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Abstract

Urinary extracellular vesicles (uEVs) are promising biomarkers for various diseases. However, many tools measuring uEVs rely on time-
consuming uEV isolation methods, which could induce sample bias. This study demonstrates the detection of single uEVs without isolation
using imaging flow cytometry (IFCM). Unstained urine samples contained auto-fluorescent (A-F) particles when characterized with IFCM.
Centrifugation successfully removed A-F particles from the unprocessed urine. Based on the disappearance of A-F particles, a gate was
defined to distinguish uEVs from A-F particles. The final readouts of IFCMwere verified as single EVs based on detergent treatment and serial
dilutions. When developing this protocol to measure urine samples with abnormally high protein levels, 25 mg/mL dithiothreitol (DTT)
showed improved uEV recovery over 200 mg/mL DTT. This study provides an isolation-free protocol using IFCM to quantify and phenotype
single uEVs, eliminating the hindrance and influence of A-F particles, protein aggregates, and coincidence events.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://creativecommons.org/licenses/by/4.0/).
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Introduction

Extracellular vesicles (EVs) are phospholipid bilayers widely
released by cells into body fluids, such as blood and urine. Their
reported size ranges from 30 nm to 8000 nm, with most EVs
<200 nm.1–3 EVs reflect parental cell status via variations in EV
concentration, composition, or cargo and are considered mini-
mally invasive biomarkers.1

Urinary extracellular vesicles (uEVs) are ideal biomarkers as
urine collection is non-invasive and easily repeated.4 uEVs show
meaningful values in diagnosing renal and urinary system dis-
eases,5–7 and illnesses of other systems, such as Parkinson's
disease and liver cirrhosis.8,9
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Despite the perspective as a clinical marker, uEV quantifi-
cation and characterization are hampered because of their small
size, urine contaminants, and lack of methods for accurate de-
tection.1,10 Nanoparticle tracking analysis (NTA), resistive pulse
sensing (RPS), and flow cytometry (FCM) are the most com-
monly used single-EV-quantification techniques.1 However,
NTA and RPS are limited in phenotyping capabilities, struggling
to distinguish uEVs from other particles, such as protein aggre-
gates.1,11 Although some modern flow cytometers can detect
small EVs (<100 nm) based on light scattering, most flow cyt-
ometers in clinical research labs have a size detection limit of
>600 nm.12 Moreover, some particles in urine emit autofluo-
rescence, leading to false-positive signals in FCM, regardless of
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labeling.13,14 The origin of these autofluorescent (A-F) particles
is still unclear and how to distinguish them from uEVs needs
more research. The direct measurement of uEV is also hampered
by Tamm-Horsfall protein (THP), a highly abundant urinary
protein, easily entrapping uEVs.13–16

Due to the limitations of traditional techniques and the
complex composition of urine, uEV purification is commonly
required before detection.17 However, no (combination of)
isolation methods, including ultracentrifugation, ultrafiltration,
precipitation, or size exclusion chromatography, can reach
100 % uEV purity and yield due to significant loss of uEVs or co-
isolation of other particles.1,17 Some purification procedure likely
alters uEV properties.14,18–20 Ultrafiltration can disintegrate large
EVs to generate smaller particles, misunderstood as natural EVs.18

Ultracentrifugation might cause EV aggregation and encap-
sulation of multiple small uEV inside bigger uEV.14,19,20

Endowed with increased fluorescence detection sensitivity
over conventional FCM,21 and the capability of distinguishing
particles based on high-resolution imaging,22 imaging FCM
(IFCM) allows quantification and characterization of uEVs to
solve the mentioned difficulties and bypass EV isolation. IFCM
has been demonstrated for single EV measurement in mini-
mally processed plasma23, cell supernatant,22 and isolated
uEVs,24,25 but no methodology to detect uEVs from urine
without relying on prior EV purification. The current study aims
to provide a protocol to characterize uEVs by IFCM directly in
stained urine by excluding A-F particles and diminishing the in-
fluence of THP.

Material and methods

Urine samples were measured by (1) transmission electron mi-
croscopy (TEM), (2) nanoparticle tracking analysis (NTA), (3) time-
resolved fluorescence immunoassay (TR-FIA), and (4) IFCM
without using any uEV isolation method. Supernatant harvested
from COLO-205 cells was used as a positive control to investigate
the inter- and intra-assay reproducibility during IFCM mea-
surement. TEM, NTA, and TR-FIA protocols were introduced
in supplementary materials, including the COLO-205 cell cul-
turing, the measurement of urine protein, creatinine, pH, Tamm-
Horsfall protein, and urine treatment with dithiothreitol (DTT).

Collection of urine samples

Urine was collected from 5 healthy controls (HC; Medical
Ethical Review number 2018–1623) and 5 kidney transplant
recipients (KTR) with acute kidney injury in the first 2 weeks
post-transplantation (Medical Ethical Review number 2018–
035), approved by the institutional review board of the Erasmus
MC. Details regarding the collection of urine samples were
demonstrated in the Supplementary material. The gender, age,
pH, urinary total protein concentration, and urine creatinine
concentration of included individuals are shown in Supplemen-
tary Table S1.

Labeling EVs from urine for IFCM

CD9 and CD63 are tetraspanins playing critical roles in EV
generation and excretion.26 Both are used as general uEV surface
markers.27 Urine and COLO-205 cell medium (positive control)
were stained with antibodies (all from Biolegend, USA): CD63-
Alexa488 (clone H5C6; fluorophore-to-protein ratio 5.20);
CD63-APC (clone H5C6; fluorophore-to-protein ratio 1.22);
IgG1-Alexa488 or IgG1-APC (both clone MOPC-21). Our study
aims to investigate diverse uEV populations by combining
markers conjugated with different fluorophores, so two CD63
antibodies were used to demonstrate the influence of fluoro-
phore conjugation on the uEV-IFCM detection and compare the
single- and double-positive backgrounds. Antibodies (100–200 μL)
were centrifuged at 16,000 g at 4 °C for 10 min (FrescoTM 17
Microcentrifuge, Thermofisher Scientific), and only the su-
pernatant was pipetted to avoid aggregates. Based on titration,
the final concentration of all antibodies in the sample solution
was 0.44 μg/mL. 112 μL of samples were incubated with 4 μL
of 15-fold-diluted CD63-Alexa488 and 4 μL of 15-fold-diluted
CD63-APC at 4 °C in the dark overnight (dilution by 0.2-μm-
pore-filtered Dulbecco's phosphate-buffered saline; fDPBS).
IgG1-Alexa488 and IgG1-APC were used as isotypes. The
stained sample was treated with 6 μL of 10 % (v/v) Triton-X-
100 at room temperature for 30 min to lyse biological struc-
tures, such as EVs.

Acquisition settings of ImageStreamx MkII

Multispectral IFCM was performed using Amins Image-
Stream MKII (ISx, Luminex, Seattle, WA, USA), with data
acquisition by software INSPIRE® (version: 200.1.681, EMD
Millipore). INSPIRE® runs a quality control procedure with
built-in ASSIST® as the daily startup procedure. The settings of
INSPIRE® in the acquisition: low-speed (velocity: 40 mm/s) &
high sensitivity, 6 μm core diameter, 60× magnification, 488-nm
laser power at channel 02 (Ch02) detecting Alexa488: 200 mW;
642-nm laser power at channel 05 (Ch05) detecting APC:
150 mW, 1.25 mW laser power at channel 06 (Ch06) detecting
side scatter (SSC), and activated channel 04 (Ch04) for detection
of bright field. To monitor sample flow and maintain the cam-
era's focus in ISx, polystyrene speed beads (catalog no. 400041,
Luminex) were loaded together with samples at 15 %. Each
acquisition lasted 180 s, the “Prime” function was clicked once for
loading samples fast, and “Remove Speed Beads” was unchecked
to maintain speed beads during acquisition.

IFCM analysis

Raw image files acquired from INSPIRE® were analyzed
by ISx Data Exploration and Analysis Software (IDEAS® 6.2,
EMD Millipore).

“Masks” define a specific area within images to select and
quantify pixels. Masks in Ch01 to Ch06 pictures were labeled
from M01 to M06, and Mask Combined (MC) includes M01 to
M06. Different functions can be applied to each Mask to adjust
the position and region of selected pixels. Mask with the “In-
tensity” function contains pixels showing higher intensity than
the backgrounds. The Mask with the “Peak” function (model:
Bright) identifies the brightest pixels with the peak intensity in
each event, designed for fluorescent spot recognition.28 The in-
tensity threshold of the Peak Mask is determined by its cell-to-
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background ratio. The name of M02 in Ch02, with Peak func-
tion, Bright model, and cell-to-background ratio 1, is simplified
as Peak (M02, Ch02, Bright, 1). Masks, Peak (M02, Ch02,
Bright, 1), and Peak (M05, Ch05, Bright, 1) were used to include
the pixels of Alexa488+ and APC+ fluorescent spots. By using
the Boolean logic function, Peak masks applied for Ch02 and
Ch05 were combined as “Peak (M02, Ch02, Bright, 1) OR Peak
(M05, Ch05, Bright, 1)”.

“Feature” is further applied upon Mask to analyze quantita-
tive and positional information of selected pixels. Mask selection
significantly influences feature characteristics because Mask
determines the region of analysis for any given Feature.28 Hence,
the combination of Feature and Mask is instrument/analysis-
specific and independent of the sample. Intensity MC is designed
to match Intensity Feature for quantifying fluorescence in Ch02,
Ch03, Ch05, or SSC signals in Ch06. We chose Peak Masks
(M02, Ch02, Bright, 1) and (M05, Ch05, Bright, 1) to be com-
bined with “Spot Count Ch02” and “Spot Count Ch05” features,
respectively, because Peak Mask can sensitively recognize
fluorescent spot numbers in Ch02 and Ch05.22,28 Distance
between spots presented in a single event but different channels
can be analyzed after combining Masks in those channels. The
feature “Spot Distance Min” was applied on the composite mask
“Peak (M02, Ch02, Bright, 1) OR Peak (M05, Ch05, Bright, 1)”
to measure the minimal distance between Alexa488+ and APC+
spots within an image.23 When this value of “Spot Distance
(Ch02 & Ch05)” was 0, the positions of Alexa488+ and APC+
particles overlapped.23

An analysis template that summarizes all used features and
accompanying masks can be found in Supplementary Table S2.

Calibration of the IFCM

Size-related calibration was performed by measuring SSC
of beads of known diameter and refractive index (Gigamix,
BioCytex, The Netherlands) followed by Mie theory using the
scripts of Rosetta Calibration (v1.29, Exometry, The Nether-
lands).29 EVs were modeled as core-shell particles with a core
refractive index of 1.38, a shell refractive index of 1.48 and a
shell thickness of 6 nm. The calibration based on SSC using
Gigamix and Rosetta Calibration has previously been reported
by our team using the same machine and acquisition settings.23

Calibration of the fluorescence intensity was based on three
Quantum™MESF (molecules of equivalent soluble fluorochrome)
kits containing four populations of beads with varying amounts
of Alexa488, APC, or PE (Bangs Laboratories, USA).25 For each
kit, the median fluorescence intensity (MFI) of beads was measured
by IFCM and converted into MESF based on the instructions of
the manufacturer (https://www.bangslabs.com/quickcal). Data was
presented in Supplementary Table S3 & Fig. S1. The regression
coefficient values for each fluorochrome (R2-Alexa488: 0.9987;
R2-PE: 0.9948; R2-APC: 0.9955) indicated that obtainedMFI could
be readily converted into MESF values.

EV-Track

Experimental details have been uploaded to the EV-TRACK
(ID: EV220008), an open-access knowledgebase recommended
by the International Society for Extracellular Vesicles to track
worldwide EV research.1,30

Statistical analysis

GraphPad Prism 8.0 (GraphPad Software, USA) was used to
analyze and visualize the data. Data were presented as mean ±
standard deviation. In the calibration ofMESF in IFCM, the analysis
templates calculated the correlation coefficient (R2) values between
MFI and MESF. The coefficient of variation (CV) reflected the
reproducibility of IFCM. Paired t-tests were used to show the dif-
ferences in uEVs numbers or urinary pH between urine samples
with different treatments. Unpaired t-tests were utilized to show the
differences in urinary protein levels between HCs and KTRs. Linear
regression analysis demonstrated the association between IFCM and
TR-FIA readouts. Statistical significance was defined by p-values
<0.05 (two-tailed).

Result

Outline of the manuscript

The workflow of this study is schematically summarized in
Fig. 1. We aimed for a standardized uEV-IFCM measurement
independent of uEV purification for clinical usage. To this end,
supporting techniques (TEM, NTA, TR-FIA) were used to in-
dicate the size distribution, concentration, and markers of uEVs
in the unprocessed urine. The IFCMmachine was calibrated with
standardized reference material for cross-platform comparisons
and then used to phenotype and characterize uEVs in the mini-
mally processed urine (unprocessed urine with labeling). Urine
samples from healthy controls (HC) were initially used to establish
the uEV-IFCM protocol, which was further developed using the
urine of kidney transplant recipients (KTR).

Measuring uEVs by TEM, NTA, and TR-FIA

In HC urine samples imaged by TEM, uEV-like cup-shaped
structures were observed with diameters between 50 and 100 nm
(Fig. 2A, large-area images in Supplementary Fig. S2). With
NTA, we summarized the single-particle-size reports from all
HC urine samples. We found that 93–98 % of urine particles'
diameter was <400 nm, but 2–7% of all detected particles showed a
size from 400 nm to 1200 nm (Fig. 2B). The total concentration of
particles measured by NTA was around 108/mL, which is an order
of magnitude estimate of particles exceeding the lower limit of
detection (LoD).31 We estimate the LoD to be ~90 nm based on the
distribution mode.

To select appropriate labeling for detecting uEV by IFCM, we
compared the relative expression levels on uEVs using TR-FIA. In
Fig. 2C, CD63 was 6.7-fold higher than CD9 following the Euro-
pium intensity (p = 0.0302), corresponding with previous research.32

Hence, CD63+ uEV was chosen as a targeted population to dem-
onstrate the following isolation-free uEV-IFCM methodology.

Gating strategy identifying CD63+ uEV singlets

Standardize the range of detected uEV size
After knowing the size range and marker of uEV in the unpro-

cessed urine samples, a step-by-step gating strategy was developed

https://www.bangslabs.com/quickcal


Fig. 1. Schematic workflow of this study.
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to distinguish single CD63+ uEV particles from non-uEV compo-
nents or coincidence events in IFCM.

As demonstrated with NTA (Fig. 2B), we chose the detection
range of <1200 nm to include virtually all uEVs. Based on
the previously published calibration of our IFCM, an SSC cutoff
value of 5279.179 arbitrary units, corresponding to 1200-nm
diameter EVs, was obtained and used to include uEVs≤1200 nm
for all the following analyses.23

Exclude multiplets and false singlets
The fluorescence intensity of uEVs in multiplets cannot

be individually characterized.28 Following previous research,
we also initially tried to utilize the masks with the “Intensity”
function to calculate the spot count feature.22,23 However, the
Intensity Mask mistook close doublets as singlets (Supplemen-
tary Fig. S3A). Compared to Intensity Mask, Peak Mask only
selects pixels with peak intensity (Supplementary Fig. S3B).28

Therefore, the spot numbers could be more precisely calculated
using the Peak Mask than the Intensity Mask. The spot-to-
background ratio of the Peak Mask should not be higher than
the value of 1. Otherwise, spot counts are underestimated. When
the ratio was 3, this Peak mask ignored pixels with <3-fold of
the average intensity of the whole image, leading to missing
dim spots (Supplementary Fig. S3C). Notably, “<1” of this ratio
has no meaning because in the Peak mask with the bright model,
the intensity of included pixels must be higher than the back-
ground.28 Hence, the Peak Mask with a spot-to-cell background
ratio of 1 was the most appropriate for identifying singlets and
excluding events with >1 spot in fluorescence-detecting channels
(Ch02 & Ch05). The next step, coincidence/false “singlets” (one
green and one red object, but their positions did not overlap),
were excluded based on the distance between Ch02 and Ch05
spots ≠ 0.

Distinguish uEV singlets from auto-fluorescent particles in the
stained urine

Fluorescent events were detected in all unprocessed urine
samples (no staining). In fDPBS, no positive particles (Fig. 3A)

Image of Fig. 1


Fig. 2. uEV characteristics tested by TEM, NTA, and TR-FIA in the HC urine (n = 5). (A) uEV-like structures in TEM. (B) The size distribution of urinary
particles in NTA. (C) uEV tetraspanin levels tested by TR-FIA. *p < 0.05.
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were observed. Conversely, unprocessed urine (without staining)
contained 1.6 ± 0.7 × 106 objects/mL positive particles (Fig. 3B).
These events are auto-fluorescent (A-F) particles and demon-
strated positive fluorescent signals in fluorescence-detecting
channels: Ch02, Ch03, and Ch05. Ch02 and Ch05 were used to
detect Alexa488, and APC signals, respectively. No fluorescent
reagent was used for Ch03, so it only presented the A-F signals.
In the minimally processed urine (urine only with labeling), the
distribution of A-F particles overlapped with positive uEVs
(Fig. 3C), necessitating the exclusion/removal of A-F particles.
Lowering laser power or detergent treatment did not sufficiently
remove A-F particles (Fig. 3D). Hence, these A-F particles are
not phospholipid bilayer structures, and their A-F signal is un-
related to the high laser power. A step of short-run centrifugation
(10,000 g × 10 min) was found to remove 98.9 ± 0.3 % of A-F
particles (p = 0.0058; Fig. 3D).

Though centrifugation effectively removed A-F particles, it
could cause a loss of uEVs. We designed a gating strategy dis-
tinguishing non-A-F particles (uEVs) from A-F particles based
on the absence of A-F particles in centrifuged urine and aimed
to bypass centrifugation finally. First, urine was “cleaned” using
that centrifugation (Fig. 3B–E). Next, centrifuged urine was
stained with CD63-Alexa488 and CD63-APC to show positive
uEVs (Fig. 3F). The spillover from Ch02 to Ch03 was com-
pensated (value: 0.19 in the compensation matrix), so uEVs
were horizontally distributed in Fig. 3G. Notably, applying this
compensation to A-F particles in the unprocessed urine did not
alter the A-F signal (Supplementary Fig. S4). Based on the re-
maining events after this centrifugation, a gate, “Non-A-F Par-
ticles”, was set in Ch03 with a cutoff value of 150 A-F intensity
(arbitrary unit), which is equal to 5 MESF-PE (blue gate in
Fig. 3G). Then, the obtained compensation matrix and gate were
applied to urine samples without centrifugation (blue gate in
Fig. 3H). By doing so, A-F particles were excluded from the
following analysis without requiring centrifugation, and there-
fore, urine was kept minimally processed until uEV labeling,
thus bypassing potential uEV loss. The “Non-A-F Particles” gate
was permanently applied to distinguish non-A-F particles from
A-F particles in all the following uEV-IFCM analyses (Supple-
mentary Fig. S5). Typical images of distinguished positive uEVs
and excluded A-F particles were presented in Fig. 3I.

Detect fluorescently labeled uEV singlets
The next step is to distinguish single-positive and double-

positive uEVs. The cutoff fluorescent intensity of APC −/+ was
established by staining samples with CD63-Alexa488 and iso-
type (IgG1)-APC. Based on the APC threshold, we set up the
green gate in Supplementary Fig. S6B to include the Alexa488-
single-positive uEVs. Likewise, the Alexa488 −/+ cutoff value
was set by staining urine with IgG1-Alxea488 and CD63-APC
and then obtaining the red gate in Supplementary Fig. S6C for
APC-single-positive uEVs. By doing so, spillover between Ch02
and Ch05 was compensated. Alexa488 −/+ threshold intensity
was 22 MESF-Alexa488, and the APC one was 1463 MESF-
APC. After combining them, double-positive uEVs were sepa-
rated from other populations and gated in the blue region in
Supplementary Fig. S6D. These thresholds were established
based on multiple urine samples without gating differences
observed, indicating that these gates can be repeatedly applied.

Here, we summarized the logic of the whole IFCM gating
strategy (Fig. 4). After excluding A-F particles, the analysis of
double-CD63-stained HC urine samples demonstrated three
uEV populations as the final readout: CD63-Alexa488 single-
positive, CD63-APC single-positive, and double-positive uEV
singlets.

Verification of gating strategy and uEV presence

Background analysis
Without performing any wash steps, it was essential to

verify the presence of CD63+ uEVs by showing the background
of our protocol.

First, detergent treatment was used to check if the readouts of
IFCM represent biological membrane structures. Before deter-
gent treatment, for all HC urine samples (double-CD63-stained),

Image of Fig. 2


Fig. 3. Distinguish non-A-F particles/uEVs from A-F particles in the stained urine using IFCM. No compensation in A-C, E, F. Based on fDPBS (A), the gates
“Negative Particles” and “Positive Particles” were established and applied to present A-F particles in the unprocessed urine (B). (C) A-F particles and positive
uEVs could not be distinguished in urine with double-CD63 staining. (D) Methods for removing A-F particles in unprocessed urine (n = 5). “Original urine”:
unstained urine without any treatments. Compared to the control, the “Lower laser power” group used a quarter of the laser voltage of Ch02 and Ch05;
“Detergent treatment” was incubated with 2.0 % TritonX-100 at room temperature for 30 min; “Centrifugation” was centrifuged at 10,000 g for 10 min and
removed the pellet. **p < 0.01; *p < 0.05; ns, no significance. (E) The absence of A-F particles in the urine supernatant after centrifugation (10,000 g 10 min).
(F) Centrifuged urine was CD63-stained to present the distribution of non-A-F particles (uEVs). (G) A compensation matrix was applied in (F) to eliminate
spillovers between Ch02 and Ch03, and the gate “Non-A-F Particles”was set up. (H) The compensation matrix and the gate “Non-A-F Particles”were applied to
the CD63-stained urine (no centrifugation). (I) Typical images of positive uEVs and A-F particles in double-CD63-stained urine.
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we found that the majority of readouts were “++” particles, 3.8 ±
1.3 × 107 objects/mL (Fig. 5A). After detergent treatment, “++”
events decreased to 4.8 ± 2.7 × 105 objects/mL, representing a
98.5 ± 0.9 % decrease compared to no detergent (p = 0.0034). As
for the single-positive particles in the stained urine, 3.2 ± 2.5 ×
106 objects/mL of events were “CD63-Alexa488+” (Fig. 5B),
and 5.8 ± 0.6 × 105 objects/mL of events were “CD63-APC+”
(Fig. 5C). After detergent treatment, the concentration of the
single “CD63-Alexa488+” events and the “CD63-APC+” events
was reduced by 91.3 ± 6.7 % and 77.9 ± 30.1 %, respectively
(Fig. 5B & C).

Next to detergent treatment, the double-positive concentra-
tions in other controls were summarized in Fig. 5A. Compared
with unstained, isotype-stained, and double-stained plus de-
tergent-treated urine, the average uEV-to-background concen-
tration ratio for the double-positive region in double-stained
urine is 3102.2-fold, indicating a convincing presence of
CD63+ uEVs in the minimally processed urine. Compared to

Image of Fig. 3


Fig. 4. The final IFCM gating strategy directly identifying CD63+ uEVs in the double-CD63-stained urine. Each gate's name presents the counts and percentage
of gated events (Counts; %Gated).

Fig. 5. Verification of the backgrounds and presence of CD63+ uEVs in IFCM. Concentrations of uEVs included in the double-positive gate (++; A), CD63-
Alexa488 single-positive gate (B), and CD63-APC single-positive gate (C) negative controls compared with the double-stained healthy urine samples (n = 5).
“CD63”: staining samples with CD63-Alexa488 and CD63-APC; “Isotype” labeling urine with IgG1-Alexa488 and IgG1-APC; “+T”: urine incubated with
0.5 % (v/v) TritonX-100 at room temperature for 30 min. “ns”: no significance; **p < 0.01.
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Image of Fig. 4
Image of Fig. 5
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urine with other treatments, the average uEV-to-background
ratios of Alexa488 single-positive and APC single-positive
events in the double-stained urine were 10.9-fold and 26.6-fold,
respectively (Fig. 5B & C).

Double-positive particles are the majority of CD63+ uEVs
and showed the highest uEV-to-background ratio, so they were
selected to represent CD63+ uEVs in the subsequent analysis.

Serial dilutions confirm the single-particle analysis
Serial dilutions were performed to verify the detection of

single uEVs and the selection of singlets in the IFCM gating
strategy.33 We serially diluted HC urine samples 3- and 9-fold
in fDPBS and observed a linear decrease in CD63+ uEV con-
centration (R2 = 0.9992; Fig. 6A). This decrease corresponded
with the dilution factor, indicating that CD63+ uEVs were
single particles.33 Moreover, diluted samples maintained con-
sistent MESF-Alexa488 and MESF-APC signals of the CD63+
uEVs (Fig. 6B & C). These findings confirmed that our gating
strategy correctly identifies and selects single uEVs.

Application and development of the isolation-free protocol for
patient's uEV

Our protocol has been developed using HC urine samples
and showed good inter- and intra-reproducibility in long-
term and repeated measurement for clinical applications (CV <
6.1 %; Supplementary Fig. S7). However, the patient's urine dif-
fers from healthy conditions, including higher pH and increased
urinary protein levels (Supplementary Table S1). We found that
normalizing urinary pH by the commonly used dilution with
fDPBS did not alter the detection of uEV numbers (Supplemen-
tary Fig. S8). Tamm-Horsfall protein (THP) is the most abundant
urinary protein, likely polymerizing and entrapping uEVs, and
THP level rises significantly during kidney dysfunctions.15,16,34

In election microscopy, unlike most single/free uEVs ob-
served in healthy urine (Supplementary Fig. S2A & B), in the
KTR urine, many uEVs are enclosed in aggregate- or filament-
Fig. 6. Verification of uEV singlets in the serially diluted urine. (A) Serial dilu
showing the linear regression on the mean values of CD63+ uEV concentration. R
and MESF-APC of CD63+ uEV. “ns”: no significance.
like structures (Fig. 7A, large-area pictures in Supplementary
Fig. S2C & S2D). These aggregates/filaments might be associ-
ated with higher urinary total protein in KTR urine compared
with HC urine (p = 0.0050; Fig. 7B). Using ELISA, KTR urine
also showed significantly elevated urinary THP compared with
HC urine (p = 0.0197; Fig. 7C).

Dithiothreitol (DTT, 200 mg/mL) is a general reagent
reducing THP polymerization,16,35 though excess DTT also
breaks the disulfide bond in other molecules, such as present
on antibodies.36 The final concentration of DTT should be
carefully considered because there are no washing steps in our
protocol. Due to the small sample volume (500 μL) used for
each test, reducing the volume of DTT makes it hard to re-
suspend the urine pellet, so the concentration of DTT was
lowered. Here we used 25 mg/mL and 200 mg/mL DTT to
examine the effect of DTT on uEV detection using IFCM.

Compared to the non-DTT group, 25 mg/mL of DTT did not
affect CD63+ uEVs concentration in HC urine samples, whereas
200 mg/mL of DTT caused a 9.5 ± 5.2 % decline of detected
uEV amounts (p = 0.0431; Fig. 7D). In KTR urine, 25 mg/mL
DTT elevated 12.4 ± 10.4 % in CD63+ uEV concentration
compared to the non-DTT usage (p = 0.0367; Fig. 7D). How-
ever, 200 mg/mL DTT showed a 13.83 ± 3.7 % decrease in uEV
numbers compared to the non-DTT group (p = 0.0109; Fig. 7D)
in KTR urine. Hence, 25 mg/mL of DTT was used in our
developed protocol for applications in patient urine with high
levels of THP.

Discussion

We successfully characterized and phenotyped single uEVs
in healthy and KTR urine without prior isolation using IFCM in
this study.

Our protocol is based on the absolute sizing of EVs with
the Mie Theory to realize cross-platform reproducibility.23,29,37

Conversion of SSC signals into particle size has been demon-
strated for our instrument to selectively analyze plasma-derived
tions were performed on the double-stained healthy urine samples (n = 5),
2: coefficient of regression. (B, C) Dilution effects on the MESF-Alexa488

Image of Fig. 6


Fig. 7. DTT usage in the IFCM protocol. (A) uEVs in the KTR urine samples measured by TEM. White arrows denoted uEVs. (B, C) The total protein
concentrations and THP of HC urine samples (n = 5) and KTR samples (n = 5). **p < 0.01; *p < 0.05. (D) DTT effects on CD63+ uEV numbers in the HC (n =
5) and KTR urine (n = 5). “ns”: no significance; *p < 0.05.
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EVs ≤400 nm.23 Here, we expanded the analysis range to
investigate uEVs ≤1200 nm because larger uEVs might also
be meaningful as a biomarker. Podocytes can release uEVs
(≥400 nm) containing abundant RNA and protein markers,
serving as an indicator of kidney injury.14,38 In addition to size,
EV shape or membrane orientation might also be of interest, but
EV signals with IFCM are indicated with only a few pixels.
Therefore other uEV morphology information, such as shape, is
challenging to be explored.

This most significant novelty and improvement is the
exclusion of urinary A-F particles from uEVs in minimally
processed urine. The presence of autofluorescence/A-F particles
is a natural property of urine.14,39 A-F particles presented similar
fluorescent characteristics in all the urine samples (HC or KTR).
Those particles can be substantially excluded from uEVs with
the same gate and compensation matrix (Supplementary Fig. S5),
indicating possibly no necessity to adjust the gate or compen-
sation matrix when measuring different urine samples. Follow-
ing published FCM research,13,14 we also found that A-F
particles in all urine samples showed fluorescence with emission
wavelengths 505–595 nm and 642–745 nm. The broad emission
wavelength range indicates that A-F particles hinder specific
fluorescent EV detection using many typical fluorophores, such
as Alexa488, fluorescein isothiocyanate (FITC), PE, Alexa647,
and APC. This problem might be avoided by using fluorophores
with other emission wavelengths, such as near-infrared ones.40

Compared to uEVs, A-F particles might be larger/denser
because A-F particles were removed by moderate-speed centri-
fugation while uEVs were maintained. Large uEVs are co-
isolated with A-F particles in the low-centrifugation pellet.14

Luca et al. tried a masking strategy to delimit A-F in particular
channels but observed that 30–40 % of “positive uEVs” re-
mained after detergent lysis.14 We found that detergent treatment
could not entirely remove A-F particles (Fig. 3B), suggesting a

Image of Fig. 7


Fig. 8. Schematic summary of the isolation-free protocol measuring uEVs by IFCM.
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non-EV structure. We assume A-F particles likely remained in
their readouts after their mask strategy. Droste et al. processed
urine with a 200 nm filter and did not observe A-F particles using
IFCM, but they detected about 104 objects/mL CD63+ uEVs.24

In contrast, in our protocol without filtration, we found around
107 objects/mL of CD63+ uEVs. These findings suggest not
using filtration or centrifugation when aiming to investigate the
full (detectable) spectrum of uEVs.

We chose two CD63 antibodies to demonstrate our meth-
odology. Researchers can easily replace the labeling for de-
tecting other markers but should be cautious in the antibody
selection. The single staining with CD63-Alexa488 detected
around a 5-fold uEV concentration compared to CD63-APC
(Compare Supplementary Fig. S5B with S5C). This finding
might be attributed to the fluorophore to protein (F/P) ratio of
CD63-Alexa488 (5.20) being much higher than CD63-APC
(1.22). A Higher F/P value means brighter fluorescence of each
antibody-epitope complex and hence higher sensitivity in the
EV detection by FCM.41

In this study, we developed our protocol for application in
patient samples. During kidney injury, the kidney excretes
more THP than in healthy conditions,34 leading to more
entrapment of uEVs.15 In the patient samples, we found the
recovery of uEVs using DTT (10 %) is not as significant as
previous reports (20 %),16,42 which might result from a lower
concentration of DTT (25 mg/mL) we used than previous studies
(200 mg/mL), because considering the detrimental effects of
DTT on antibodies.36,43

The limitation of this study is the absence of other quantita-
tive techniques available to compare our IFCM results. However,
we do see a correlation between TR-FIA and IFCM (Supple-
mentary Fig. S9A). TR-FIA, independent of isolation, revealed
that uEV concentration, not the epitope density on single uEVs,
might determine the total uEV protein numbers. Our study
met all the requirements of accurate IFCM measurement in the
MISEV2018 guideline and MIFlowCyt-EV framework.1,33 As a
method paper, we demonstrate that IFCM is a feasible tool to
quantitate and characterize uEVs without bias-concomitant iso-
lation. With our protocol (Fig. 8), uEV researchers can measure
targeted subpopulations of uEVs from 500 μL of urine by simply
changing the antibody to other markers. More patient urine
samples should be enrolled to make the results more robust for
clinical application.

Most EV studies relying on isolation used disunited isolation
methods, which results in non-comparable data among them.
Promoting standardized and isolation-free detection equals

Image of Fig. 8
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diminishing the research heterogeneity and integrating the data
from single-center clinical studies. In conclusion, IFCM provides
insight into the differences between single uEVs, A-F particles,
and uEV multiplets, allowing for characterizing single uEVs
without purification.
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