and providing precise molecular profiling, making
it invaluable for early disease diagnosis and personalized
medicine. Despite its promise, the high cost, low throughput,
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and technical complexity of SiEV analysis present barriers to its
widespread adoption.

Table S offers a detailed comparison of BuEV and SiEV
analysis technologies, providing insights into their respective
strengths and weaknesses. Moving forward, integrating both
approaches, leveraging the sensitivity of BuEV analysis for
broad screening and the specificity of SiEV analysis for detailed
molecular profiling, may offer a more comprehensive solution
for EV research and clinical diagnostics. Future advancements
in SiEV technologies, particularly advancements addressing
challenges related to sensitivity, scalability, and cost, will be
crucial in bridging the gap between these approaches and
expanding their application in diagnostics and personalized
medicine. Building on these insights, the next section delves
into the methodologies employed in BuEV and SiEV analysis,
with a focus on state-of-the-art techniques. It also explores
recent advancements in EV research, illustrating how the field
is evolving and how innovative technologies are shaping the
future of EV-based diagnostics.

8. CONCLUSIONS

The integration of BuEVs and SiEVs in clinical diagnostics is
reshaping our understanding of disease biology and biomarker
discovery for noninvasive diagnostic methods. EVs, with their
diverse cargo of nucleic acids, proteins, and lipids, reflect the
physiological and pathological states of their cells of origin,
making them powerful tools for diagnostics. Recent advance-
ments in integrated isolation technologies, particularly the
combination of immunoaffinity capture with nanomaterials
and microfluidic systems, have significantly improved the
sensitivity and specificity of downstream EV detection in
complex biological samples. These innovations now allow
reliable detection of EVs at low concentrations, a critical factor
for clinical applications.

A major breakthrough in EV research is the ability to
differentiate between various EV subtypes, offering a refined
understanding of EV heterogeneity and the distinct roles these
vesicles play in different diseases. Since EVs originate from
specific cellular processes and carry unique molecular
signatures, they likely contribute to disease progression in
distinct ways. Advanced analytical methods, such as single-
particle tracking microscopy, single-vesicle RNA sequencing,
nanopore-based assays, nanoplasmonic techniques, immuno-
digital droplet platforms, and microfluidic systems integrated
with nanomaterials, are now capable of dissecting the complex
cargo within SiEVs. These tools provide unprecedented
insights into the molecular profiles of disease-associated EVs,
unlocking new possibilities for precision diagnostics.

EV analysis from biological fluids, such as blood, and urine
has emerged as a powerful tool for noninvasive diagnostics,
particularly in the development of noninvasive liquid biopsies.
This approach is poised to contributing to disease detection,
monitor progression, and inform personalized treatment
strategies, especially in oncology, cardiovascular diseases, and
neurodegenerative disorders. As the field advances, EV-based
diagnostics are expected to complement existing clinical tools,
enriching disease-specific biomarker discovery when combined
with high-throughput sequencing, proteomics, and imaging
technologies. The integration of these methods will lead to
more comprehensive and precise characterizations of disease
states, improving diagnostic accuracy and patient stratification.
Furthermore, the development of point-of-care devices capable

of real-time EV analysis could transform clinical practice by
enabling rapid, on-site diagnostics.

The shift from BuEV measurement to SiEV analysis
represents an important development in clinical diagnostics.
Despite ongoing challenges related to standardization, cost,
scalability, and data interpretation, the potential benefits for
precision medicine and early disease detection are profound.
Continued research, technological innovation, and collabo-
ration across disciplines will be essential to fully realize the
promise of EV-based diagnostics.

9. PERSPECTIVE AND FUTURE DIRECTIONS

9.1. Perspective. The field of EV research has experienced
a significant shift, particularly with the move from BuEV
analysis to the more precise examination of SiEVs. This
evolution has opened new avenues for clinical diagnostics,
offering the potential to detect and characterize disease
biomarkers with unprecedented sensitivity. SiEV analysis
provides a level of molecular granularity that BuEV analysis
cannot match, uncovering heterogeneity within EV popula-
tions. Furthermore, integrating SiEV analysis with multiomic
technologies such as proteomics, genomics, and transcriptom-
ics offers the potential for comprehensive disease profiling. The
detailed profiling of SiEVs can differentiate between disease
stages and reveal unique molecular signatures associated with
specific conditions. This precision is particularly important for
diseases where diagnostic markers may be present in minimal
amounts or for early diagnosis. The ability to isolate and
analyze individual SiEVs allows for the identification of rare
biomarkers that might otherwise be overlooked, offering
insights into disease mechanisms and enabling more
personalized diagnostic approaches.

Despite these advancements, significant challenges persist in
accurately identifying and differentiating EV subtypes. A key
issue is the overlapping size of exosomes, microvesicles, and
NEVs, complicating the classification of EVs. The lack of
standardized methods for distinguishing these vesicle types
impedes consistent analysis. Future research should focus on
developing refined techniques for separating and identifying
EV subtypes based on their unique biophysical and
biochemical properties. Enhanced classification will deepen
our understanding of the distinct functions and roles of these
particles in disease and health.

Despite the advantages of SiEV analysis, several barriers
must be addressed before it can be widely implemented in
clinical practice. One main barrier is the lack of standardized
protocols for EV isolation and characterization, which impedes
reproducibility across laboratories. The complexity of bio-
logical systems, combined with the technical noise inherent in
SiEV  analysis, complicates the accurate interpretation of
results. Developing robust validation methods is essential to
ensure that SiEV data can be reliably interpreted and applied in
diverse clinical settings. Advancements in computational tools,
including ML algorithms, are helping to distinguish true
biological signals from artifacts. These tools can enhance the
reliability of SiEV-based diagnostics by refining data analysis
and improving the accuracy of biomarker detection. Another
main barrier to the widespread adoption of SiEV diagnostics is
the high cost and technical expertise required for current SiEV
analysis methods. The development of cost-effective, auto-
mated platforms is critical to making SiEV diagnostics more
accessible. Innovations in nanotechnology, microfluidics, and
single-molecule sensors are expected to play a key role in
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enhancing the efficiency of SiEV isolation and analysis while
reducing costs. These advancements will allow for the rapid,
high-throughput processing of clinical samples, making SiEV
analysis a practical tool for routine diagnostics.

9.2. Future Research Directions. Looking ahead,
significant effort must be dedicated to addressing the current
obstacles in SiEV research and diagnostics. A critical challenge
remains the establishment of universally accepted protocols for
SiEV  isolation, characterization, and data interpretation.
Developing consensus guidelines will be essential to ensure
reproducibility and reliability across different clinical settings
and research institutions. Validation studies involving large,
diverse patient populations will be needed to confirm the
clinical utility of SiEV-based diagnostics. The current high
costs of SiEV analysis hinder its integration into routine clinical
practice. Future research should focus on developing
affordable, automated platforms that can process numerous
samples while maintaining sensitivity and specificity. Innova-
tions in nanomaterials, coupled with advances in microfluidics,
are expected to streamline SiEV isolation and reduce
contamination from NEVs, making the technology more
accessible.

The large data sets generated by SiEV analysis present both
an opportunity and a challenge. The convergence of SiEV
analysis with proteomic, genomic, and transcriptomic data
holds great promise for creating comprehensive disease
profiles. By integrating these data sets, researchers can gain
deeper insights into disease mechanisms, identify novel
biomarkers, and refine diagnostic strategies. Future advance-
ments in bioinformatics and data integration tools will be
crucial for managing the complexity of multiomic SiEV data
sets and ensuring that meaningful biological insights are
extracted. Al- and ML-driven tools will be essential for
distinguishing meaningful patterns from background noise and
for enhancing the precision of diagnostic predictions.
Predictive models and decision-support systems, fueled by
Al, could help understand how SiEV data is interpreted and
applied in clinical settings.

A major focus of future research should be on discovering
novel biomarkers within SiEVs, particularly those linked to
underexplored diseases or conditions where early diagnosis is
critical. SiEV analysis provides a unique opportunity to identify
low-abundance molecular signatures that could lead to
breakthroughs in understanding disease pathogenesis and
developing targeted therapies. Research into miRNAs,
IncRNAs, and specific proteins associated with disease
progression will be particularly valuable.

As SiEV diagnostics move closer to clinical implementation,
navigating regulatory challenges will become increasingly
important. The establishment of clear guidelines for SiEV-
based assays, including criteria for clinical validation and
approval by regulatory agencies, will be essential for ensuring
that these technologies can be safely and effectively deployed.
Ethical considerations, such as patient consent and data
privacy, must also be carefully addressed, particularly in the
context of personalized medicine.

The future of SiEV analysis in clinical diagnostics is bright,
with the potential to advance disease detection, treatment
monitoring, and patient care. However, the path forward
requires overcoming significant challenges related to stand-
ardization, scalability, and cost. By fostering interdisciplinary
collaboration among biologists, engineers, clinicians, and data
scientists, and by leveraging the latest advances in nano-
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technology, bioinformatics, and Al, the full potential of EVs as
diagnostic tools can be realized. As research continues to refine
EV isolation and analysis technologies, clinical validation
studies will be required to confirm their efficacy. Because of the
enhanced precision of SiEV analysis, SiEV-based diagnostics
will likely become an integral part of personalized healthcare,
offering more precise and timely insights into a wide range of
diseases.
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VOCABULARY

Extracellular vesicles, Extracellular vesicles are nanosized
membrane-enclosed vesicles released by all cells that carry an
array of biomolecules.; Bulk extracellular vesicles, Populations
of extracellular vesicles.; Single extracellular vesicle analysis, In-
depth understanding of the physical properties, molecular
compositions, and biological roles of EVs at the individual
vesicle level.; Heterogeneity, Heterogeneity refers to variability
in the biogenesis, biophysical characteristics, composition, and
role of EVs.; Extracellular vesicle biomarkers, Extracellular
vesicle biomarkers are specific molecules found within or
associated with extracellular vesicles, including proteins, lipids,
and nucleic acids (such as RNA), that indicate the
physiological or pathological status of the parent cells.
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