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Abstract: Extracellular vesicles (EVs) are lipid containers that are actively released by cells and contain complex molecular cargoes.
These cargoes include abundant material such as genomes and proteins from cells of origin. They are involved in intercellular
communication and various pathological processes, showing excellent potential for diagnosing and treating diseases. Given the
significant heterogeneity of EVs in complex physiopathological processes, unveiling their composition is essential to understanding
their function. Bulk detection methods have been previously used to analyze EVs, but they often mask their heterogeneity, leading to
the loss of valuable information. To overcome this limitation, single extracellular vesicle (SEV) analysis techniques have been
developed and advanced. These techniques allow for analyzing EVs’ physical information and biometric molecules at the SEV level.
This paper reviews recent advances in SEV detection methods and summarizes some clinical applications for SEV detection
strategies.
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Introduction

Extracellular vesicles (EVs) are a generic term for encapsulated biomolecules released by cells into their surroundings,
including exosomes, microvesicles, incomes, and apoptotic bodies, among other names.' EVs are widely present in body
fluids,? including blood, urine, amniotic fluid, breast milk, semen, saliva, and malignant fluid, making them easily
accessible for study.®> The plasma membrane structure of EVs enhances the stability of internal biomolecules, biofilm
shuttle potential, and biocompatibility.* Moreover, they have the unique capability to cross cellular barriers and enrich
sensitive extracellular proteins, making them a valuable tool for remote intercellular communication in vivo.’
Consequently, EVs’ molecular composition is closely related to the physiological state of their cargo and parental
cells and can serve as valuable biomarkers for various diseases.

However, studies of EVs have revealed that they were heterogeneous in size and molecular composition, which prompted
the need to analyze single extracellular vesicle (SEV) to unravel their heterogeneity.” Commonly techniques such as Western
Blot and real-time PCR have been used to analyze the population of EVs rather than SEV.”® These analysis methods poorly
characterize individual vesicles’ structure, composition, thereby potentially leading to biased results.” Therefore, researchers
have developed more than 20 new single-vesicle analysis techniques for more accurate subclassification and characterization
of EVs.'” These techniques enable the analysis of physical morphology and specific biomolecules at the SEV level, better
analyzing the heterogeneity of EVs and facilitating the understanding of the EVs’ role in disease development. Although these
techniques helped us to understand SEV better, they require further refinement and development to overcome their limitations,
such as insufficient resolution and low throughput.'' Recent advancements in the analysis of SEV, however, offer new
opportunities to design new diagnostic devices for small sample sizes using non-invasive or minimally invasive methods.
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Based on these advancements, we will objectively evaluate the advantages and disadvantages of some methods for SEV and
their potential applications.

Characterization Techniques for SEV
SEV Physical Characterization

The most prevalent method is a size-based classification of EVs.'? The International Society for Extracellular Vesicles
(ISEV) guidelines for SEV characterization emphasize the importance of the physical properties of SEV."® Hence, in
single vesicle analysis, it is imperative to consider the physical parameters of individual vesicles, including their size,
distribution, concentration, and morphology. To this end, techniques such as nanoparticle tracking analysis (NTA) have
played a vital role in characterizing the physical parameters of SEV. This section provides a comprehensive overview of
the principles behind several technologies and recent technological advancements (Table 1).

High-Resolution Microscopy Techniques

High-resolution microscopy techniques, including electron microscopy (EM) and atomic force microscopy (AFM), have
enabled the direct visualization of EVs for morphological particle size characterization. EM operates by emitting a high-
energy electron beam that interacts with the atoms in the sample to reveal fine internal structural details.'* This method
includes various techniques broadly categorized into scanning electron microscopy (SEM) and transmission electron micro-
scopy (TEM), with the latter being the most common for single vesicle analysis. However, sample preparation for these
techniques requires heavy metal staining and fixation, which can compromise the structure and integrity of the EVs’
membranes.'>'® Cryogenic transmission electron microscopy (cryo-TEM) can overcome this challenge by eliminating the
need for contrast agents or developers and the dehydration step. Although this approach yields low-resolution images, it shows
the natural state of individual vesicles.!” Combining a second electron source into a low-energy electron microscope (LEEM)
setup allowed for developing TEM at low energy for imaging and spectroscopy in transmission and reflection modes at
nanometer (nm) resolution.'® This technique prevents high-energy electrons from damaging fragile biological samples and
enables nondestructive imaging of biological samples at nanometer resolution. However, Rikkert et al found that operator
subjectivity significantly affected the results, in addition to the different working protocols.'® Researchers recently proposed a
software tool for the computer-aided assessment of SEV in TEM images.*® This algorithm can analyze SEV based on semi-
automatic detection, which may be the first step in developing a standard protocol.

AFM is another method that characterizes the overall physical attributes of a sample through the interaction between a
nano-tip probe and the immobilized sample by aggregating readings of individual vesicles to obtain images of the
mechanical properties of the subpopulation.?’ The fluidic AFM combines ordinary AFM with microchannel and pressure
control into a complete complex, enabling the resolution of EVs secreted in individual cells. A recent paper describes the
SEV analysis technique under optical microscopy - peak force knockdown (PFT) mode.?' This method immobilizes EVs
in a microfluidic chamber for immunostaining and imaging, reducing the signal-to-noise ratio when the vesicles are in
solution or floating freely in flow conditions. However, the low throughput is one of the most significant drawbacks of
this technique. Ridolfi et al developed AFM analysis software that can analyze hundreds of EVs in less than an hour
using a general AFM device to address this challenge.”” Recently, Gazze et al have also developed AFM analysis
software to help researchers with their analysis, and the analysis data can be shared to build a common database.”’
Nevertheless, the current research comparing these applications needs to be improved. Furthermore, the high cost of
instrumentation and stringent technical requirements (eg, high sample concentration required, complex pre-processing of
samples) limit the application of microscopic imaging techniques for SEV characterization. Additionally, the low
throughput of these techniques poses challenges for the rapid characterization of SEV.

Nanoparticle Tracking and Tunable Resistive Pulse Sensing Analysis

NTA and tunable resistive pulse sensing (TRPS) are commonly used to estimate the size distribution and density of EVs.
NTA is a rapid analysis technique based on the Brownian motion of suspended particles, enabling determining EV size
distribution and concentration.?* The technique irradiates the particles by scattering and tracking the recorded laser beam,
subsequently capturing photographs and traces and analyzing the Brownian motion trajectory of the EVs. The diffusion
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Table | Summary of the SEV Characterization Techniques

Microscopy (TEM)
Atomic Force Microscopy
(AFM)

Nanoparticle Tracking
Analysis (NTA)

Tunable Resistive Pulse
Sensing (TRPS)
Flow Cytometry (FCM)

Droplet Digital Analysis
(DDS)

Total Internal Reflection
Fluorescence Microscopy
(TIRF)

Super-resolution
Microscopy (SRM)

Raman Tweezers
Microspectroscopy (RTM)
Surface Plasmon
Resonance (SPR)

Single Particle
Interferometric
Reflectance Imaging
Sensor (SP-IRIS)

Micron-level probe scanning sample surface
imaging

Recording the Brownian motion of
nanoparticles to compute physical parameters
(size, concentration, etc.)

Extrapolation of size based on the change in
resistance due to particle size

Recording optical signals from microparticles to
assess biochemical information

Absolute quantification of proteins and nucleic
acids at the single-particle level using droplet
microfluidics technology

Small areas based on the principle of total

reflection fluorescence imaging

Controlling the fluorescent marker state or
irradiating the beam for imaging

Raman spectroscopy analysis after optical
capture

Analyzing substances by using functional groups
and detection groups to cause spectral changes
Recording interference images of light to

detect and analyze particles

Surface 3D images and
mechanical properties

Size & concentration
and Particle size
distribution

Size & size distribution

Quantification and
quantification of
protein and nucleic
acid

Quantification of
protein and nucleic
acid

Quantification and
quantification of
protein and nucleic
acid
Protein-specific
localization

Surface & internal
molecular composition
Surface molecular
composition
Surface molecular

composition

software to reduce errors
Reducing the signal-to-noise ratio;
developing software to improve
detection efficiency.

Improving resolution; Combining
molecular markers to obtain

biochemical information

Analyzing multiparameter of

particles

Improving detection efficiency and
sensitivity

Combining artificial intelligence to

improve the accuracy of analysis

Improving resolution; improving
detection efficiency
Improving resolution; improving
detection efficiency

Improving detection efficiency

Techniques Detection Principle Information Technological Progress Disadvantages
Acquired
Transmission Electron High-energy electron beam penetration imaging | Size & shape Enhancing resolution; developing High cost of instrumentation and stringent technical

requirements (eg high sample concentrations required,
complex sample pre-treatment)

Excessive diameter measurement

Measurement obstruction caused by large-sized particles

Expertise necessary to operate advanced equipment

Expertise necessary for complicated operation

Measurement accuracy affected by fluorescent labeling

Comparatively reduced imaging rate and resolution

Inaccuracy caused by non-specific binding

Analysis results affected by impurities.

aro(q

e 32 nyz


https://www.dovepress.com
https://www.dovepress.com

Zhu et al Dove

coefficient is then calculated to obtain the hydrated particle size of the EVs using the Stokes-Einstein equation. The
concentration of EVs can be calculated from the number of particles observed within the field of view. However, it
should be noted that NTA devices, such as NanoSight NS300 and ZetaView, can differ significantly in terms of hardware
and software, affecting measurement results.”> In particular, ZetaView has been found to provide more accurate and
reproducible detection of EV concentrations, while NanoSight NS300 provides higher resolution size measurements.
Furthermore, NTA technology can be used in fluorescent mode to quantify specific proteins and nucleic acids of EVs by
introducing fluorescent markers such as membrane dyes and immunofluorescent antibodies.?®*” Despite these advan-
tages, NTA particle size measurements may be more extensive than actual values, and the particle size distribution can be
more comprehensive than the accurate distribution.

TRPS is a technique that utilizes the Coulter effect to determine the particle size distribution and concentration of
EVs in solution.”® TRPS detects a transient drop in ionic current as the EVs pass through the nanopores of a polyurethane
membrane. The current drop’s magnitude correlates with the EVs’ particle size, enabling the determination of the particle
size distribution. Nevertheless, it is essential to note that TRPS is vulnerable to nanopore clogging and background noise
caused by non-EV particles,?® necessitating further optimization and calibration of system parameters.*”

SEV Biochemical Characterization

EVs consist mainly of transmembrane or lipid-bound extracellular and cytoplasmic proteins from their parental cells,
resulting in different protein compositions of SEV subpopulations.®'? Therefore, the protein fractions of EVs are the
significant bearers of single vesicle functioning and transmitting information. Furthermore, previous studies have shown
that nucleic acids in EVs exhibit significant diversity and correlate with the type and staging of disease.*>** Hence,
biomolecular analysis of SEV is a stepping stone to a deeper understanding of single vesicles and holds promise for
diagnosing many diseases (especially cancer), predicting and monitoring therapeutic responses, and real-time assessment
of disease progression. Here we present some of the widely used techniques for biomolecular analysis (Table 1).

Flow Cytometry

Flow cytometry (FCM) is an advanced technique widely used in clinical and scientific research for the rapid characterization,
quantitative analysis, or sorting of cells. It has also been used for the single-particle multi-parameter quantification of EVs.* Pol
et al reported that the scattered light signal of most small particle-size EVs was drowned out by the background signal when EVs
were analyzed by FCM.*® Researchers found that fluorescent triggering had a higher signal-to-noise ratio than scattering
triggering and that labeling EVs with lipid film dyes or immunofluorescent antibodies improves FCM function.”” However,
FCM based on signal amplification lacks a universal fluorescent probe for selectively labeling EVs. It does not enable
quantitative analysis of individual EVs’ low-copy proteins, nucleic acids, etc. To address these issues, Shen et al established a
signal amplification-based flow cytometry protocol that employs a nucleic acid aptamer to identify specific antigens on the
surface of EVs.*® The aptamer triggers a hybridization chain reaction (HCR), which expands the particle size of individual EVs to
500 nm and combines a large number of fluorescent probes to achieve simultaneous amplification of the scattering and
fluorescence signals of individual EV. The nano-flowcytometry (nFCM), developed by Prof. Yan Xiaomei’s group, combines
Rayleigh light scattering with sheath flow single-molecule fluorescence detection technology, significantly improving the
sensitivity of both scattering and fluorescence detection compared to conventional FCM.*® The instrument enables multi-
parameter quantitative analysis of SEV down to 40 nm particle size, with analysis rates of up to 10,000 particles per minute.*’
Nevertheless, the clinical application of FCM is limited by the need for highly sophisticated instrumentation and expertise.

Droplet Digital Analysis

Droplet digital analysis (DDS) methods mostly use microdrop microfluidics to randomly assign SEV to individual
microdroplets and perform absolute quantification of EV biomolecules based on enzyme-linked immunosorbent assay
(ELISA) or DNA calculation techniques. Liu et al have developed a microdroplet-based digital detection platform called
ExoELISA,*'" which can detect up to five EVs per pL based on the ELISA principle. Yang et al have developed the
digital extracellular vesicle screening technology (DEST),*? which incorporated microdroplet generation, processing, and
analysis to increase detection throughput to over 100 times that of conventional droplet microfluidics, with a start-to-
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finish analysis time of fewer than two hours and the ability to process hundreds of samples per day. These techniques
hold great promise for accurately quantifying rare subpopulations of EVs in complex environments, thereby demonstrat-
ing the significant potential for clinical application in disease diagnosis and prognosis. Moreover, Li’s team has
developed a thermophoresis-mediated DNA computation technique that identifies single exosome bimolecularmarkers.*?
In this method, two aptamer probes hybridize to the same linked probe, and fluorescence is exhibited when both target
molecules are present on the EVs. Proximity barcoding assay (PBA) is a newly developed digital method that enables the
simultaneous characterization of multiple proteins on SEV.** This technique involves coupling a different DNA-encoded
tag to each antibody, followed by an enzyme-linked hybridization reaction and PCR amplification, resolving protein
information contained in the DNA sequence-generation sequencing technology. The sequence information can then be
translated into protein information for individual EVs. PBA can enable the simultaneous characterization of over 30
protein molecules on a single EV and significantly improve the diagnosis of diseases by sequencing multiple proteins at
the single vesicle level on digital microfluidic. Nevertheless, the above methods require intricate experimental designs
and operational procedures, including tasks such as sample processing, labeling, reactions, and analysis. These processes
may be highly specialized and time and resource intensive.

Fluorescence Microscopy Imaging Techniques
Fluorescence microscopy is a widely used technique for characterizing EVs regarding their secretion pathways, transport
processes, and uptake mechanisms. Total internal reflection fluorescence microscopy (TIRF) is the most commonly used
single-molecule fluorescence imaging technique for the characterization of proteins and nucleic acids of EVs.*>**¢ Cui’s
team developed a method that combined the TIRF platform with DNA dot accumulation nanoscale topography imaging
to quantify specific SEV proteins using complementary strand transient hybridization and dissociation processes
accompanied by fluorescence “scintillation” times.*” Their innovation involves using machine learning algorithms for
cancer typing detection, achieving an accuracy of up to 100%. The high-throughput nano-biochip integrated system for
liquid biopsy (HNCIB) developed by Zhou et al enables the simultaneous characterization of surface proteins and
internal mMRNA/miRNA of EVs on a TIRF imaging platform.*®

Super-resolution microscopy (SRM) is a fluorescence microscopy technique based on the optical principles of
classical optical microscopy. SRM techniques are divided into excitation-patterning methods and single-molecule
localization methods,'®* depending on the operation mechanism, with the latter being more widely used. Single-
molecule localization methods, such as direct stochastic optical reconstruction microscopy (d-STORM) and photoactiva-
tion localization microscopy (PALM), have successfully achieved single-molecule fluorescence imaging of EVs. PALM
has been implemented for single-molecule fluorescence imaging of EVs. Single-molecule localization methods can be
combined with TIRF to improve the signal-to-noise ratio and shorten the imaging time.’® However, super-resolution
fluorescence microscopy requires sophisticated instrumentation and powerful data processing software, often with low
throughput. Despite the pivotal role played by the fluorescence microscopy techniques discussed above in exploring EV
secretion and characterization and uptake mechanisms, fluorescent markers may interfere with their localization, activity,
and function. Additionally, lipid markers may be non-specific for labeling or dye aggregation.”’

Raman Spectroscopy Analysis

Raman tweezer microspectroscopy (RTM) utilizes inelastic scattering to characterize the chemical bonds present within a
substance and obtain information on the constituent biomolecules. This technique analyzes subgroups’ concentration and
density based on SEV components’ biomolecular composition. Previous studies have confirmed that laser tweezers
raman spectroscopy (LTRS) can distinguish EVs from normal and cancer cells. These differences mainly arise from the
relative levels of phospholipids and cholesterol.”** However, the working principle of RTM has two main drawbacks.>”
Firstly, the chemical bond composition within matter is similar, leading to low resolution. Secondly, the scattering
efficiency usually could be much higher in a relatively low level of Raman signal information. To overcome these
limitations, researchers have proposed the Raman spectroscopy metabolic labeling technique, which changes the
composition of matter isotopes to increase RTM resolution.>* However, this technique must address the disadvantage
of slow RTM imaging speed. A recent study described a new generation of automated single-particle raman capture
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analysis (SPARTA).>® This SPARTA system is optimized for analysis and provides a more convenient and comprehen-
sive comparison of multiple EVs’ spectroscopy methods. Notably, this method achieves high throughput with a limit of
only 10 seconds to complete the information acquisition and analysis.

Surface Plasma Resonance Technology

The surface plasmon resonance (SPR) technique can record the oscillation of electrons caused by the binding of a
recording target to a substrate under incident light irradiation and analyze the spectral shift and intensity change for label-
free detection. This technique has been refined and applied to the analytical characterization of EV proteins and nucleic
acids.?®*® The nanoplasmon-enhanced scattering (nPES) platform developed by Liang et al enables the analysis of SEV
in only 1 pL of plasma samples to achieve good differentiation between healthy individuals, patients with pancreatic
cancer, and patients with pancreatitis.’” The nPLEX platform replaces the total internal reflection of incident light with
light transmission through periodic nanopores, another SPR technology.’® nPLEX offers significantly higher detection
sensitivity, and they have designed ligand-functionalized channel arrays for the simultaneous detection of SEV protein
markers in microfluidic chips. nPLEX has a minimum detection limit of 3000 EVs in less than 30 minutes. Based on the
nPLEX platform, Shao et al developed an amplified plasma exosome platform to increase detection sensitivity to 200
EVs.>® However, it is important to note that the challenging aspect of mitigating the drawbacks of SPR is the interference
of non-specific bindings on the outcome signals.

Interference Correlation Microscopy

The single particle interferometric reflectance imaging sensor (SP-IRIS) is a technique that utilizes the interference signal of
two reflected beams of light from a substrate and a nanoparticle source to achieve real-time imaging of nanoparticles.®® It
enables the detection of SEV-enhanced scattering signals for particle size and concentration characterization analysis.®'
Nano View Biosciences has developed ExoView, a fully automated exosome fluorescence detection and analysis system
based on SP-IRIS in fluorescence mode, which enables fluorescence co-localization analysis of multiple proteins on the
SEV.%%% This system can accurately count and differentiate individual vesicles. However, Arab et al pointed out that SP-
IRIS does not provide an accurate quantitative analysis of EV concentration compared to single-particle characterization
techniques such as NTA.®® This could be attributed to the lateral resolution of the microscope (~400 nm), which can
accommodate several small vesicles that may be mistaken for a giant vesicle, particularly in highly concentrated samples.

Clinical Application of SEV

Precision medicine advocates for the implementation of personalized molecular diagnostic and treatment methods in
clinical practice. EVs, due to their heterogeneity and key role in disease diagnosis and treatment, have prompted
researchers to explore their potential as a new star in molecular detection in precision medicine.** The detection of
SEV has been proven helpful for early disease diagnosis, especially for tumor classification and staging (Table 2). On the
other hand, EVs as tools for disease treatment have become a new hot spot. This section outlines recent attempts at the
clinical application of single vesicle analysis.

Diagnosis of Diseases

Colorectal cancer continues to pose a significant health threat with high mortality rates worldwide.®> There is a need for
better acceptance of available screening and diagnostic methods.®® Recently, researchers have developed a new single
microbead fluorescent aptamer sensor that incorporates DNA aptamers capable of explicitly binding SEV surface
proteins and individual microbeads capable of immunosorbent EVs.®” This technique allows for the rapid and straight-
forward detection of 4.9x10* vesicles per microliter sample without further signal amplification reactions. Clinical trials
have demonstrated the ability of this method to directly detect exosomes from 2 pL plasma samples, showing that the
level of CD63, EpCAM double-positive exosomes are higher in cancer patients than in healthy controls. This assay is
sensitive, reliable, requires a small sample, and has excellent potential for developing simple diagnostic tools for clinical
applications. Another study reported that high-sensitivity FCM established using improved FCM found significantly
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Table 2 Summary of Diagnosis of Diseases

Techniques Diseases Sample Targets Detection | Sample Advantages Detection
Source Time Size Limit

High Sensitivity Flow Colorectal cancer Plasma CD147, CD9, CDé3, ~4h 69 Allowing multi-parameter analysis of SEV (size, -

Cytometer CDslI characteristic molecules, etc.)

Exosome Enzyme-linked Breast cancer Serum CDé63, GPC-1 - 24 For absolute quantification of SEV, low detection limit 10 EVs/puL

Immunosorbent Assay Intraductal papillary Plasma MUCI, GPCI, EGFR, <2h 64 Cancers <| mm? can be detected with low detection 100 EVs/mL

mucinous neoplasms EpCAM, WNT-2 limit
Thermophoresis-mediated Breast cancer Serum CDé63, EpCAM, HER2 3.5h 30 Simultaneous dual-characterization molecular tests 2.8x10?
DNA Computation available to improve the diagnostic rate EVs/uL

Notes: Detection time refers to the time from EVs extraction to detection.
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higher levels of CD147-positive EVs of rectal cancer origin as a potential marker.** The advantage of this technique is
the ability to demonstrate the proportion of EVs with positive specific protein markers for further quantitative analysis.

Breast cancer is a major health concern and a leading cause of mortality in women worldwide. Due to the high
heterogeneity of breast cancer, identifying the receptor status of breast cancer cells is crucial for effective treatment
strategies and prognosis.®® In a recent study, Chunchen Liu et al developed a droplet digital ExoELISA method to detect
GPC-1(+) exosomes in clinical samples from healthy individuals, patients with benign breast disease, breast cancer
patients, and post-breast cancer patients.*' The results showed that GPC-1 expression was significantly higher in tumor-
derived exosomes compared to normal and benign breast disease samples, and breast cancer patients had a higher level of
GPC-1(+) exosomes than healthy controls and benign breast disease patients. The droplet digital ExoELISA method
demonstrated unprecedented accuracy and high specificity in exosome quantification, with a detection limit of at least ten
exosomes per microliter. In another study, researchers developed a thermophoresis-mediated DNA algorithm for the
bimolecular detection of secretory exosomes in breast cancer cells using two markers with high selectivity and affinity
for HER2, the DNA aptamer of EpCAM.* The results showed high accuracy in classifying breast cancer versus healthy
individuals and HER2+BC versus HER2-BC, with 97% and 90% accuracy, respectively. These findings indicate the
potential of exosome-based diagnostics for breast cancer detection and monitoring.

Pancreatic cancer is a highly aggressive and lethal disease with a high mortality rate.®” Current diagnostic methods are
limited, and further exploration of more accurate and convenient detection methods is needed to improve patient outcomes. In
this regard, Yang et al employed a novel ultrasensitive digital extracellular vesicle screening technique (DEST) to identify
potential biomarkers of EVs secreted by cell lines derived from patients with intraductal papillary mucinous neoplasms.*?
Their study identified MUCS5AC as a potential biomarker that showed significantly higher levels in high-grade lesions (82%
specificity, 100% sensitivity) compared to other EV markers, such as MUC1 and MUC?2. These findings were further validated
in a separate cohort, indicating the potential of MUCSAC as a reliable biomarker for pancreatic cancer diagnosis. To improve
the accuracy of EV detection, the researchers used an amplification strategy of bivalent cholesterol-modified RNA-DNA
double-stranded nucleic acid (AbMB-biChol) labeling, which effectively converted the EV signal into an amplified RNA
signal.”® The EVs secreted by pancreatic cancer were recognized by four independent AbMB-biChol antibodies modified with
EGFR, EpCAM, GPCI, and EphA2, respectively. The results showed that the combination of the four labeled proteins had
superior accuracy (AUC=0.909) compared to the isolated platform bound to a single antibody or the commonly used serum
biomarker CA19-9 (AUC=0.714). However, no significant differences were observed in these four markers’ plasma protein
expression levels between pancreatic cancer patients and healthy donors. This novel technique has a limit of detection (LOD)
of 10 particles per microliter. These results suggest the potential of the combination of MUC5AC and AbMB-biChol labeling
as a diagnostic tool for pancreatic cancer.

Potential for Treatment
Researchers have observed an elevated secretion of exosomes during drug-induced angiogenesis, indicating the potential
therapeutic value of exosomes in this context.”’ And the clinical efficacy of EVs obtained from different sources has been
demonstrated.”>”* However, the practical application of EVs in clinical settings remains challenging due to the
heterogeneity and low yield. Nevertheless, the unique ability of EVs to traverse biological barriers, evade immune
clearance, and be targeted makes them promising tools for drug delivery.”*’® Excitingly, studies have shown that drug-
loaded vesicles can effectively combat cancer.”’ Nonetheless, the need for nano-characterization techniques hampers this
process since vesicle preparation often results in heterogeneity. SEV analysis can analyze nanoparticle cargo at the
individual particle level, which aids in the quality assessment of their clinical application. Researchers have employed
automated SPARTA to demonstrate that this technology can accurately characterize single-vesicle cargo information and
determine whether SEV is loaded with active ingredients.”® Additionally, another study introduced a high-throughput
method for the absolute quantification of liposomal nanomedicine particle size, drug content, drug encapsulation fraction,
and particle concentration at the single-particle level using nFCM.”® Utilizing single-vesicle technology is crucial for
producing and evaluating therapeutic EVs, but further studies are still needed to explore its potential fully.

Another promising idea is the discovery of new therapeutic targets at SEV. The involvement of EVs in various
diseases, especially tumors, has been extensively studied.* Studies have shown that drugs targeting EVs occurrence can
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reduce tumor growth or metastasis.®'*? However, these drugs are non-specific and may also block beneficial vesicle
communication, leading to adverse effects. So far, no research has identified drugs that can act specifically at the level of
SEV. Utilizing SEV analysis techniques can be instrumental in analyzing EVs’ heterogeneity at the single-vesicle level.
This approach may lead to discovering new targets for a novel therapeutic approach. Researchers can identify more
precise and effective therapeutic strategies by understanding the cargo and functions of individual vesicles.

Outlook

Significant advancements have been achieved in SEV analysis techniques. However, despite using the same SEV analysis
technique in various studies, significant discrepancies are apparent in the results across these different research
endeavors. This divergence in outcomes poses challenges in assessing and comparing differential results, impeding
SEV research’s broader adoption. Consequently, while refining SEV analysis techniques, a crucial focus should be placed
on addressing the vital research concern of standardization.

EVs, serving as vehicles for cell communication, can be likened to a language that reflects the body’s condition.
Consequently, alterations in EVs can serve as indicators for diagnosing diseases. The availability of extracellular vesicles
from various bodily fluids has paved the way for developing diagnostic techniques centered around SEV analysis, facilitating
precision medicine.®® This approach leverages longitudinal sampling of individuals over time to provide valuable insights into
the dynamic evolution of disease states. The impact of SEV on disease diagnosis has been empirically demonstrated to offer
heightened accuracy and sensitivity compared to conventional methods.** However, it is essential to highlight that these
detection techniques still necessitate robust clinical data support to establish their reliability.

EVs are carriers of material exchange, facilitating the transport of beneficial and harmful substances. Numerous
efforts have been made to increase EVs production for therapeutic purposes, using them to deliver substances with health
benefits or as drug carriers.®> However, what needs to be considered is the potential harm caused by the overproduction
of these EVs. A study has shown that cells that inhibit autophagy secrete more EVs, which may be due to the need for
excessive production of EVs to transport cellular waste.*® In addition, another study has shown that increased EV
secretion under inflammatory conditions raises concerns about whether increased EV production may trigger an
inflammatory response.®” SEV analysis techniques must effectively identify these potentially harmful substances before
they can be used clinically. However, limited studies apply SEV analysis techniques to ensure quality control of
therapeutic EVs. Addressing this knowledge gap is critical to ensuring the safety and efficacy of EV-based therapies.

In conclusion, this article provides an overview of the cutting-edge advancements in SEV analysis. The evolution of
SEV technologies has elucidated distinct molecular attributes within cell-specific EVs, encompassing a range of physical
and biological characteristics such as vesicle size, origin, and content. Through the SEV analysis, diseases can be
diagnosed and treated, thereby fostering the pioneering clinical utilization of EVs.
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surface plasmon resonance; nPES, nanoplasmon-enhanced scattering; SP-IRIS, single particle interferometric reflectance
imaging sensor.
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