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Abstract

Extracellular vesicles (EVs) are nano-sized vesicles derived from cells that transport biomaterials between cells through
biofluids. Due to their biological role and components, they are considered as potential drug carriers and for diagnos-
tic applications. Today’s advanced nanotechnology enables single-particle-level analysis that was difficult in the past
due to its small size below the diffraction limit. Single EV analysis reveals the heterogeneity of EVs, which could not

be discovered by various ensemble analysis methods. Understanding the characteristics of single EVs enables more
advanced pathological and biological researches. This review focuses on the advanced techniques employed for £V

Resistive pulse sensing

analysis at the single particle level and describes the principles of each technique.
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Introduction

Extracellular vesicles (EVs) are nano-sized vesicles
derived from cells that transport biomaterials between
cells through biofluids [1]. Since EVs were discovered
as part of Hodgkin’s disease research in 1978, their bio-
logical roles and potential for drug delivery and clinical
diagnosis have been attracting attention [2-5]. EVs are
composed of a phospholipids, cholesterol, fatty acids,
and membrane proteins. They contain genetic informa-
tion such as RNAs and DNAs inside, acting as biological
carriers related to cell division and productivity (Fig. 1a).
Owing to these biological properties, they have been
considered as potential drug carriers and for diagnostic
applications [2, 3, 6, 7]. EVs are classified into exosomes
(50-200 nm), microvesicles (200—1000 nm), and apop-
totic bodies (1-5 pum according to their size and cellular
origin (multivesicular bodies, plasma membrane driven,
apoptotic cell) (Fig. 1b). Various methods are employed
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to isolate EVs from culture media to study their relevance
to biological roles. There are several isolation methods,
including density difference (ultracentrifugation, density
gradient ultracentrifugation), size-based isolation (size
exclusion chromatography, membrane filter), and chemi-
cal affinity-based isolation (immunoaffinity, polymer-
based precipitation) [8, 9]. EVs obtained from various
types of cells and isolation methods are essential for char-
acterization and identification for research and biological
applications. Although there are no specifically proposed
specific markers for identifying EVs, they can be analyzed
using their membrane protein markers including CD9,
CD63, CD81, TSG101, and Alix [10].

Biological analyzes such as western blots, polymerase
chain reaction (PCR), and dynamic light scattering (DLS)
provide a tendency to have significantly different compo-
nents depending on the cell line and isolation method.
However, only their biological and physical representa-
tiveness has been analyzed through ensemble analysis of
EV groups and such analysis is insufficient to identify the
biophysical and biochemical characteristics of EVs and
their roles. The development of analysis techniques has
made it possible to employ analysis at the single particle
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level, rather than ensemble, to identify the roles of EVs
[11-13]. Single EV analysis techniques have been devel-
oped by solving challenging problems, such as the EV
nanoscale size, biochemical complexes, heterogeneity of
EVs, and measurement accuracy. Most developed single
EV analysis techniques are aimed at analyzing physical
and biochemical properties of EVs at the single particle
level. The technologies developed to efficiently analyze
single EVs can be mainly divided into optical and non-
optical techniques (Fig. 1c).

Optical analysis represents the technique of acquir-
ing information using light. However, EVs are difficult
to directly observe with a conventional optical micros-
copy due to their small size that is similar to the diffrac-
tion limit. Therefore, physical information is obtained
by analyzing the scattered light signal at the sub-wave-
length scale, using nanoparticle tracking analysis (NTA)
that tracks the scattered light signal of the diffusion of
particles and flow cytometry (FCM) that uses the scat-
tered light pattern of the single particle. In addition,

fluorescence technology uses the interaction of light
and molecules to label and observe a target marker
conjugated with a fluorophore. Using fluorescence,
information such as the size and location of EVs can
be obtained through the selective signal of single EVs
with sizes below the diffraction limit. Non-optical tech-
niques do not directly detect photons in signal meas-
urements. Electron microscopy (EM) techniques detect
scattered or transmitted electrons, and resistive pulse
sensing (RPS) techniques measure changes in electri-
cal resistance caused by EVs passing through pores.
Atomic force microscopy (AFM) techniques detect the
deformation of tip and measure the mechanical prop-
erties and shape of membranes. Through these various
nanotechnologies, the heterogeneous characteristics
and biological functions of single EVs can be analyzed
and cross-validated [10]. This review describes an over-
all single EV analysis technique at the sub-diffraction
limit scale.
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Optical techniques

One of the most direct approaches to obtain informa-
tion of EVs is to observe them directly. In general, opti-
cal microscopy detects objects using wavelengths in the
visible light range. Unfortunately, due to the diffrac-
tion limit of visible light discovered by Ernst Abbe in
1873, EVs on the sub-wavelength scale have limitations
in terms of their direct observation through optical
microscopy [14].

A A
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In the above equation, d denotes the Abbe diffraction
limit, indicating the minimum resolution to distinguish
between two points. Numerical aperture (NA) is equal
to the sine value of the refractive index # multiplied by
the incident angle 6. The fundamental goal of single EV
analysis is to find out their information through selec-
tive or limited signals of a single particle within the
sub-diffraction limit range.
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In Rayleigh scattering, the intensity I is propor-
tional to the sixth power of the particle diameter d
and inversely proportional to the fourth power of the
wavelength A (n is the refractive index ratio of the EV
and medium). Scattered light-based imaging can detect
particles larger than about 50 nm, and scattered light
from particles smaller than EVs, such as proteins and
antibodies, is difficult to detect [15].

FCM, a signal-based analysis technique, uses a pho-
tomultiplier tube (PMT) or optical fibers from vari-
ous angles to detect the photons emitted or scattered
from a single particle. Image-based single particle
analysis including NTA and several other microscopy
techniques analyze information according to the opti-
cal signal intensity and position information emitted
by the particle. Single EVs are analyzed with scattered
light without a specific label or labeled with proteins,
genes, and membrane dyes such as Dil or DiO conju-
gated fluorophores. The optical signal emitted by a sin-
gle particle is expressed in the shape of a point spread
function (PSF). Among various algorithms, the most
common method involves fitting the Gaussian distribu-
tion to a single emitter signal represented by the PSF
[16]. The position of the single particle is approximated
through the coordinates of the fitted Gaussian distribu-
tion to determine the location of the particle [17, 18].
These data processes are an essential part of the optical
analysis of single particles [19].
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Nanoparticle tracking analysis (NTA)

NTA is a versatile technique capable of analyzing the
concentration, size, and subpopulations of biomark-
ers through selective fluorescence labeling. Simi-
larly to DLS, NTA estimates the size of EVs through
their Brownian motion while floating in the medium.
However, the two techniques differ in terms of their
approach to the analysis. NTA is a bottom-up approach
that tracks the diffusivity of single particles and gener-
alizes individual particle data to entire groups, whereas
DLS is a top-down ensemble analysis method that
observes fluctuation signals of whole particles and ana-
lyzes autocorrelation functions.

In NTA, the scattered signal of single particles is
detected according to the time interval of each frame,
and the signals are subsequently linked through the
nearest neighborhood algorithm [20]. The Brownian
motion of particles is calculated by mean squared dis-
placement (MSD), and the diameter of single EVs is
estimated from the Stokes—Einstein equation (Fig. 2a).
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where D is the diffusion coefficient of the spherical par-
ticle, K is Boltzmann’s constant, and 7 is the thermody-
namic temperature. In Stokes’ law, fis the drag coefficient
applied to a spherical particle with a diameter of d in a
medium of viscosity # [21-24].

The tracking analysis of dynamic single EVs is
dependent on the acquired images. Therefore, the most
important factor to enhance the tracking accuracy is
to obtain a clear particle signal with a high signal-to-
noise ratio (SNR). The scatters light of EV in the Ray-
leigh scattering region, and the intensity is proportional
to the sixth power of the diameter [15]. The measured
particle size for NTA ranges from 50 nm to 1 um. For
accurate imaging and analysis, it is necessary to be pre-
pared in a relatively uniform and appropriate size so as
to avoid interference by other signals due to the excep-
tionally strong scattered light of large or aggregated
particles. Furthermore, samples with excessively high
concentrations cause detected particles to misconnect
with other particle signals around them and pose chal-
lenges for tracking analysis that requires linking parti-
cles over multiple frames [7, 25]. To obtain a high SNR,
commercial NTA technology uses highly inclined thin
illumination (HILO) for the incident beam to minimize
the difference between the laser thickness and depth of
focus (DOF) and reduce out-of-focus noise [15, 26].
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When only relying on the scattered light signal, it
is impossible to distinguish between EVs and other
nanoparticles of similar size, such as nanobubbles and
protein aggregates. To this end, NTA combined with
a fluorescent labeling method is being developed. A
fluorescence-NTA (fl-NTA) technique was reported
to label EVs with membrane-labeling dyes, containing
DiO, Dil, and PKH dyes to specifically discriminate ves-
icles composed of phospholipids [18, 26, 27]. Further-
more, it is possible to quantitatively analyze specific
target EV markers, such as proteins or nucleic acids
conjugated with various fluorophores [Alexa Fluor, CF
dye, quantum dot (Qdot), etc.] [18, 27-30]. Dragovic
et al. isolated the syncytiotrophoblast exosome and
microvesicle from placental-derived syncytiotropho-
blast EVs and analyzed EVs stained with a Qdot-con-
jugated anti-PLAP antibody through fl-NTA. Each
population was reported to be effectively separated.
Recently, Cho et al. introduced a multi-fl-NTA with
time-sequential illumination by different wavelengths
that allows simultaneous analysis of the subpopulations
of three proteins by fluorescence labeling of specific
protein markers such as CD9, CD63, and CD81 [31].
Fluorescent labeling is a useful tool that distinguish
EVs from other particles and impurities. However, lipo-
philic dyes for staining EVs can form micelles or aggre-
gates due to their structural properties. Because these
particles are difficult to physically distinguish from EVs,
the pure dye signal must be checked before labeling EVs
[28, 32, 33].

Nano-flow cytometry (nFCM)

FCM is a single particle analysis technique that meas-
ures particles aligned in a center stream by a sheath flow
within a micro-channel (Fig. 2b). Single particle analysis
is possible through the measurement of fluorescence sig-
nals and scattered light signals in two directions, namely,
forward-scattered light (FSC) and side-scattered light
(SSC) (Fig. 2b) [34]. Conventional FCM is a useful tech-
nique for measuring the size, concentration, and pheno-
type of particles of several microns with high accuracy
and reproducibility. However, it has limited applica-
tion to nanoscaled EVs. nFCM solved the limitations of
nanoscale analysis of conventional FCM through techni-
cal optimization [35-37].

Quantitative and qualitative analysis of nano-sized
EVs is possible using high-resolution flow cytometry by
a high-performance PMT, low pressure, and optimized
sheath flow [38]. The reduced flow rate achieved by the
low sheath rate increases the exposure time of EVs and
enables precise signal detection and measurements of
particles of about 50 nm diameter [35, 38, 39]. Further-
more, to detect the FSC and SSC of sub-diffraction limit
scaled particles, the angular difference between the two
detectors of about 15° to 150° is required (whereas a typi-
cal FCM spans from 0.5° to 15°) [36, 40, 41].

When high concentrations of particles are suspended
in the sheath fluid, the signals of single particles are
overlapped, creating a swarm effect and causing coin-
cidental detection. The concentration of particles to
ensure the accuracy of quantification analysis must be
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about 107 to 10° particles 1 ml [42]. When scattered
light and fluorescence signals of single EVs are constant
in a dilution of an appropriate concentration, accurate
marker identification and sub-population analysis are
possible [43, 44]. A laboratory-built high-sensitivity
flow cytometer (HSFCM) manufactured by the Xiaomei
Yan group enabled particle analysis of several nanom-
eters through the optimization of laser power and
dwell time [39]. Similarly to NTA, fluorescence labeling
enables the distinction between EVs and impurities in
nFCM. By labeling phosphatidylserine-exposing EVs
with fluorescent annexin V, a more specific EV popula-
tion is detected than by using only scatter signals [45].
Using HSFCM, Tian et al. stained EVs expressing CD9,
CD63, and CD81 and compared the sub-population
of the two markers at the same time. Furthermore, in
one study, CD147, a colorectal cancer marker, was
fluorescently stained to compare the difference in the
expression rates between the patient group and healthy
donors in EVs [35]. Morales-Kastresana et al. analyzed
lipid, protein, and RNA-based EV staining methods
using nFCM and found that amphiphilic dyes or SYTO
RNASelect formed micelles or aggregated dyes even
in the absence of EV [43]. This suggests that, as men-
tioned above, it is necessary to measure the aggregation
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of dyes in the fluorescent labeling or the background
signal of the base buffer as a control before performing
the EV analysis using labeling.

Total internal reflection fluorescence (TIRF) microscopy
and dark-field (DF) microscopy

TIRF microscopy is an optical technology that enables
high resolution and intuitive analysis of the biological
complexity of single EVs without additional data analy-
sis [46]. The thin evanescent field region penetrated dur-
ing total internal reflection enables EV analysis near the
surface. In the evanescent field, the transmitted energy
decays exponentially with the distance from the surface.
When it is about 1/e compared to the initial transmit-
ted intensity, the depth is referred to as the penetration
depth.

A
4= — (5)
4/ ny - sin“0 — ny

In the above equation, d is the penetration depth, 1 is
the wavelength of the incident light, and 6 is the incident
angle. n; and n, are the refractive indices of glass and
medium. Generally, the penetration depth is about 100-
300 nm. Therefore, only selectively excited fluorescently
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labeled EVs are detected, which enables high SNR imag-
ing. Thus, the light sheet does not excite out-of-focus
signal and hence reduces the background noise (Fig. 3a).
Furthermore, TIRF microscopy does less photodamage
to the sample than the epi-fluorescence microscopy.

TIRF microscopy is typically categorized into two
types: the prism type and objective type (Fig. 3b). In
the prism type, the light source is incident through the
prism, the scattering noise is low, and the scalability of
the sample type and position are high. In the objective
type, an objective lens with a high NA is used, and the
sample must be located within the focus area. High-NA
objectives can acquire high-resolution images through
near-field imaging [47].

Although the illuminated area of TIRF microscopy is
the thinnest light sheet achievable with existing optical
techniques, it is limited to analysis only near the surface.
Therefore, the nanoparticles in suspension are either
immobilized, or their behavior is restricted through
micro-channels on the surface. Imaging of surface-
immobilized EVs is the conventional method to analyze
single EVs [48, 49]. Han et al. immobilized single EVs to a
dimethyldichlorosilane modified glass surface using avi-
din-biotin complex and analyzed the sub-population of
membrane proteins according to the method of EV sepa-
ration [48]. A method for indirectly measuring the size
of fluorescently labeled liposomes immobilized on the
bottom of a coverslip with an avidin—biotin complex was
likewise reported [50]. However, cell-derived vesicles are
composed of heterogeneous membrane components, and
there may be errors in estimating the size of the EVs from
the fluorescence signal by staining only specific compo-
nents such as lipids, proteins [32, 33].

In the evanescent field region, only the signal of a
monolayer in the membrane and an organelle in contact
with the substrate of a living cell can be observed. Path-
way analysis of single EVs interacts with intracellular
organelles, or the cell membrane is traced by detecting
labeled EVs [51, 52]. Because the total internal reflection
is sensitive to the refractive index of the medium, atten-
tion must be paid to the complex and heterogeneous
refractive index of the intercellular environment [53, 54].
Hoshino et al. revealed the relationship between EVs and
cell invadopodia through localization of the invadopodia
actin and EV markers, such as CD63 and Rab27a [55].

He et al. analyzed exosomes fluorescently labeled by
Mg**-dependent DNAzyme, using microfluidic chan-
nels. They quantified miRNAs via fluorescence inten-
sity at the single particle level [56]. In addition, methods
using TIRF microscopy for the analysis of sub-popula-
tions of single EVs flowing along micro-channels are cur-
rently being developed [57].
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DF microscopy detects scattered light diffracted by the
specimen Non-diffracted rays that pass directly beyond
the background cannot pass through the lens and their
signal is lost and darkened. Meanwhile, the diffracted rays
scattered by the object pass through the lens and their
signal is acquired as a bright image (Fig. 3c). DF micros-
copy for measuring the Rayleigh scattering of nano-sized
metal particles has been studied and applied to single EV
analysis in combination with various optical techniques
[58-61]. The advantage of DF microscopy is that it can
optically observe EVs without labeling them [60].

Generally, DF microscopy is combined with TIRF to
acquire the scattered signal with a resolution of 30 to
40 nm [62]. Scattered signals are imaged using prism- or
objective-type TIRF with a perforated mirror [63]. Akagi
et al. used laser illumination dark-field microscopy and
on-chip microcapillary electrophoresis to measure the
zeta-potential of single EVs [64]. They measured the
scattered light signals of single EVs and the migration of
particles to confirm the relationship between the zeta-
potential and desialylation of prostate cancer cell-derived
EVs without labeling. The authors reported that cancer
cell-derived EVs contain more sialic acid and a larger
negative charge [64].

Non-optical techniques

Electron microscopy (EM)

EM is the representative technique for solving the optical
diffraction limit of EV analysis. The accelerated electron
beam is scattered on or transmitted through the speci-
mens, and imaging is possible with a resolution of sev-
eral nanometers. By calculating the relationship between
the acceleration voltage and the wavelength of electrons
through the De Broglie relation, the resolution of EM can
be predicted.
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In the De Broglie relation, the wavelength A is propor-
tional to Planck’s constant /# and inversely proportional
to the electron momentum, E; is the kinetic energy of
the electron multiplied by the electron charge e and the
accelerating voltage V, and m and v are the mass and
velocity of the electron, respectively. The wavelength
and velocity of the electron can be controlled through
the electron’s accelerating voltage. Hence, the larger the
accelerating voltage, the closer the electron comes to the
speed of light, and the shorter its wavelength becomes.
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EM can theoretically have resolution of several picom-
eters. However, in reality, it has resolution of about 1 nm
due to imperfect electronic lenses and imaging environ-
ments. Nevertheless, it is possible to analyze the shape of
EVs at a resolution that cannot be achieved with optical
microscopy owing to the short wavelength of electrons
(65, 66].

The methods using the received electron signal to
determine the state of the sample are largely divided into
scanning electron microscopy (SEM) and a transmis-
sion electron microscopy (TEM). SEM is a technique
that detects backscattered electrons (BSE) or secondary
electrons (SE) from a focused electron beam illuminat-
ing specimens and reconstructs them via data processing
(Fig. 4a). To use SEM to observe EVs, which are non-
conductive, they must be coated with a thin metal film to
scatter the electrons [67]. In general, SEM is an efficient
method to observe the appearance of EVs. however, the
external shape of EVs is deformed while attaching the EVs
to the surface, and it is difficult to distinguish between
different particles. The metallic coating also makes it dif-
ficult to observe the inside of the phospholipid bilayer.

In contrast, TEM can observe the interior of EV at
high resolution using a broad electron beam (Fig. 4b).
To observe EVs by TEM, the exosomes fixed to the grid
supporting the sample are negatively stained with a heavy
metal. Depending on the amount of heavy metal coating,
EVs can be distinguished in terms a bright region and in
a dark peripheral region that does not transmit electrons.
In TEM imaging, at the stage of attaching the sample to
the grid, the dehydrated EVs do not maintain a complete
spherical shape and look like a cup shape.
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Dehydrated EVs pose a limitation in terms of mor-
phology analysis, and cryo-TEM is used to observe
their natural shape (Fig. 4c) [47]. Cryo-TEM is advanta-
geous for the analysis of EVs in pure body fluid with-
out dehydration, staining, or chemical fixation and is an
excellent technique for observing the spherical shape
of EVs in their natural state [1]. In cryo-TEM imag-
ing, EVs inside small droplets are deposited on a grid
and rapidly frozen (about—180 °C) with ethane (cryo-
gen) for observation. EVs inside the quick-frozen thin
liquid film are in a native frozen-hydrated state and
look like a spherical shape without deformation via the
transmitted electronic signal [68]. The resolution of the
cryo-TEM is approximately 2 nm, and it is possible to
visualize the phospholipid bilayer, such that vesicles
and other impurities can be distinguished by imaging
[69-71].

The immuno-EM method, which negatively stains EVs
with specific markers using an antibody bound to gold
nanoparticles, enables conventional EM to observe not
only morphology but also the biological phenotype. Gold
particles do not transmit electrons and therefore appear
as dark phases, such that the presence and location of
protein markers can be identified. Using immuno-EM,
Kim et al. reported that anti-programmed cell death pro-
tein ligand-1 (PD-L1) is expressed on the outer mem-
brane of lung cancer cell-derived EVs [72]. In addition to
observing a two-dimensional (2D) image of EVs, there is
also a technique for volumetric observation of its three-
dimensional (3D) structure. The 3D shape is analyzed
without EV dehydration through serial sectioning block
face scanning electron microscopy (SBEM) and a focused
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ion beam SEM (FIB-SEM), which cuts the EV-fixed block
directly through an ultramicrotome or focused gallium
ion beam at intervals of about 15 nm [70, 73, 74]. The
physically cut EVs are volumetrically reconstructed into
a 3D shape using a computer program, enabling sophis-
ticated shape analysis of the inside and outside of the EV
[75, 76].

Atomic force microscopy (AFM)

AFM is a type of scanning probe microscopy. Among
non-optical analysis methods, AFM is preferred for
the analysis of non-conductive bioparticles, along
with TEM (Fig. 5a). EVs immobilized by electrostatic
interactions on the mica substrate disc are placed on a
metal jig, and their external shape is scanned by a tip
(Fig. 5b). The tapping mode uses a vibrating cantilever
while scanning the sample to detect membrane deflec-
tion through the laser and photodiode and obtain 3D
shape information and mechanical properties, such
as stiffness, bending modulus, and adhesion (Fig. 5c)
[77-80]. Debris or salts attached to the surface other
than EVs act as noise in AFM imaging and require suf-
ficient washing before analysis, and impurities that are
not removed (~ 3 nm) can be distinguished from EVs by
z-axis size-based thresholding [81].

The binding force between proteins can be analyzed
using the force applied to the tip. Mechanical proper-
ties, such as the EV membrane or chemical bonding
force through the sharp tip, can be measured, which
is essential for understanding drug delivery and inter-
actions between cells and particles by analyzing the
deformation properties and mechanical stability of EVs
[65, 82]. Sharma et al. confirmed that the deformation
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of the EV membrane increased according to the force
applied to the tip and made the central depression more
evident. The physical properties of the immune-stained
membrane protein are measured with an antibody
bound to gold beads. The binding force of membrane
proteins and their presence on the surface are analyzed
through single antigen—antibody complex bond rup-
tures of CD63 [65].

Furthermore, using the force mapping mode of
3D-AFM, it is possible to analyze the nano-mechanical
properties of EVs. Yurtsever et al. measured Young’s
modulus of metastatic tumor cells (143B) and non-
metastatic cell-derived exosomes in the range of~50 to
350 MPa. Highly aggressive metastatic 143B cell-derived
exosomes (about 192 MPa) have higher membrane stiff-
ness than non-metastatic cell-derived exosomes (about
118 MPa) [82]. This difference in elasticity is attributed
to the difference in membrane protein components of
cell-derived exosomes according to metastasis, even in
the same cell line, and protein analysis confirmed that
more elastic fiber-associated proteins are expressed in
exosomes. The composition of lipid components and
membrane proteins is related to the membrane stiffness,
which is consistent with the results of various reports
[83-87].

Ridolfi et al. introduced a technique for discriminating
nano-sized vesicles and non-vesicular objects attached
to a substrate by electrostatic interaction based on AFM
image data. The spherical particle diameter is predicted
using the height of the vesicle deformed by attachment,
the contact angle of the vesicle surface, and the surface-
projected radius. The authors reported that EVs of dif-
ferent origins had very similar contact angles and it is
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Fig. 5 Schematic diagram of atomic force microscopy (AFM). a Signal detection principle of AFM. b Contact mode of AFM obtains topographic
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possible to classify EVs and impurities based on the con-
tact angle value. Physical characteristic analysis cannot
be more accurate than force spectroscopy (FS), but it is
reported that some predictability is possible with imag-
ing-based analysis [79]. Calo et al. calculated Young’s
modulus using FS for various nano-sized vesicles accord-
ing to phospholipid and protein composition. They com-
pared Young’s modulus of the three types of vesicles:
synthetic liposome, natural vesicle, and virus compressed
a protein shell, suggesting that the presence of membrane
proteins plays a role in enhancing membrane stiffness
and imparting mechanical stability [88].

Resistive pulse sensing (RPS)

RPS detects electrical changes caused by non-conducting
biomolecules in aqueous solutions passing through elec-
trodes [7, 89, 90]. It has been widely applied to the char-
acteristic study of single particles with a high precision
and accuracy [91-93]. The structure of the RPS consists
of two chambers and electrodes, divided on the basis of a
porous plate. A current is generated by a potential differ-
ence on both sides of the pore, and resistance increases
at that moment when the particle with low conductivity
passes through the pore (Fig. 6a). The increase in resist-
ance reduces the current signal, and the size of the par-
ticles passing through the pores and the zeta potential
can be measured through the reduced current strength
and duration time. Furthermore, the concentration of
nanoparticles can be analyzed by measuring the number
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of resistive pulses that the particles pass through the
pore per unit time. In the cylindrical model, the relative
change in the resistance when a spherical particle passes
through a cylindrical pore is described as follows:

3
= ®

In the left term representing the relative resistance
change, AR is the resistance change and R is the resist-
ance of the medium filling the pore. d is the diameter of
the particle and D and L denote the diameter and length
of the pores, respectively [94]. Particles are moved by
diffusion and pressure-driven fluxes, electrophoretic
forces depending on the zeta potential of particles, and
electroosmotic forces of the medium [94]. The actual
resistance change depends on the properties of the par-
ticles passing through the pore, the degree to which it
occupies the surrounding medium, and the geometric
diversity of the pore (Fig. 6b) [91, 95, 96].

Tunable RPS (TRPS), an advanced RPS technology,
improves the accuracy in measuring the size and con-
centration of nanoparticles, such as EVs, by controlling
the pore size [90, 95]. For the accurate measurement of
exosomes, variables such as the pore size and voltage
are optimized, and agglomeration of particles is pre-
vented through a surfactant, enabling the analysis of
particles with ~ 37 nm diameter [92]. TRPS can distin-
guish polydisperse samples of various sizes at a higher
resolution than various optical techniques capable of
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Table 1 Comparison of single EV analysis techniques
Type Optical techniques Non-optical techniques
NTA nFCM TIRF & Dark-  Electron microscopy AFM RPS
field
SEM TEM Cryo-TEM
Sample state Suspension Suspension Immobilized, Immobilized, Immobilized, Immobilized Immobilized, Suspension
diffusion dehydrated dehydrated dehydrated
Detection type Light scatter-  Light scatter-  Light scatter-  Scattered Transmitted Transmitted Light position  Electric current
ing, fluores- ing, fluores- ing, fluores- electron electron electron
cence cence cence
Detectionsize  >50 nm >50 nm >30-40 nm >1-2nm >1-2nm >1-2nm >1nm >40nm
Size @) @) X © © © © ©
Concentration © © X X X X X ©
Shape X X X © © © (@) X
Phenotype © © © X O O X X
Rigidity X X X X X X © X
Charge O X X X X X X ©

©: nice technique; O: good technique; X: none

quantitative analysis of numerous particles in aqueous
solution. Compared with optical-based analysis tech-
niques such as NTA, DLS, and nFCM, the size resolu-
tion of monomodal and multimodal samples of four
sizes and the concentration measurement of each size
are possible with very high accuracy [97].

Conclusion

EVs are in vivo nanocarriers that act as intercellular com-
munication and tumor progression mediators. Since the
first discovery, EVs are particularly noted for their poten-
tial for drug delivery and clinical diagnosis [2-5, 98]. EVs
not only have various components, depending on the cell
line, but also have heterogeneous characteristics in the
EV population derived from the same cell line. They are
intrinsically complex, considering the variety of purposes
they serve. Therefore, it is necessary to distinguish these
heterogeneous EVs and to reveal their roles.

The difficulties of optical measurement due to the dif-
fraction limit of visible light and the analysis of biopar-
ticles in a conventional EM have been solved through
the technology advancements, and the analysis of single
nanoparticles has become possible for more than a dec-
ade. Through the advancement of these technologies,
the limitations of the ensemble analyses of EVs, such as
the western blot, enzyme-linked immunosorbent assay,
and polymerase chain reaction, have been solved. In the
guidelines for minimal information for studies of extra-
cellular vesicles (MISEV), it was suggested that in the
study of single EVs, at least two or more single particle
analyses, such as morphology and biological character-
istics, must be performed. Hence, it is necessary to rig-
orously analyze EVs in various ways by reflecting the

diversity of rapidly advancing analysis technologies.
Researchers must select the technologies suitable for the
purpose of analysis (Table 1) [10]. In conclusion, single
EV analysis of appropriate combinations is a gateway that
must be crossed to understand physiological and patho-
logical characteristics of EVs and study biomarkers for
drug delivery and diagnosis in the EV research field.
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