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ABSTRACT: Tumor-derived extracellular vesicles (EVs) have
emerged as a promising source of circulating biomarkers for liquid
biopsies. However, understanding the heterogeneous physical and
biochemical properties of EVs originating from multiple complex
biogenesis pathways remains a major challenge. Here, we introduce
EV-Ident for preparation of subpopulations of EVs in three
diﬀerent size fractions: large EVs (EV200 nm; 200−1 000 nm),
medium EVs (EV100 nm; 100−200 nm), and small EVs (EV20 nm;
20−100 nm). Furthermore, this technology enables the in situ
labeling of ﬂuorescence markers for the protein proﬁling of
individual EVs. As a proof-of-concept, we analyzed the presence of
human epidermal growth factor receptor 2 (HER2) and prostatespeciﬁc membrane antigen (PSMA) in breast cancer and prostate cancer cell-derived EVs, respectively, using three diﬀerent size
fractions at the single-EV level. By reducing the complexity of EV heterogeneity in each size fraction, we found that HER2-positive
breast cancer cells showed the greatest expression of HER2 in EV20 nm, whereas PSMA expression was the highest in EV200 nm derived
from PSMA-expressing prostate cancer cells. This increase in HER2 expression in EV20 nm and PSMA expression in EV200 nm was
further conﬁrmed in plasma-derived nanoparticles (PNPs) obtained from breast and prostate cancer patients, respectively. Our study
demonstrates that single-EV analysis using EV-Ident provides a practical way to understand EV heterogeneity and to successfully
identify potent subpopulation of EVs for breast and prostate cancer, which has promising translational implications for cancer
theranostics. Furthermore, these ﬁndings have the potential to address fundamental questions surrounding the biology and clinical
applications of EVs.

E

available, including ultracentrifugation (UC), ultraﬁltration,
immunocapture beads, size-exclusion chromatography, precipitation methods, and microﬂuidic devices.5,11 There is an
urgent need for more eﬃcient and reliable EV isolation
methods so that the cellular and molecular mechanisms of the
biogenesis and function of speciﬁc EV subtypes can be readily
studied.12 Second, standard bulk biochemical assays provide
limited information for the characterization of heterogeneous
populations of EVs. Biochemical assays, such as immunoblotting, enzyme-linked immunosorbent assay (ELISA), and liquid
chromatography−tandem mass spectrometry (LC-MS/MS),
can conﬁrm the presence of a target biomarker, but the results
come from a mixture of diﬀerent populations.13 In addition,
there is currently no standardized approach or standard

xtracellular vesicles (EVs) are vesicles with a phospholipid
bilayer that are produced by cells and are released into the
extracellular ﬂuid.1 EVs carry complex cargoes of lipids,
proteins, and nucleic acids in vesicles of various sizes. The
biogenesis of EVs has been shown to occur through diverse
pathways. For example, exosomes are a type of small EV (50−
150 nm) produced through the endosomal sorting complexes
required for transport (ESCRT) machinery;2 microvesicles
(100−1 000 nm) are vesicles created by the outward budding
of the plasma membrane;3 and apoptotic bodies (100−5 000
nm) are byproducts of apoptosis and contain high concentrations of nucleic acids.4 Additional biogenesis pathways and
subclasses of EVs have been explored3,5 but several properties
of EVs are still not fully understood.
As an intercellular transport structure, EVs inherit the
biological signature of the parent cell. In fact, identifying EVs
and their biomarkers within a sample can predict their cellular
origin with high accuracy.6,7 Such evidence shows that there is
potential for the use of EVs as diagnostic markers for liquid
biopsies.8−10 However, their current practical uses are limited
due to the following reasons: ﬁrst, enriching EVs is still a major
challenge, although various EV isolation approaches are
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Figure 1. EV-Ident prepares three size fractions of nanoparticles for analysis of a size-speciﬁc single extracellular vesicle (EV). (A) Cell culture
supernatant (CCS) or blood plasma are processed using EV-Ident. Three EV size fractionslarge EVs (EV200 nm), medium EVs (EV100 nm), and
small EVs (EV20 nm)are enriched through three serially conﬁgured membranes. (B) Biomarkers on EVs can be labeled in situ (on the device) for
each size fraction. (C) EVs can then be visualized using ﬂuorescence microscopy. Scale bar: 2 μm. The expression levels of biomarkers in individual
EVs are analyzed by single-EV analysis. The expression levels of PSMA or HER2 on the EVs in each size fraction were studied.

biomarker for these assays.14 To avoid the averaging problem
that arises in bulk assays, analyzing the properties of individual
EVs may be a solution. Recently, individual EV analysis has
been successfully performed using sophisticated detection
systems.15,16 Resolving the biochemical features of an
individual particle is indeed beneﬁcial to understand the
heterogeneity of EV populations. Further, the subpopulation
analysis also has additional clinical implications. For example,
Chen et al. reported that exosomal PD-L1, and not the
microvesicle, provides the best distinction of meta-melanoma
patients from healthy donors and is better correlated with the
anti-PD-1 response.17 In addition, Liu et al. reported the
importance of analyzing the heterogeneity of individual EVs in
patients with breast cancer with potential utility in clinical
diagnostics.18
Breast and prostate cancer are leading causes of cancerrelated death. Overexpression of human epidermal growth
factor receptor 2 (HER2) and prostate-speciﬁc membrane
antigen (PSMA) are associated with breast and prostate
cancer, respectively. Because HER2 and PSMA overexpression
is related to cancer aggressiveness, high recurrence rate, and
poor survival, their detection and monitoring are important for
cancer detection and therapy.19−21 Despite its clinical
importance, the current tissue biopsy-based or imaging-based
methodologies have limitations in covering spatial and
temporal heterogeneity of the tumor. Because EVs are secreted
from the entire location of the tumor and their analysis has
high potential for real-time monitoring, EV-based liquid biopsy
may oﬀer comprehensive information, reﬂecting tumor
heterogeneity.
While isolating and analyzing disease-associated EVs are
necessary for the development of diagnostic applications, the
major technical diﬃculty lies in isolation and characterization
of the disease-speciﬁc subtypes of EVs. Here, we present a
novel technique, called EV-Ident, to isolate EVs into three size
fractions and characterize each individual EV. The size
fractions are prepared by serial ﬁltration through three

diﬀerently sized nanoporous membranes in a centrifugal
microﬂuidic device. Because the blood plasma contains not
only EVs but also many lipoprotein particles of similar size, we
enriched “plasma-derived nanoparticles” (PNPs), including
EVs from blood plasma. In addition, on-disc ﬂuorescence
labeling using EV- or tumor-speciﬁc biomarkers followed by
microscopic imaging enables the analysis of individual EVs.
Finally, statistical evaluation can be used to characterize EV
subpopulations in terms of their physical and biochemical
features. As a proof-of-concept, we successfully isolated speciﬁc
size fractions of EVs or PNPs from conditioned medium or
human blood plasma, respectively, to investigate the presence
of HER2 or PSMA in breast cancer cell-derived or prostate
cancer cell-derived EVs, respectively. Precise EV characterization enabled by EV-Ident can extend the potential use of
EVs as a liquid biopsy for cancer theranostics.

■

EXPERIMENTAL SECTION
Fabrication of EV-Ident. EV-Ident was designed using
three-dimensional computer-aided design (3D-CAD) software
(SolidWorks; Dassault Systèmes, Vélizy-Villacoublay, France)
and composed of three layers of polycarbonate sheets (PC; iComponents Co., Pyeongtaek, South Korea). The layers were
milled using a computer numerical control (CNC) milling
machine (M&I CNC Lab, South Korea). Two pressuresensitive, double-sided adhesive ﬁlms (DFM 200 clear 150
POLY H-9 V-95; FLEXcon, Spencer, MA, U.S.A.) were
laminated between each layer through pressurization using a
customized pressing apparatus (Figure S1). Three anodic
aluminum oxide (AAO) membrane ﬁlters with pore sizes of
200, 100, and 20 nm (Anodisc; GE Healthcare, Little Chalfont,
U.K.) were integrated into the disc. The chambers, channels,
and membranes in the disc were coated with 1% Pluronic
solution (poly(ethylene oxide)-block-poly(propylene oxide)block-poly(ethylene oxide) (PEO-PPO-PEO) block copolymer) (Sigma-Aldrich, St. Louis, MO, U.S.A.) before the
experiment.
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Figure 2. Extracellular vesicle (EV) size fractions isolated from cell culture supernatant (CCS). (A) EVs are multibiogenic vesicles that can be
categorized as apoptotic bodies, microvesicles, or exosomes having diﬀerent sizes of 100−5 000, 100−1 000, or 50−150 nm, respectively. (B) EVIdent can be used to enrich three EV size fractions, large EVs (EV200 nm), medium EVs (EV100 nm), and small EVs (EV20 nm), which were conﬁrmed
by the hydrodynamic size measurements using dynamic light scattering (DLS) and transmission electron microscopy (TEM) analyses. (C) EV200
nm, EV100 nm, and EV20 nm were imaged using TEM, scanning electron microscopy (SEM), and ﬂuorescence microscopy (FM; DiD staining). Scale
bar: 100 nm, 100 nm, and 2 μm, respectively.

and ﬂow cytometry are included in the Supporting
Information.

Clinical Sample Preparation. Blood plasma was collected
from 10 breast cancer patients (BCas), including ﬁve HER2+
and ﬁve HER2− patients (Table S2), ﬁve healthy donors
(HDs), and ﬁve prostate cancer patients (PCas) (Table S3).
This study was approved by the Institutional Review Board
(IRB) of the UNIST (UNISTIRB1702-008-051 and UNISTIRB-19-38-C). Biospecimens and the corresponding data
used in this study were provided by the Biobank of Pusan
National University Hospitala member of the Korea
Biobank Networkwhereas those of BCas were provided by
Seoul Asan Hospital. Cancer patient's blood samples were
obtained from the Pusan National University Hospital (IRB
H1612-019-049) and Seoul Asan Hospital (IRB2018-1433),
whereas samples from healthy donors were obtained from
commercial sources (Innovative Research, MI). Blood samples
were collected in a vacutainer EDTA collection tube and
processed within 2 h of collection. For EV fractionation, 10 μL
of plasma diluted in phosphate-buﬀered saline (PBS) (1 mL)
was loaded on an EV-Ident, followed by subsequent analyses,
such as ELISA or single vesicle analysis.
The details on cell lines and reagents, cell culture for EV
production, nanoparticle tracking analysis (NTA), dynamic
light scattering (DLS) assay, bicinchoninic acid (BCA) assay,
EV staining experiments, EV staining validation, single-EV
imaging, ﬂuorescence microscopy, scanning electron microscopy, single-vesicle identiﬁcation, single-vesicle data analysis,

■

RESULTS AND DISCUSSION

EVs are multibiogenic vesicles produced by cells; consequently, multiple types of vesicles exist with distinct physical
and biochemical features. EV-Ident is a platform that we
developed to characterize speciﬁc EV subpopulations in terms
of both their size and biomarker expression signatures (Figure
1). EV-Ident works in three steps: (1) separation of EVs (or
PNPs) by size fractionation, (2) in situ EV labeling, and (3)
individual EV analysis. First, to separate EVs based on size
fractionation, we developed a centrifugal microﬂuidic device
based on our previously developed platform, ExoDisc.22 EVIdent contains three serially connected anodic aluminum oxide
(AAO) nanoporous membranes with pore diameters of 200,
100, and 20 nm (Figure S1).
Separation of the EV (or PNP) size fractions was performed
by loading samples, such as cell culture supernatant (CCS) or
diluted blood plasma, onto EV-Ident, followed by spinning the
disc at 3 000 rpm for 10 min. During the spinning, the sample
loaded in the sample chamber was transferred to the three
serially connected membranes with a centrifugal force of 287 ×
g, 402 × g, or 521 × g in the ﬁlter chamber containing 200,
100, or 20 nm AAO membranes, respectively (Figure S2).
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Ident was used to enrich the EV200 nm, EV100 nm, and EV20 nm
size fractions with physical cutoﬀ values of 200, 100, and 20
nm, respectively. Therefore, apoptotic bodies and microvesicles may be separated between the EV200 nm and EV100 nm
fractions, whereas exosomes may be separated between the
EV100 nm and EV20 nm fractions (Figure 2A).
As a proof-of-concept test, we separated EVs (or PNPs)
based on their size using breast CCS, prostate CCS, or blood
plasma. The following cell lines were used for these
experiments: MCF-10A, MCF-7, MDA-MB-231, BT-474,
and SK-BR-3 breast cell lines; PC-3 and LNCaP prostate cell
lines; and blood plasma from 5 HDs, 10 BCas, and 5 PCas
(Tables S1−S3). EVs (or PNPs) were successfully separated
into these three size fractions (Figures 2B and S9−S11). The
hydrodynamic sizes of all the samples were measured using
dynamic light scattering (DLS) (Figure 2B) and nanoparticle
tracking analysis (NTA) (Figure S9). In addition, transmission
electron microscopy (TEM) images with size-distribution
analysis (Figures 2B and C) and EVs labeled with immunogold
(10 nm) speciﬁc to anti-PSMA antibody are shown (Figure
S10). Further, scanning electron microscopy (SEM) images of
the EV200 nm, EV100 nm, and EV20 nm fractions (Figures 2C and
S11) and representative images of EVs stained with DiD (1,1dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine), imaged
using ﬂuorescence microscopy, are also presented (Figure
2C). The concentration of DiD was optimized to avoid the
signal from particle aggregates (Figure S12).
We found that >80% of the EVs belonged to the EV20 nm
fraction using NTA or single-EV analysis through lipid staining
(Figure S13A). Similarly, >80% of the proteins were identiﬁed
in the EV20 nm population, whereas the EV100 nm and EV200 nm
populations contained ∼10% of the proteins according to the
bicinchoninic acid (BCA) assay (Figure S13A). We then
measured the expression of four biochemical markers, namely,
lipids, nucleic acids, phosphatidylserine (PS), and CD9
protein, in each size fraction of EVs from breast CCS using
single-EV analysis showing the expression amount per particle
(Figure S13B). The highest lipid concentration was found in
EV200 nm, followed by those in EV100 nm and EV20 nm. High
concentrations of nucleic acids were found in EV200 nm, but the
levels varied based on the cell type. PS expression was the
highest in EV100 nm compared with that in EV200 nm or EV20 nm,
and EV20 nm showed the highest CD9 expression compared
with that in the other fractions. Although the expression of
CD9 varied for the diﬀerent cell lines, a high expression of
CD9 has been previously observed in the small-size EV
fraction.23 Interestingly, we found higher CD9 expression level
per individual particle, whereas the previous report23 was based
on the total expression from a bulk assay.
One clinical approach for cancer diagnosis is to identify
cancer-overexpressing biomarkers.25 Several biomarkers have
been approved by the U.S. Food and Drug Administration
(FDA), including HER2 for breast cancer26,27 and PSMA for
prostate cancer.28 Cancer cell-associated EVs may contain
these markers and are released into the extracellular space,
especially into the blood. This can be assessed through liquid
biopsies for cancer diagnosis using blood EVs, and several
reports suggest that blood EVs could serve as a cancer
biomarker.11 The major barrier to the analysis of blood EV for
cancer liquid biopsies is successfully isolating cancer-positive
EVs in the blood. Blood contains a number of components,
including EVs that originate not only from cancer cells but also
from other cells. The proportion of cancer cell-associated EVs

Through the three serially connected membranes, large-sized
EVs (EV200 nm), medium-sized EVs (EV100 nm), or small-sized
EVs (EV20 nm) were isolated on each membrane, whereas the
ﬂow-through liquid was transferred to the waste chamber. The
isolated EVs (or PNPs) could then be easily washed by adding
a washing buﬀer to the sample chamber and spinning the
device again at 3 000 rpm for 10 min. Thereafter, the
ﬂuorescent labeling of the EV (or PNP) fractions was
performed in situ on the EV-Ident (Figure 1B) The biological
features of EVs, such as proteins, lipids, and nucleic acids, were
identiﬁed by adding ﬂuorescent labeling reagents to each ﬁlter
chamber and incubating them for 20 min. Excess reagent was
removed by adding washing buﬀer to the sample chamber and
spinning the device at 3 000 rpm for 10 min. Fluorescently
labeled EVs were eluted from each ﬁlter chamber. The total
operation time to obtain ﬂuorescently labeled and sizefractionated EVs was within 2 h, including the time for EV
enrichment, washing, and incubation with a primary or
secondary labeling agent. Finally, EVs were analyzed at the
individual level (Figure 1C).
In the conventional way, EVs were fractionated on the basis
of density using serial UC technique.23 Three density fractions
were enriched by serial centrifugation for ∼12 h, carried out by
spinning at 2 000 × g for 20 min, 10 000 × g for 40 min, and
100 000 × g for 90 min.23 Additional UC spins were required
to wash the samples, in addition to incubation with labeling
reagents. Importantly, each UC spin may also cause potential
damage to EV samples. Further, complete removal of unbound
labeling reagents is not feasible (Figure S2).
The size of EVs is a major physical characteristic that can be
used to deﬁne them in terms of their origin; however, size does
not fully separate them according to the subpopulation (Figure
2A−C).12 Single-EV analysis works in three steps: (1) imaging
under a microscope, (2) single-EV identiﬁcation, and (3)
subpopulation analysis. First, ﬂuorescent-labeled EVs prepared
using EV-Ident were immobilized on a precleaned glass
coverslip and visualized using a standard epiﬂuorescence
microscope. EVs are generally smaller than the resolution
limit of optical microscopes and are therefore shown as a
point-spread function.24 The nonspeciﬁc signals are conﬁrmed
to be negigible from ﬂuorescence intensity measurement and
single-EV analysis (Figures S3 and S4). In the second step, the
photon emission rate of individual EVs was measured through
single-EV identiﬁcation (Figure S5). Lastly, we performed
single-EV analysis using three diﬀerent kinds of bead samples:
200 nm yellow beads, 100 nm TetraSpeck beads, and 50 nm
green beads, as well as a mixture of all three beads (Figure
S6A). Homogeneous intensity distribution was observed in
each bead sample (Figure S6B). The bead mixtures showed
multiple populations containing diﬀerent concentrations of the
three diﬀerently sized and colored beads. Single-EV analysis of
the size-fractionated samples prepared by three independent
EV-Ident runs showed high reproducibility (Figure S7).
Further, a statistical framework was developed to identify EV
subpopulations (Figure S8). As with the bead mixture shown
in Figure S6, the ﬂuorescence intensity of the EVs showed that
they were separated into multiple subpopulations. Figure S8B
shows examples of EV subpopulations identiﬁed using this
subpopulation-analysis method. Among the multiple EV
biogenic pathways, three major mechanisms produce the
majority of EVs, which are classiﬁed into three groups:
apoptotic bodies (100−5 000 nm), microvesicles (100−1 000
nm), and exosomes (50−150 nm, Figures 1A and 2A). EV6013
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Figure 3. Expression of HER2 in EVs and PNPs from breast cells and blood plasma. (A−D) HER2 expression in the breast cell lines MCF-10A,
MCF-7, MDA-MB-231, BT-474, and SK-BR-3 using ﬂow cytometry (A) and their EVs using ELISA with the dashed line for the baseline of
detection (B). (C) Violin plots showing HER2 expression in individual EVs. Black solid lines and red dashed lines denote the mean and median,
respectively. (D) Heat map demonstrating that the HER2-positive EVs in the EV20 nm fractions are distinctively higher for HER2-positive cell lines.
(E, F) Blood plasma samples from ﬁve HER2-negative and ﬁve HER2-positive breast cancer patients (BCas) were processed using EV-Ident. (E)
Violin plots showing HER2 expression in individual EVs. Black solid lines and red dashed lines denote the mean and median, respectively. (F) Heat
map demonstrating HER2-positive EV ratio per fraction size of EVs isolated from BCas. Signiﬁcance was tested using Student’s t test; *p < 0.05
and **p < 0.005.

Total HER2 expression in EVs was measured using ELISA, and
EVs from BT-474 and SK-BR-3 cells showed greater HER2
expression levels than the other cell lines, consistent with the
results of ﬂow cytometry (Figure 3B).
HER2 expression in EVs was evaluated in each size fraction
using single-EV analysis (Figure 3C and D and Table S4). Of
the multiple HER2-positive populations, we plotted the
primary intensity clusters (the most frequent population)
from each size fraction and cell origin (Figure 3C). There was
a clear correlation between HER2± cells and their derived EVs
only in EV20 nm but not in EV200 nm or EV100 nm. HER2+ EV
percentiles are shown in the heat map (Figure 3D). HER2+
EVs originating from HER2+ cells were better identiﬁed in the
EV20 nm fraction.
We further validated HER2 expression in PNPs including
EVs isolated from blood plasma of BCas (Figure 3E and F).
HER2 expression at the single-EV level could accurately
distinguish HER2+ and HER2− in EV20 nm (Figure 3E and F
and Table S4), consistent with the results of our analysis of
breast CCS EVs presented in Figure 3A−D.
PSMA is an integral membrane protein that is highly
expressed in metastatic and castration-resistant prostate
cancer.21 Many research studies have shown PSMA to be a
blood-based marker, although these results are controversial.31
The viability of EV-based liquid biopsies for prostate cancer
diagnosis has recently been investigated. However, as in the
case of many other disease-positive EVs, discriminating
between EVs related to prostate cancer prognosis and other
EVs remains a challenge.32 As a proof-of-concept, we

to the total EV population may be very small; therefore,
conventional EV isolation and bulk biochemical assays may fail
to detect cancer EVs in the blood.
Here, EV subtypes were deﬁned by evaluating both the size
and biomarker expression of individual EVs. The antibody
validation assays were performed to conﬁrm the diﬀerent
expression levels of PSMA for LNCaP and PC3 cells and
HER2 among 5 diﬀerent cell lines (Figures S14−S16). We
further conﬁrmed that nonspeciﬁc signals by the secondary
antibody adsorption were negligible (Figure S16), and there
was no signiﬁcant expression of HER2 and PSMA from
lipoproteins that could be enriched together (Figure S17). We
utilized EV-Ident to identify cancer-marker speciﬁc EVs from
two proof-of-concept examples: HER2-positive EVs and
PSMA-EVs for breast cancer and prostate cancer, respectively
(Figures 3 and 4), as explained later.
The overexpression of HER2 can be identiﬁed in >20% of
breast cancer cases.29 Accordingly, HER2 is considered a major
target for drugs, such as trastuzumab, and is also a commonly
used cancer biopsy marker.30 Here, we demonstrate the
successful characterization of HER2-positive EVs using EVIdent (Figure 3). Five breast cell lines were used for this
investigation: MCF-10A, a normal breast cell line (HER2negative); MCF-7 and MDA-MB-231, HER2-negative breast
cancer cell lines; and BT-474 and SK-BR-3, HER2-positive
breast cancer cell lines. The HER2 expression levels on the cell
surface were determined using ﬂow cytometry (Figure 3A).
BT-474 and SK-BR-3 cells were conﬁrmed to be HER2positive, whereas the other cell lines were HER2-negative.
6014
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Figure 4. Expression of prostate-speciﬁc membrane antigen (PSMA) in EVs and PNPs from prostate cells and blood plasma. (A−D) PSMA
expression in the prostate cell lines PC3 and LNCaP using ﬂow cytometry (A) and their EVs using ELISA with the dashed line for the baseline of
detection (B). (C) Violin plots showing PSMA expression in individual EVs. Black solid lines and red dashed lines denote the mean and median,
respectively. (D) Heat map demonstrating PSMA-positive EV ratio. (E, F) Blood plasma samples from ﬁve healthy donors (HDs) and ﬁve prostate
cancer patients (PCas) were processed using EV-Ident. (E) Violin plots showing PSMA expression in individual EVs. Black solid lines and red
dashed lines denote the mean and median, respectively. (F) Heat map demonstrating PSMA-positive EV ratio per fraction size of EVs isolated from
healthy donors (HD) and prostate cancer patients (PCas). Signiﬁcance was tested using Student’s t-test; *p < 0.05 and **p < 0.005.

biochemical (biomarker) features of EVs. This was carried out
by enriching EVs into three diﬀerent size fractions, followed by
biochemical marker expression characterization at the singleEV level. Single-EV analysis in each EV size fraction uncovered
distinct characteristics of EVs in diﬀerent subpopulations. As a
proof-of-concept, we show that HER2-positive EVs were the
most abundant in EV20 nm from breast CCS. Additionally, we
show that PSMA-positive EVs could be isolated from the EV200
nm and EV100 nm fractions derived from blood plasma of
prostate cancer patient as well as from prostate CCS. Although
we isolated the EVs by their size, there can be a potential
contribution of protein aggregates in the single-EV analysis.
EV-Ident, as a new approach for EV isolation and analysis, can
be extended to a larger sample size with diﬀerent diseases/
features to identify EVs as liquid biopsy biomarkers in future
research.
As a size-based ﬁltration platform, the centrifugal microﬂuidic device is useful for an EV enrichment.22,33 Along with
the tangential ﬂow ﬁltration in a centrifugal microﬂuidic
platform, the ﬂuid-assisted separation technology (FAST) is
beneﬁcial for size-based ﬁltration, especially when analyzing
soft materials, such as cells and EVs, by reducing sample
damage, sample loss, and clogging during ﬁltration.22 EV size
fractions have previously been separated by diﬀerential
centrifugation,34 density-gradient centrifugation,23 size-exclusion columns,35 serial syringe ﬁltration,36 and inertial microﬂuidics.37 However, EV-Ident allows the enrichment of sizespeciﬁc fractions and in situ labeling of EVs by exploiting the
advantages of FAST technology.

successfully identiﬁed PSMA+ EVs from PC-3 CCS (PSMA−)
and LNCaP CCS (PSMA+) and further identiﬁed PSMA+
EVs in the blood plasma of 5 HDs and 5 PCas (Figure 4).
We ﬁrst proﬁled PSMA expression in the PC-3 and LNCaP
cells (Figure 4A) and their EVs (Figure 4B). We identiﬁed a
strong correlation between PSMA expression in the cells and in
their associated EVs. Total PSMA expression in EVs was
measured using ELISA, and EVs from LNCaP cells showed
greater PSMA expression levels than PC3, consistent with the
results of ﬂow cytometry (Figure 4B). PSMA expression was
then evaluated at the single-EV level (Figure 4C and D and
Table S5). Here, we identiﬁed the subpopulations with the
maximum PSMA intensity from each size fraction and cell
origin; these subpopulations were then plotted on the violin
plots shown in Figure 4C. EV200 nm and EV100 nm could be
clearly identiﬁed as PSMA-positive or -negative, but EV20 nm
could not. PSMA+ EV percentiles are shown in the heat map
(Figure 4D). Unlike HER2 in breast cancer, it was the easiest
to classify PSMA+ EVs from PSMA+ cell origin in EV200 nm
and EV100 nm.
We further validated the successful identiﬁcation of PSMA
expression in PNPs isolated from blood plasma (Figure 4E and
F). PSMA expression at the single-EV level could accurately
distinguish HD and PCa in EV200 nm and EV100 nm (Figure 4E
and F, Table S5), consistent with the results of our analysis of
prostate CCS EVs in Figure 4A−D.

■

CONCLUSION
In summary, EV-Ident was designed to analyze EV
subpopulations by considering both the physical (size) and
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proliferation and metastasis, their roles are diﬀerent. HER2, as
a ligand-independent growth factor, promotes the PI3K/AKT
signaling pathway by forming a dimer with other HER protein
family members.26,29,43 It has been shown that HER2
participates in an endocytic and recycling pathway that is
activated by changes in HER2 expression.44 PSMA appears to
be highly expressed due to increased cell proliferation;
however, PSMA itself has no phosphorylation site.31 Recently,
high PSMA expression on medium to large EV fractions has
been shown.45
In summary, EV-Ident is a promising tool for characterization of EV subsets in terms of both their physical and
biochemical features. Individual EV analysis in EV populations
of diﬀerent sizes successfully removed the ambiguity that
results from averaging in conventional EV analysis. As a proofof-concept, we performed two demonstrations to identify the
speciﬁc type of breast or prostate cancer-positive EVs or PNPs
from conditioned medium or blood plasma, respectively. EVIdent enabled the isolation of a speciﬁc size fraction of EVs in a
facile and eﬃcient manner, after which an analysis of the
surface proteins on individual EVs was performed. Further
studies to investigate the biology and function of diﬀerently
sized EVs in connection to their origin and intercellular
communication could signiﬁcantly expand the understanding
of EVs and their future clinical applications.

The diversity of EV biogenesis in addition to the evidence of
EV heterogeneity led to isolation of EV subpopulations.5
Kowal et al. showed proteomic comparison over three EV
density fractions, 2 000 × g, 10 000 × g, or 100 000 × g, in size
correlations of >200, 150−200, or 50−150 nm, respectively.23
Multiple proteomic subgroups were found in each EV fraction
with diﬀerent protein expression levels, e.g., CD9 was
expressed the most in the 100 000 × g EV fraction. Xu et al.
used ultraﬁltration and obtained three EV size fractions: >220,
100−220, and <100 nm.38 Unique protein proﬁles were
identiﬁed from each EV size fraction using proteomic analysis.
Diﬀerent invasive activity between microvesicles and exosomes
were found, suggesting that EV subpopulations may promote
invasion through diﬀerent mechanisms. Further, an asymmetric
ﬂow ﬁeld fraction can segregate EVs at smaller scales of 90−
120 or 60−80 nm followed by proteomic proﬁling.37 Here,
each subpopulation gives distinct distribution patterns,
indicating their role in pleiotropic eﬀects of cancer. It shows
that the sizes of vesicles with their speciﬁc cargo may inﬂuence
metastatic patterning and the systemic eﬀects of cancer.
Furthermore, subpopulation analysis also has clinical implications. Chen et al. reported that exosomal PD-L1 gives the best
distinction of meta-melanoma patients from HDs and is
correlated with anti-PD-1 response, compared with microvesicle PD-L1.17
Single-EV analysis provides high sensitivity for EV characterization as it allows us to identify individual EVs. Here, we
focused on photon measurements from each ﬂuorescently
labeled EV by wavelet transform-based EV detection and
single-EV identiﬁcation, followed by statistical analysis to ﬁnd
the majority or maximal intensity populations. Lee et al.
suggested single-EV proﬁling by pixel-averaging photon
measurements and t-distributed stochastic neighbor embedding (t-SNE) analysis.15 The pixel averaging cannot resolve
photons from EVs to stochastic background signals that are in
Gaussian or Poisson distribution.39 Consequently, the photon
detection accuracy is low at a given photon emission rate. Our
single-EV analysis models the noise characteristics and is able
to achieve the best possible photon estimation from the
measurement (Figure S5). The t-SNE analysis visualizes a
nonlinear relationship of given multiparametric data points and
relies on ranges of hyperparametrization.40 Therefore, it shows
a good visual distribution of data clusters rather than a
deﬁnition of the measurements. Our statistical analysis helped
deﬁne the disease-related EVs and grouped the EVs into
subpopulations.
High-end ﬂow cytometry such as imaging ﬂow cytometry41
or high-sensitivity ﬂow cytometry42 can detect individual EVs.
Laser scattering and ﬂuorescence measurements may show the
size and biomarker expression on EVs. However, the low
signal-to-noise ratio at high ﬂow rates for small particle ﬂow
focusing and the diﬀerent physical properties of standard
particles and EVs remain major challenges.41,42 A large sample
volume is required for ﬂow cytometry, and a lot of the sample
is wasted within the ﬂow circuit. Our single-EV imaging with
EV-Ident size fractionation requires a small amount of sample
(2 mL of CCS (5−8 × 108 vesicles) or 10 μL of plasma (1.3−8
× 109 PNPs)) and employs a standard epiﬂuorescence
microscopy, allowing the identiﬁcation of individual EVs in a
simple and economical manner.
HER2 and PSMA are both transmembrane proteins that are
mostly found on the cell surface.27,28 Although the overexpression of both proteins is highly correlated to cancer
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