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Extracellular vesicles have emerged as promising candidates for diagnostic and therapeutic applications,
however their inherent heterogeneity presents significant challenges for their characterization and
implementation. A number of visible light-based analytical techniques have emerged to examine the
physicochemical properties of extracellular vesicles in ensembles and as individual entities. We discuss
how these methods can be utilized to analyze multiple parameters simultaneously, providing a more
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comprehensive understanding of the distribution of extracellular vesicle properties. These techniques
offer insights into the interconnected forms of heterogeneity, including the interplay between size, bio-
molecular composition, and interactions. This review surveys the current landscape of multivariate het-
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Introduction

An interesting feature of both prokaryotic and eukaryotic cells
is their ability to secrete smaller portions of their membranes
to create nanoscale (10’s-100’s nm-diameter) membrane-
bound vesicles. These vesicles possess several biochemical
components, such as lipids, nucleic acids, and proteins, that
in some respects resemble their parent cell, which makes
them attractive as potential therapeutic or diagnostic agents"?
(Fig. 1A). These secreted vesicles are broadly categorized as
extracellular vesicles (EVs), however depending on their origin,
they can be further classified as microvesicles (also referred as
ectosomes), exosomes, or apoptotic bodies.* The precise
mechanism of microvesicle production remains unclear.
However, studies have shown that the translocation of phos-
phatidylserine, facilitated by floppase, to the outer leaflet of
the membrane, coupled with actin-myosin cytoskeleton con-
traction, facilitates membrane pinching, leading the formation
of microvesicles that range from 100-1000 nm in diameter
(Fig. 1B).>” In contrast to microvesicles, exosomes are smaller
(30-100 nm diameter) and are secreted through a more well-
defined subcellular mechanism. Exosomes are produced
through the endosomal sorting complex required for transport
(ESCRT) pathway, which plays a pivotal role in the formation
of early endosomes (Fig. 1B). This pathway mediates the
sorting of cargo into intraluminal vesicles within the multivesi-
cular body (MVB), which are subsequently released as exo-
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erogeneity analysis, highlighting its potential for advancing extracellular vesicle-based therapies.

somes upon fusion of the MVB with the plasma membrane.®’
Lastly, apoptotic bodies are membrane-bound vesicles that
span a wide size range (50-5000 nm). These EVs are formed
during apoptosis, containing fragmented cellular components
such as organelles, nuclear material, and cytoplasmic
content.® The minimal information for studies of extracellular
vesicles (MISEV 2023) guidelines recommend using the term
“extracellular vesicles” for vesicle classification unless their
exact mechanism of origin can be determined.’ Therefore, this
review will primarily use the term “EVs” for eukaryotic vesicles,
except where the original authors have specified otherwise. In
addition to addressing issues of nomenclature, the MISEV
2023 guidelines are also concerned with issues such as EV iso-
lation methods and purity assessment, and we will highlight
these aspects when discussing specific examples from the
literature.

Similar to eukaryotes, prokaryotes have also been reported
to form vesicles that are involved in intercellular communi-
cation and pathogenesis.'® Gram-negative bacteria possess a
dual-membrane structure and are capable of shedding their
outer membrane to form nanometer-sized vesicles (50-250 nm
diameter) known as outer membrane vesicles (OMVs) (Fig. 1B).
In addition to genetic material, lipids, and proteins found in
EVs and exosomes, some OMVs also contain toxins.'*™** More
recently, it has been reported that a small population of vesi-
cles of bacterial origin, known as inner outer membrane vesi-
cles (IOMVs), contain both the inner and outer membranes of
Gram-negative bacteria and carry cytoplasmic DNA'™™,
Similarly, Gram-positive bacteria have been observed to
produce derived from their cytoplasmic
membrane.

vesicles
10,16,17
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Fig. 1 Schematic diagram of extracellular vesicle composition and formation: (A) structure comparison of vesicles: purple half vesicle (left) rep-
resent a eukaryotic vesicle components, while the green half vesicle (right) represents a Gram-negative bacteria vesicle components. (B) The purple
cell (left) represents a eukaryotic cell capable of producing two distinct types of vesicles through different pathways. Microvesicles bud directly from
the plasma membrane, whereas exosomes are formed through a defined pathway. In this pathway, the plasma membrane first buds inward to form
early endosomes, which then undergo further inward budding to generate intraluminal vesicles, resulting in the formation of multivesicular bodies.
These multivesicular bodies subsequently fuse with the plasma membrane to release exosomes. The green cell represents (right) a Gram-negative
bacteria, where smaller fragments of outer membrane are secreted to form the OMVs.

In addition to mammalian and bacterial cells, plant cells
also secrete EVs, which have been shown to play critical roles
in plant growth, tissue repair, and defending against
pathogens.'®?° Structurally, plant derived EV’s (PDEV) are
similar to mammalian and bacterial cell vesicles. Containing
lipids, proteins, and nucleic acids and have shown potential to
be used a cancer therapeutics.”’?> Recent advances in the EV
field have further identified exercise-induced extracellular vesi-
cles and vesicles released from surgical tissues, highlighting
the expanding complexity and biological diversity of this
field.>®"°

EVs and OMVs have shown promise in medical appli-
cations. EVs have great potential as diagnostic tools because
studies have shown that EVs often carry specific biomarkers,
which can serve as reliable agents for disease detection and
monitoring.”®*” Earlier reports have shown that EVs derived
from stem cells possess regenerative potential, serving as a
critical mediator of tissue repair and regeneration.*®*°
Furthermore, exosomes play a crucial role in neurological
intracellular communication, and their ability to cross the
blood-brain barrier while preserving the integrity of their bio-
logical cargo makes them an ideal candidate for neurochemi-
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cal biomarker detection.?%3*

OMVs, due to their composition
that can include lipopolysacharides and toxins from the parent
bacteria, have the ability to trigger an immune response
making them possible vaccine candidates.>””** Despite the
appeal, EV use in the pharmaceutical industry has been
limited due to a variety of factors, including their heterogen-
eity. Regardless of being isolated from the same culture, EVs
exhibit several heterogeneous features, such as size and cargo
differences.>” Deciphering EV heterogeneity is essential for
their use in therapeutic applications, since heterogeneities
lead to a difference in function.>*® The inherent heterogen-
eity, coupled with nanoscale sizes make analytical examination
of EVs challenging. Fortunately, several optical methods
(Table 1) have been developed to identify and analyze EV het-
erogeneity. Using methods that allow for the detection of
several heterogeneous parameters (size, biomolecular content,
etc.) simultaneously is essential as it allows for a broader and
more comprehensive understanding of these nanoscale par-
ticles. Previous research and review articles have provided valu-
able insights into the current landscape of optical-based
analytical methods.*>*® Building on these foundational
studies, we offer a new perspective by further examining and

This journal is © The Royal Society of Chemistry 2026
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Table 1 Comparison of different light based analytical methods and their detection limit, detection sensitivity and sample preparation

View Article Online

Review

41-45

Technique family Optical category

General characteristics

Detection capabilities Sample preparation

Fluorescence/visible light  Visible light Spatial resolution depends on

microscopy technique, single EV
measurements

Flow cytometry Visible light Single EV measurements

Vibrational spectroscopy/  Visible light Ensemble measurement,

Raman/FT-IR Infrared light

Interferometric scattering
microscopy (iSCAT)

Visible light
interferometry

contextualizing recent advances of commonly used multi-
variate analysis methods that have contributed to the under-
standing of the physical and biochemical multiple properties
of EVs using optical based methods. While there are several
optical based analytical methods that can be used to analyze
EVs, in this review, we primarily focus on visible light based
methods due to their ease, minimal sample prep requirement,
and growing presence in the EV analysis.

Optical microscopy methods

Microscopy is a powerful tool for analyzing EVs, since it facili-
tates simultaneous visualization and multiparametric analysis.
There are several different microscopic methods that can be
used to analyze vesicles. Light microscopy has several advan-
tages for EV analysis such as minimal sample preparation, real
time observation, and ability to incorporate multiple fluo-
rescent dyes. However, light microscopy also has disadvan-
tages that limit its potential, such as diffraction limit chal-
lenges. Due to the diffraction limit of light, particles smaller
than approximately 200 nm appear as diffraction limited spots
when visualized with traditional fluorescence microscopy
methods. While the diffraction limit prohibits substructural
analysis, there are many examples of fluorescence microscopy
being applied to EV analysis.*®*” Of course, super-resolution
optical microscopy methods can offer improved resolution,
and in fact, some commercial super-resolution systems are
marketed with EV analysis in mind. Furthermore, light
microscopy may be affected by background noise originating
from EV aggregation or co-isolated protein aggregates, which
can generate signals that are difficult to distinguish from those
of individual vesicles.

Beyond optical microscopy, other microscopic techniques
can be used to analyze EVs. The assorted variants of electron
microscopy, such as scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and cryo-TEM have
advantages in examining the nanoscale properties of EVs,
however, their extensive sample preparation steps can lead to
artifacts. Furthermore, this family of methods provides static
snapshots which limits their ability to monitor dynamic pro-
cesses. In addition to EM, scanning probe microscopies, for

This journal is © The Royal Society of Chemistry 2026

chemically sensitive/selective

Single EV measurement; can be
combined with fluorescence

single EV and molecule
detection; multiple
markers

Multiple markers; rare
event detection
challenging

Varies, can be enhanced
(e.g. SERS, SEIRA)

Minimal prep; immobilized
or suspended samples

Debris and non-EV particles
must be removed

Bulk solution or
immobilized samples;
minimal prep

Clean surface, immobilized
particles often required

Single particle detection;
EV sizing

example atomic force microscopy (AFM), can be used to cir-
cumvent diffraction-limited resolution. A major advantage of
AFM is that it can probe mechanical properties of EVs, and it
can be combined with fluorescence microscopy for multipara-
metric analysis.*®* While EM and AFM can achieve better
spatial resolution than optical microscopies, in this section we
generally limit our discussion to advances fluorescence
microscopy for multiparametric EV analysis. As previously
mentioned, bacterial and eukaryotic vesicles often exhibit mul-
tiple heterogeneities, such as variations in size or the presence
of specific proteins, which may or may not be interconnected.
For example, larger vesicles might contain proteins absent in
smaller vesicles, or vesicle size could influence their inter-
actions with host cells.>® Microscopic methods are essential
for this analysis, as they not only allow visualization of the
sample but also enable protein tagging through antibody
labeling, which enables simultaneous detection of heterogen-
eity amongst multiple proteins.*’

Leveraging advanced microscopic techniques for multi-
protein labeling via multiple fluorescently labeled antibodies,
Nikoloff et al. developed a promising method that allows for
detection of up to four extracellular vesicle proteins.”® In this
work, the authors developed a microfluidic device designed to
capture single cells and the EVs that are being secreted by
them. Since the parent cells were contained in the same device
as the analyzed EVs, the purity of EVs was not assessed by
orthogonal methods. The EVs are immobilized using anti-
bodies specific to the tetraspanin protein CD63 and further
analyzed using four-color total internal reflection fluorescence
(TIRF) microscopy to understand the abundance of multiple
surface proteins simultaneously (Fig. 2A-C). By examining the
co-expression of these proteins, the authors observed an intri-
guing pattern: HER2 showed a negative correlation with CD81,
meaning that EVs with high HER2 expression tended to have
comparatively lower levels of CD81 (Fig. 2D).

Integration of fluorescence microscopy with AFM can yield
information that is invisible to either method alone. For
example, Cavallaro et al. combined AFM and fluorescence
microscopy to conduct single EV measurements for simul-
taneous determination of vesicle size and stiffness along with
relative protein abundances via protein-specific antibodies.*®
In this study, they obtained EVs from three different cell lines:
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Fig. 2 Multiparametric analysis of individual EVs with TIRF microscopy. (A and B) Using fluorescently conjugated mAbs and four-color TIRF
microscopy, immobilized EVs were imaged in the direct neighborhood of the cells. Which are prevented from cross-contamination with EVs from
other cells. (C) Multicolor TIRFM images of secreted and immobilized EVs. (D) Correlation analysis of analyzed markers on detected EV populations.
Correlation analysis, showing a weak positive association of HSP70 to integral ERa. Overexpressed membrane proteins, like CD81, HER2, and ERa
show negative correlation with most other proteins due to its abundant integration into membranes. Protein overexpression disguises protein colo-
calization in EV. membranes. This figure has been adapted from ref. 50 with permission from the American Chemical Society, copyright 2023.

embryonic kidney, cord blood mesenchymal stromal, and leu-
kemia cell lines, and tried to determine the abundance of
different tetraspanins (membrane-associated EV proteins) in
addition to the size and stiffness of the EVs. Their method
revealed that CD81 was the most abundant tetraspanin in the
EVs derived from the embryonic kidney cell line, while CD63
was more abundant in EVs from mesenchymal stromal cells.
Additionally, it was reported that the EVs from the embryonic
kidney cell line were more likely to express all three tetraspa-
nins (CDY9, CD63, and CD81) compared to EVs from other cell
types. Additionally, it was reported that the EVs expressing all
three of the tetraspanins were smaller in size, however, they
displayed a considerable size variation. Furthermore, it was
found that mesenchymal and leukemia cell EVs containing
both CD9 and CD63 were smaller in size than those containing
only CD81. These findings underscore the importance of ana-
lyzing multiple markers simultaneously to capture a more
nuanced understanding of EV characteristics. While the two
above examples employed tetraspanins as EV markers, it is
important to note that not all EVs possess similar distri-
butions of tetraspanins, with some EVs lacking one or many.
For this reason, the use of a single tetraspanin for capture of
EVs, for example, can be risky since the absence (or hetero-
geneous distribution) of that tetraspanin on the EVs would
lead to incomplete or biased capture of the EVs from a popu-
lation, thus biasing measurements and conclusions derived
from them.

Nanoscale

Recently, Singh et al. steered multivariate analysis in the in
the direction of OMVs, where they demonstrated the ability to
detect protein toxin (leukotoxin A, LtxA) sorting based on
In this method, OMVs are first biotinylated
which allows for the immobilization on streptavidin passivated
glass. This immobilization scheme is beneficial for capturing
all OMVs, eliminating discrepancies related to heterogeneously
expressed native proteins present on their surface. In this
study, OMVs are labeled with a membrane-specific fluorescent
dye, enabling the calculation of their integrated fluorescence
intensity, which is then used to determine their size distri-
bution. After size determination, the immobilized OMVs are
exposed to LtxA-specific antibodies, enabling the detection of
the toxin on their surface. A secondary antibody is then used
for colocalization of the OMV and the toxin, confirming the
presence of the LtxA. OMVs are further categorized into LtxA-
positive and LtxA-negative groups, allowing for the identifi-
cation of size-dependent LtxA sorting. This approach revealed
that larger OMVs were significantly more likely to contain the
LtxA compared to smaller OMVs, emphasizing the crucial role
of vesicle size in bacterial toxin sorting.

While understanding protein-size and protein-protein colo-
calization is important, EVs are also enriched with other intra-
vesicular components, such as nucleic acids, which play
crucial roles in their function. However, despite the appeal,
detecting intravesicular components can be challenging due to
the requirement of lysing the EV. Given the challenges in ana-

vesicle size.'?

This journal is © The Royal Society of Chemistry 2026
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lyzing both intravesicular and extravesicular components, Li
et al. developed an innovative single-EV analysis method which
enables the colocalization analysis between protein and
microRNA (miRNA).”" In this technique, the authors used the
NanOstirBar  (NOB)-Enabled  Single  Particle  Analysis
(NOBEL-SPA) assay. This approach uses magnetic NOB par-
ticles conjugated with antibodies specific to a chosen tetraspa-
nin protein, enabling efficient capture of EVs from the super-
natant based on the presence of these surface proteins. Once
the EVs are captured, they are lysed using detergent to expose
the intravesicular miRNA, which is further crosslinked to the
EV proteins or the NOB antibodies to prevent diffusion of the
contents. The exposed miRNA is further analyzed using a
hairpin probe, which is designed with a complementary
sequence to the target miRNA and a primer region for rolling
circle amplification (RCA), which forms DNA nanoflowers
(DNF) labeled with fluorescent probes for detection using con-
focal microscopy. To identify colocalization between proteins
and miRNAs, specific aptamer-containing probes were
designed to detect individual proteins, each paired with a
corresponding miRNA probe. The protein probes generate a
DNF labeled with Alexa 647 for protein detection, while the
miRNA probes are labeled with Alexa 488. This innovative
method enables colocalization experiments with different bio-
logical components, highlighting the significance of a multi-
variate analysis platform for studying complex molecular
interactions.

Microarray-based methods

For several years, microarray-based methods have gained signifi-
cant attention for their applications in biochemical assays and
medical settings. In a microarray-based assay, simultaneous ana-
lysis of thousands of EVs is possible. In this application, a
capture probe, such as a protein or nucleic acid, is printed onto
a substrate, typically a microscopic slide, to selectively bind the
target structure. This targeted binding enables further analysis
of surface proteins or other molecular features.’” In the context
of EV microarray assays, often times protein microarray techno-
logy is employed, using specific proteins as capture probes to
bind EV surface proteins selectively.>® This targeted capture
allows for detailed multivariate analysis of EV surface markers,
with results typically read out using a microarray scanner that
detects fluorescent or chemiluminescent signals from the EVs.
Microarray-based methods offer several advantages for EV ana-
lysis, including ease of implementation, high-throughput capa-
bility, multiplex biomarker detection, and the requirement for
relatively small sample volumes. However, these approaches also
present several limitations, most notably capture bias. Because
EV detection relies on antibody-mediated capture, only vesicles
expressing the targeted surface proteins will be detected. As the
understanding of EV heterogeneity continues to evolve, it is
increasingly evident that not all EV populations share the same
surface markers, which may lead to incomplete representation
of the vesicle population.>*® Furthermore, these assays provide

This journal is © The Royal Society of Chemistry 2026
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limited information regarding EV size, as vesicles can be cap-
tured and detected on the array but accurate size characteriz-
ation remains challenging. In this section, we review the recent
advances in EV multivariate analysis using micro-based assay.

In one example, Martel et al. developed an innovative
microarray method of high-throughput, multiplexed analysis
of EV inner and outer proteins (EVPio), that enables detection
of proteins present on the outer surface of the EVs, as well as
identification of intra-vesicular EV proteins.>® Prior to analysis,
EVs were purified by size exclusion chromatography, assayed
for total protein content, and their concentration was deter-
mined by tunable resistance pulse sensing. In this method,
ten distinct antibody microarray spots were printed onto a 2D
polyaldehyde slide using an inkjet printer, and EVs from two
different colorectal cancer cells were subsequently immobi-
lized on the surface (Fig. 3A and B). To detect colocalized
inner and outer proteins, the EVs were fixed and permeabi-
lized using surfactants which facilitates the detection of both
of the proteins. Given the low abundance of inner and outer
membrane proteins, the authors employed a novel approach to
enhance detection. They added a DNA barcode to each anti-
body, and after the antibodies bound to their target proteins, a
complementary fluorescent DNA strand was introduced for
signal readout. This method amplified the signal, improving
the detection sensitivity for low-abundance proteins. As a
proof of concept, this method was tested on EVs from two
genetically modified colorectal cell lines, which revealed a gen-
erally similar inner-outer protein composition. It would be
interesting to extend this method to EVs from different cancer
types, for example breast vs colon, and compare results about
the outer-inner protein heterogeneity.

Clegg et al. also developed a multiparametric microarray
designed to profile multiple surface proteins simultaneously.>
In their method, the protein antibodies are printed on an
epoxy silane coated slide to capture EVs that express those pro-
teins on their surface. The authors printed three specific anti-
bodies, CD9, CD81, and CD63 as microarray spots to target
proteins commonly associated with EVs. Additionally, they pre-
pared a cocktail combining these antibodies along with heat
shock protein 90 (HSP90) and flotillin to enable multi-protein
detection and analyze the diverse protein composition of EVs.
In this study, samples from six healthy blood donors were ana-
lyzed to investigate the multivariate variations in protein
abundance.

A similar approach was used by Cawley et al. to analyze bac-
terial vesicles from pathogenic bacteria A
Actinomycetemcomitans.”® Given the smaller size of OMVs,
instead of microprinting the array, the authors employed
liftoff nanocontact printing.”” In this method, they printed two
different antibodies, anti-LtxA (leukotoxin-specific) and anti-
OmpA (outer membrane protein A), to assess whether OMVs
would bind to them and hence capture them on the surface.
The multivariate analysis in this assay hinges on the capturing
agent used, as it enables differentiation between OMVs con-
taining the toxin and those that do not highlight the potential
of arrayed assay in the realm of bacterial infection diagnostics.
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Fig. 3 EVPio: combinatorial profiling of extracellular vesicle inner and outer proteins. (A) The EVPio assay is performed on a well gasket-covered
glass slide that has been inkjet printed with 16 10 x 10 subarrays of antibodies, where each row targets a different EV surface protein. (B) EVPio
workflow: (1) capture antibodies are inkjet printed on a functionalized slide (PolyAn 2D-Aldehyde), (2) the slide is washed and unoccupied sites are
blocked, (3) the sample is incubated on the antibody spots and the EVs are captured based on their surface protein markers, (4) bound EVs are fixed
on the slide, (5) the slide is AR treated, (6) quenched to get rid of the remaining reactive groups, (7) the slide is washed and incubated with up to
three different oligo barcode-conjugated primary detection antibodies, (8) the slide is washed and incubated with complementary fluorescently
labeled oligonucleotide constructs (up to three colors), and (9) immobilized immunolabeled EVs are detected using a confocal microarray scanner.
Microspots, antibodies, oligonucleotides, and EVs are not to scale. (C and D) Multiplexed EVPio analysis of HT29 and SW403 EVs at 1.8 x 10*° par-
ticles/mL immobilized with four capture antibodies and a NC (GFP), with four separate 3-plex assays to detect 12 inner and outer proteins.
Phenotyping results for (C) HT29 and (D) SW403 EVs. The values for SW403 EVs are expressed as the ratio of the SW403 to the HT29 signal, high-
lighting the differences between EVs from the two cell lines. Inner proteins are colored in red for emphasis. In HT29 EVs, the CD9+ EV subpopu-
lations presented the highest overall signals, with ITG a6, CD63, ITG 1, and ITG 4 as notable detected markers. HSP70 and Alix were the strongest
inner targets. SW403 EVs presented notably higher ITG a6, CD9, and CD81 signals in the EpCAM+ EV subpopulation. Grayed values represent the
absence of signal. This figure has been adapted from ref. 54 with permission from the American Chemical Society, copyright 2022.

Surface plasmon resonance methods interest. The instrumental configuration of SPR can vary from

the traditional Kretschmann configuration,> where a uniform
Surface plasmon resonance (SPR) is an optical technique that gold film and a prism are required, to nanoplasmonic
relies on the change in the refractive index near the surface of approaches where surface plasmons confined to nanoscale fea-
a sensor upon adsorption of mass.’® Because SPR measures tures are exploited for label-free detection.®® These advantages
minute changes in refractive index, its major advantage is that and configuration versatility makes SPR an excellent tool for
it does not require any extraneous labels for the analytes of analyzing EVs and their interactions with antibodies or other

Nanoscale This journal is © The Royal Society of Chemistry 2026
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binding agents, without the need for labels. SPR is also com-
monly used to analyze a variety of biomolecular interactions,
providing insights into binding kinetics and affinity.®* Similar
to microarray-based methods, SPR also has limitations: it
suffers from capture bias, provides no direct information on
EV morphology, and can be affected by non-specific binding
that reduces measurement accuracy. In recent years, SPR has
become a widely used method for EV analysis, where specific
antibodies are coated onto the surface to capture vesicles
based on their protein expression profiles.®>”** For an exten-
sive review on SPR and other plasmonic sensors for EV ana-
lysis, the reader is directed to the article by Im and
coworkers.®

In one example of SPR for EV analysis, Hsu et al. developed
an innovative method combining SPR and surface plasmon-
enhanced fluorescence spectroscopy within a single platform,
enabling the simultaneous detection of proteins and miRNA
that exosomes carry.®® In this approach, exosomes are initially
immobilized on the SPR chip through antibodies targeting the
specific protein of interest. Subsequently, a molecular beacon
probe, specific for a miRNA, was added to the chamber and
the increase in fluorescence intensity upon hybridization was
observed. In this study, the authors investigated the relative
expression ratio between surface proteins and miRNA present
in exosomes derived from lung and breast cancer cells. For the
exosomes derived from breast cancer cells, the presence of the
membrane protein ANXA8, known for its elevated expression,
and miR-342, downregulated compared to control cells, were
investigated. Additionally, for the lung cancer cell derived exo-
somes, membrane proteins EGFR and LG3BP, along with
miR-21 and miR-210 were analyzed. EGFR and LG3BP have
been reported for tumor growth and metastasis, and miR-21
and miR-210 regulate signaling pathways making them critical
biomarkers for lung cancer diagnosis. This platform allows for
simultaneous detection of several cancer biomarkers and
enables an enhanced sensitivity to differentiate cancer cells
from healthy cells, potentially leading to precise diagnosis
through complementary ratios of multiple
biomarkers.

In 2020, Yang et al. reported an SPR-based biosensing plat-
form coupled with surface plasmonic resonance microscopy
(SPRM) for multiparametric analysis.”” This method enables
the simultaneous detection of EV size distribution, concen-
tration, and molecular interaction affinity. The latter was deter-
mined by assessing the binding of EVs to surface-bound CD63
antibodies, which facilitated their capture and subsequent
characterization. Since the intensity of the SPRM signal corre-
lates with the size of the vesicles, the authors first immobilized
the EVs on the surface and measured the signal intensity to
obtain the size distribution. Additionally, since binding on the
SPR chip relies on diffusion and particle concentration, the
authors established a linear relationship between EV count
and sensor surface binding, enabling determination of EV con-
centration from the sample. This method enhances the ability
to use SPR to understand the different physical properties of
vesicles.

expression
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Advanced nanofabrication techniques have enabled
advances in the development of nanoplasmonic sensors
capable of SPR-based multiparametric analysis of EVs. These
sensors offer the ability to densely pack discrete sensing zones
in a small footprint for integration with microfluidic channels
to enable multiplex assays. An example of nanoplasmonic SPR
implementation for profiling of EVs is the nPLEX assay,®®
which is based extraordinary optical transmission through a
periodic array of sub-wavelength diameter holes in a gold film.
With this type of transmission-mode SPR, the magnitude of
spectral shift of light transmitted through the nanohole array
is associated with exosomes binding to the sensor.
Alternatively, the change in transmission intensity at a fixed
wavelength can be used for signal readout. In the nPLEX assay,
exosomes are bound on the surface of the gold nanohole film
by various antibodies that probe for the presence of exosome-
related surface markers, such as CD63, CD24, and EpCAM.
The magnitude of normalized signal (spectral shift or intensity
change) is proportional to the amount of exosomes bound to
the chip, and thus the density of the specific exosome marker
on the exosome surface. Using this approach, Im and co-
workers demonstrated the ability to identify biomarker profiles
for exosomes derived from ovarian cancer cells. They were also
able to detect cancer exosomes from patient-derived body
fluids and use the assay to monitor cancer response or pro-
gression during chemotherapeutic treatment.

While the nPLEX assay demonstrated impressive results,
the primary markers of interest were transmembrane proteins
found on the surface of the EVs. To advance the technology,
the same group developed a nanohole SPR-based approach to
analyze the intravesicular proteins of EVs that were isolated by
ultracentrifugation.®® In this assay, termed intravesicular nano-
plasmonic system (iNPS), EV lysate is exposed to gold nano-
hole arrays that are functionalized with antibodies to capture
intravesicular or transmembrane proteins associated with EVs.
Upon binding to the surface immobilized antibodies, the pro-
teins of interest are subsequently bound by gold nanoparticles
(AuNPs) decorated with antibodies (Fig. 4A and B), which serve
to greatly amplify signals up to 9-fold due to enhanced electro-
magnetic field intensity near the nanohole rims (Fig. 4C and
D). The authors found a limit of detection of 10* EVs. To vali-
date the assay, the authors examined signals arising from the
binding of intact EVs and EV lysates to antibody-functionalized
nanohole arrays, along with EV lysates with AuNP amplifica-
tion (Fig. 4E). It was found that AuNP amplification was
necessary to detect markers from EV lysates, including the
intravesicular marker ATK1. The new assay was further vali-
dated by examining the correlation between protein levels
measured by traditional ELISA assays and iNPS. The authors
found good correlation between the two different measure-
ment techniques (Fig. 4F). Next, seven different EV-associated
markers were probed, including both transmembrane and
intravesicular proteins in EVs as well as in their parent cells.
The obtained signals, and therefore the expression levels, of
these markers were in strong correlation with cellular
expression levels (Fig. 4G).
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Fig. 4 Overview of the iNPS assay. (A) EVs are lysed to release molecular cargos. Each target is captured on the iNPS chip via affinity ligands, and
further labeled with Au nanoparticles (AuNPs). (B) Scanning electron micrograph showing AuNPs after iNPS assay steps. (C) FDTD electromagnetic
simulation. AuNP on the iNPS surface concentrates electrical fields. Compared to a protein binding (left) or a whole EV binding (middle), the field
intensity enhanced up to 70-fold with AuNP (right). (D) Measured signal enhancement. Compared to EV binding, the spectral shift was about 9-fold
higher when the same concentration of AuNPs (100 nm) bound to the iNPS chip. (E) Validation of iNPS assay. AuNPs enables both membrane
protein (EpCAM, CD63) and intravesicular protein (AKT1) detection with enhanced spectral shifts. The error bars represent the standard deviation of
signals. (F) iNPS and ELISA were used to detect intravesicular (HSP90, HSP70, TSG101) and transmembrane proteins (CD63, EpCAM, EGFR). The
results from both methods showed a good correlation (R = 0.8248). For iNPS assays, we used 108 EVs per marker and measured spectral shifts.
Note that ELISA required 200-fold larger amount of samples than iNPS. (G) Protein profiling of ovarian cells and their secreting EVs. Transmembrane
(CD63, EpCAM, EGFR) and intravesicular (AKT1, HSP90, HSP70, TSG101) protein levels were measured. Cellular protein expression of three ovarian
cancer cell lines (OV420, CaOV3, and OVCAR3) and one benign cell lines (TIOSE6) were measured by flow cytometry. EVs secreted from those cells
were analyzed by iNPS. Overall, EV protein expression patterns were correlated with cellular expression patterns. This figure has been adapted from
ref. 69 with permission from the American Chemical Society, copyright 2018.

Mie scattering. Depending on the particle size and the wave-
length of the incident light, either of the scattering is

Light scattering methods

When a particle interacts with incident light, the light can
either be absorbed or induce polarization within the particle.
This polarization oscillates in sync with the incident light,
causing some of the light to scatter which can be studied to
understand physical properties about the size, molecular
weight, etc. In light scattering methods, two primary scattering
mechanisms are commonly studied, Rayleigh scattering and

Nanoscale

observed. Rayleigh scattering is observed when the particle
size is 10 times smaller than the wavelength of the incident
light. The observed scattering is elastic, where the frequency of
the light remains unchanged, producing consistent scattering
in all directions. In contrast, Mie scattering arises when the
particle size is less than one-tenth of the wavelength. The scat-
tering intensity varies with each angle, indicating its depen-
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dence on the angle of measurement.”®’? Light scattering pro-
vides label-free, average size and polydispersity measurements
of an EV population in a relatively fast and easy fashion.
Furthermore, light scattering methods can be added to the
additional analytical techniques such as flow cytometry and
multi-angle light scattering. However, it also has several disad-
vantageous such as its bias towards larger sized particles in a
heterogenous size population and requires high sample
concentration.”>”* Additionally, flow cytometry and Raman
spectroscopy, detailed in the following sections, use light scat-
tering to analyze the vesicles. Here we discuss some of the
common light scattering methods that are used to analyze
vesicles.

Dynamic light scattering (DLS), nano tracking analysis
(NTA), static light scattering (SLS), and multi-angle light scat-
tering (MALS) are essential techniques commonly used to
characterize vesicles.”>”’® When incident light, typically a laser
in these methods, interacts with vesicles, a portion of the light
is scattered. This scattered light provides insights into the
diffusion behavior of the particles, enabling the determination
of their size, shape, and dynamic properties. DLS measures
the Brownian motion of particles by analyzing time dependent
fluctuations in the intensity of scattered light. Brownian
motion, diffusional movement of the particles in a fluid, is
size dependent; meaning the larger particles scatter more light
than the smaller particles. The intensity fluctuations are corre-
lated together to obtain an autocorrelation function which
allows for the calculation of vesicles translational diffusion
coefficient. The diffusion coefficient can then be used to
obtain vesicle size using the Stokes-Einstein equation.®®®!
DLS measures vesicles as a population, however recent
advancements in NTA allows for single vesicle analysis. NTA
employs a similar principle where the Brownian motion of
vesicles is measured and the mean square displacement is
reported of individual vesicles.®>*

In contrast to DLS, SLS measures the average scattering
intensity of particles dispersed in a solution. By evaluating
how light interacts with these particles, the technique enables
the determination of their molecular mass and radius of gyra-
tion, which is described as the root mean square distance of
the scattering mass distribution from the center of mass of the
particle. This provides insights into the particle’s size and
shape.®® SLS provides valuable information, however it is
better suited for larger particles. DLS is more commonly used
for vesicle analysis due to its higher sensitivity to smaller par-
ticles. Though, a combination of SLS and DLS has been
reported to analyze vesicle size and shape.®>®¢ A variation to
SLS is MALS. In this method, additional detectors are present
which allow for the determination of the scattering light at
multiple angles.®”

In an interesting example where a combination of orthog-
onal separation, scattering, and fluorescence analytical tech-
niques enabled multivariable analysis, Normak et al. were able
to characterize the concentration of particles, average diameter
of the particles, protein to particle ratio, presence of EV
surface markers and lipids, EV shape, and sample purity. They
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did this by employing an instrument that integrated liquid
chromatography coupled with MALS and fluorescence detec-
tion.®® The chromatographic separation step allowed analysis
of both crude and purified samples. With this setup, the
sample underwent liquid chromatography first to isolate the
analyzed vesicles. Next, the MALS detector is used to analyze
the size and concentration of particles in the sample. Finally,
the sample is put through the FLD component to measure the
intrinsic fluorescence of proteins and the fluorescence signal
of specific markers.®® Impressively, with this strategy they were
able to fully characterize samples that contained as few as 107
particles.

To demonstrate their methods capabilities, Normak et al.
analyzed EVs derived from HEK293-F cells. Total number of
particles determined by MALS analysis were in general agree-
ment with results from nanoparticle tracking analysis (NTA),
with the MALS method yielding a slightly larger number of
particles than NTA. The authors reasoned that the reported
discrepancy may be due to low separation resolution and the
obscuration of smaller particles by larger particles.”® The
average diameter of the size distribution of particles measured
with MALS method was consistent with both NTA and DLS
analysis, with the result being 148 nm across all techniques.
Additionally, the SEC followed by MALS analysis can be further
coupled with FLD to measure the total protein amount of EVs.
These additional integrated techniques enable enhanced mul-
tiparametric results from the method.

NTA is inherently a multiparametric technique because it
provides information about the size, concentration, and
vesicle count. However, it can have disadvantages as well since
NTA cannot differentiate between vesicles versus other small
contaminants. Therefore, it is critical to optimize the sample
preparation and protocol to obtain high quality data. Comfort
et al. provide a detailed protocol for EV preparation and
method parameters to obtain vesicle size and concentration
from a NTA measurement.*

Flow cytometery methods

Flow cytometry is a powerful tool that is commonly used for
multivariate characterization of cells and EVs. In this method,
particles (cells or EVs) pass through a laser beam in a single-
file manner, enabling the analysis of individual vesicles. This
alignment is achieved by applying a sheath fluid, typically a
buffer solution, to guide the vesicles into a streamlined flow.
As the particles pass through the laser, they scatter light that is
measured in two directions, forward and side scattering.
Forward scattering is used to detect particle size by measuring
the light scattered in the same direction as the laser beam.
Side scattering, captured at a 90° angle to the laser path, pro-
vides information about the internal complexity of the vesi-
cles.”® Additionally, labeling the particles with fluorescent tags
can provide information about the abundance of specific bio-
markers. Labeling the sample with a fluorescent tag offers the
additional advantage of enabling its use in imaging flow cyto-
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metry. Imaging flow cytometry combines traditional flow cyto-
metry with high-resolution imaging, allowing for the analysis
of both the quantitative and morphological properties of indi-
vidual cells or particles. In this technique, as the particles pass
through the laser, the microscope’s add-on components
capture images of the particles.”® This allows for morphologi-
cal analysis of the cells in addition to the conventional flow
cytometry results.

Flow cytometry is commonly used for EV analysis due to its
high throughput capabilities, ability to perform multivariate
analysis, and minimum sample preparation. However, it also
suffers from several disadvantages such as the requirement for
instrumentation modification or high sensitivity flow cyt-
ometers to accommodate EVs smaller size and weak light scat-
tering. For instance, Arkesteijn et al. demonstrated that
forward light scatter can be enhanced by using adjusted
obscuration bars and pinhole, to reduce optical background
noise and enable reliable detection of the nanoscale sizes par-
ticles.®” Another commonly used technique used to analyze EV
through conventional flow cytometer is to capture the EVs on a
large bead, which helps with the resolution of flow
cytometer.”?

Despite the challenges, low cytometry and its variations are
commonly used to analyze different types of vesicles, such as
EVs,”* ¢ exosomes,””*® and bacterial OMVs.*®9%1% By utiliz-
ing fluorescent labeling and multiparametric analysis, flow
cytometry enables the characterization of complex vesicle
populations with high sensitivity and resolution. Flow cytome-
try’s ability to detect a wide range of parameters makes it a
great method for analyzing the multiparametric characteristics
of vesicles. To elucidate the function of vesicles, it is critical
for the sample to be pure and accurately represent their bio-
logical components. However, many of the conventional
methods for isolation often carry limitations including low
purity, low yield, long duration, large sample requirements,
specialized equipment, highly trained personnel, and high
costs. To address these issues, Sharma et al. introduced a
novel insulator-based dielectrophoretic (iDEP) device capable
of rapidly isolating nanoscale EVs from cell culture media
based on their size and dielectric characteristics.'®® More
specifically, the array of micropipettes within their iDEP device
applies an electric field of ~10 V em™ across the lengths of
the pipettes, allowing isolation of nanoparticles from small
sample volumes. After purifying the EVs, the authors employed
flow cytometry, both imaging and conventional, as well as
next-generation miRNA sequencing to validate the purity of
the vesicles derived from their system.

The authors identified heterogeneity among EVs expressing
the tetraspanins CD63 and CD81. Specifically, it was reported
that 55% serum, 31% plasma, 30% urine EVs contained CD63,
while 22% serum, 41% plasma, 34% urine EVs contained
CD81. Imaging flow cytometry showed that extracellular vesi-
cles derived from serum had the highest expression levels of
both CD63 and CD81, followed by those derived from plasma,
with those from urine having the lowest levels. Furthermore,
microRNA sequencing revealed mature 137 miRNA transcripts
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across all EV samples, revealing that iDEP device is sensitive at
retaining the inherent miRNA associated with vesicles. The
authors also compared the results of the iDEP-purified vesicles
with those from traditional purification methods, such as
differential ultracentrifugation and size exclusion chromato-
graphy, and observed similar patterns in the retained bio-
markers and miRNA. This demonstrates that iDEP can effec-
tively purify EVs.

Protein and nucleotide cargo of EVs are well studied, their
lipid composition and how it contributes to EV heterogeneity
is less known. While membrane order and lipid packing can
be mimicked with multicomponent bilayers in synthetic lipo-
somes created with controlled lipid composition, bulk lipid
membrane studies of EVs demonstrates variation in lipid com-
position. This variability had not been well evaluated at the
single EV level. Single-EV flow cytometry methods allow for the
characterization of molecular cargos on a single vesicle basis.
However, there is a limitation with flow speed due to the preva-
lence of the so-called swarm effect, where a group of small par-
ticles may register as a single large particle. Von et al. devel-
oped a method they coined, EV Fingerprinting, to unwind the
complexity of EV populations whilst being able to achieve accu-
rate high-throughput detection of small particles at a fast flow
rate (~100000 events per min).'®® Additionally, this group
used this device in conjunction with the uptake of lipophilic
environment-sensitive membrane probes di8 by the lipid
bilayer to create their single-EV flow cytometry method. In this
method, the authors utilized an intriguing membrane probe,
di8, which provides insights into both the relative size of the
EVs and their membrane order properties. Additionally, the
authors analyzed EV cargo by using antibodies specific to
target proteins or through intrinsic labeling of the proteins.

Using this method, the authors were able to investigate
multiple parameters involved in EV biogenesis. For instance,
the authors found that knockout Rab27a, a protein involved in
EV biogenesis, led to a decrease in the production of mem-
brane ordered EV, while the membrane disordered EVs were
unaffected. Interestingly, a different trend was observed when
CD63 where the smaller EVs were more membrane ordered,
however, the larger EV had more cargo present compared to
the control EVs. This underscores the importance of using
multivariable analysis to assess EV heterogeneity, enabling a
more comprehensive understanding of their diverse roles and
functions.

Raman spectroscopy methods

Raman spectroscopy is a type of vibrational spectroscopy that
exploits the inelastic scattering of photons. The Raman scatter-
ing phenomenon is extremely weak, with only a tiny fraction of
scattered photons being inelastically scattered due to the small
Raman cross-sections of most molecules.'®® Raman scattered
photons exhibit characteristic wavenumber shifts associated
with vibrational modes of different chemical functional
groups. Peaks in a Raman spectrum are narrower than peaks
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in a fluorescence spectrum, thus reduced spectral overlap of aqueous solutions due to water’s small Raman scattering cross
Raman peaks makes this method ideally suited to the simul- section. Clearly, the combination of narrow peak widths, func-
taneous detection of multiple analytes. Like infrared absor- tional group-specific signals, and water compatibility make
bance, Raman spectroscopy is capable of functional group Raman spectroscopy a powerful technique for biochemical
identification, but unlike infrared, Raman is compatible with analysis.
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Fig. 5 SERS-based phenotyping of EVs. (A) Schematic structure of the microfluidic device with (i) sample inlet ports, (ii) a serpentine channel for
mixing EVs, SERS nanotags, and magnetic beads, (iii) a zone for magnetic capture of labeled EVs, washing, and SERS detection, and (iv) a sample
outlet port. (B) Operational principle of the microfluidic device showing sample introduction, EV capture with magnetic beads and labeling with
SERS nanotags, and the distinct SERS spectra of the SERS nanotags possessing the different Raman labels. Phenotyping of EVs derived from lung
cancer cell lines (NCI-H226 and A549) and normal lung bronchial epithelial cell line (BEAS-2B) using the on-chip SERS platform were tested for their
(C) SERS spectra and (D) SERS signatures. Negative controls included omitting EVs, antibodies, SERS nanotags, or MBs. Comparison of (E) PD-L1 and
(F) EGFR levels on EVs derived from three cell lines. P values were calculated by independent t-tests. (G) Classification of various cell line-derived
EVs via linear discriminant analysis (LDA) of their SERS signatures. The RPMI 1640 media were used as controls. The red, green, and blue circles show
95% confidence ellipses (two-sided). Data is represented as mean + s.d. This figure has been adapted/reproduced from ref. 108 with permission
from Elsevier, copyright 2023.
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Despite these advantages, the inherent weakness of Raman
signals can hamper its implementation. To boost Raman
signals, amplification strategies are often employed, most
notably surface-enhanced Raman scattering (SERS).'®* In
SERS, scattering signals from molecules that are within a few
nanometers of a roughened or nanoparticle metal surface,
most typically gold or silver, can be enhanced by widely
ranging factors that can be as high as 10'%.'% This enhance-
ment arises from separate electromagnetic and chemical
mechanisms'®*'%” that are beyond the scope of this review.

The substantial increase in signals afforded by SERS has
been exploited for detection and identification of a broad span
of biochemical analytes, including biomarkers on the surface
of EVs. In one example, Lin and coworkers used SERS for phe-
notyping EVs by using gold nanoparticle SERS nanotags
coated with antibodies against CD63, PD-L1 or EGFR
markers.'*® In this study, the EVs were isolated by centrifu-
gation, and their morphology was determined by SEM. Each
type of SERS nanotag had a single type of antibody on its
surface, as well as a single type of Raman label, either mercap-
tobenzoic acid (MBA), 2-nitrobenzoic acid (DTNB), or 2,3,5,6-
tetrafluoromercaptobenzoic acid (TFMBA). In this assay, each
type of SERS nanotag could bind a specific marker (CD63,
PD-L1, or EGFR) on the EVs, and the binding would be read
out by the detection of SERS signals from the label (MBA,
DTNB, or TFMBA) at distinct Raman shifts. To enrich the EVs
and SERS nanotags in the detection zone, magnetic beads
functionalized with CD63 were also introduced. CD63 is a
general EV marker and should bind EVs regardless of the phe-
notype. The magnetic beads were magnetically-enriched in the
detection zone, probed with a laser, and the SERS spectrum
was collected. A schematic of the device and operation prin-
ciple of the assay is shown in Fig. 5A and B. With this plat-
form, the authors assayed EVs originating from three different
cell lines, NCI-H226 and A549 lung cancer cells and BEAS-2B
cells derived from normal lung bronchial epithelial cells line,
and detection limits as low as 4.46 x 10> EVs per mL were
determined. EVs from these cells clearly display different
expression levels of the CD63, PD-L1, and EGFR markers
(Fig. 5C-F). Using chemometric analysis, the authors were able
to readily distinguish EVs based on their cellular origin
(Fig. 5G).

The use of tagged nanoparticles that give rise to well-
defined SERS signatures, as is done in the previous example
(Fig. 5), can simplify EVs profiling. However, this approach is
limited in that it is able to detect only markers that are pre-
defined. To exploit the full richness of SERS spectra in examin-
ing the biochemical constitution of EVs, groups have analyzed
the intrinsic SERS signal arising from the EVs themselves, in
the absence of extrinsic tags. This presents challenges,
however, because the SERS spectra tend to be quite complex
with few readily identifiable spectral features that vary between
EV type. To overcome these challenges, researchers often turn
to machine learning approaches.

In one example, Diao and coworkers were able to discrimi-
nate exosomes from noncancerous H8 cells and cervical
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(HeLa) and breast (MCF-7) cancer cell lines."* To do this, they
engineered a multilayer film of AuNPs that had a high density
of SERS hotspots, then individually adsorbed exosomes from
each cell type to the AuNP film. Examination of the SERS
spectra for exosomes of each cell type enabled the identifi-
cation of 7-9 distinct Raman bands, with many of the bands
observable in all of the different exosomes. Due to the slight
variation in spectra across exosome types, the authors sequen-
tially applied principal component analysis (PCA) and linear
discriminant analysis (LDA) to identify two factors that could
be used to classify exosomes based on cellular origin. Next,
exosomes from clinical samples were analyzed. These included
exosomes from health patients, along with those from cervical
and breast cancer patients. Using the algorithm developed on
cell line-derived exosomes, it was possible to predict the
patient origin of the exosomes with 100% accuracy for cervical
and breast cancer and 80% accuracy for healthy patients.
Finally, this analytical workflow was used to assess the mecha-
nisms of doxorubicin (DOX), a chemotherapeutic agent, on
MCF-7 breast cancer cells. By examining the SERS spectra of
MCF-7 cell-derived exosomes at various time points after DOX
treatment, it was found that DOX caused protein structure
alterations that led to cell death.

Conclusion and outlook

In conclusion, while EVs hold significant potential for diag-
nostic and therapeutic applications, their inherent heterogen-
eity remains a major challenge for their widespread use in
medicine. Advances in analytical techniques, such as flow cyto-
metry, microscopy, and optical spectroscopy now allow for
more comprehensive studies of EVs by enabling simultaneous
assessment of multiple parameters. Recent studies highlighted
in this review demonstrate significant progress in improving
the characterization and understanding of EV properties,
which is crucial for biomedical applications. We also dis-
cussed how different forms of heterogeneity, such as size vari-
ations and the interplay between proteins or protein-miRNA
complexes, are interlinked. This emphasizes the importance of
considering multiparametric heterogeneity rather than focus-
ing on a single parameter. The field is evolving by enhancing
common benchtop methods to improve their analytical capa-
bilities. Recent advances have also introduced artificial intelli-
gence (AI) into EV research. Several groups have reported Al-
driven and machine learning-based approaches capable of
predicting and identifying potential biomarkers present on EV
surfaces from complex biological datasets for use in precision
drug delivery."'°** These computational strategies enable the
analysis of large, multidimensional datasets and can reveal
molecular patterns that may be difficult to detect using con-
ventional analytical methods. As a result, Al-assisted analysis
is emerging as a powerful complementary tool for EV charac-
terization, biomarker discovery, and improving the sensitivity
and throughput of existing analytical platforms. Looking
ahead, further refinement of these methods and development
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of new methods addressing current challenges will be critical
for advancing EV-based diagnostics and therapies in clinical
settings.
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