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Abstract

Extracellular vesicles (EVs) and their cargo constitute novel biomarkers. EV sub-
populations have been defined not only by abundant tetraspanins (e.g., CD9, CD63
and CD8l) but also by specific markers derived from their source cells. However, it
remains a challenge to robustly isolate and characterize EV subpopulations. Here, we
combined affinity isolation with super-resolution imaging to comprehensively assess
EV subpopulations from human plasma. Our Single Extracellular VEsicle Nanoscopy
(SEVEN) assay successfully quantified the number of affinity-isolated EVs, their size,
shape, molecular tetraspanin content, and heterogeneity. The number of detected
tetraspanin-enriched EVs positively correlated with sample dilution in a 64-fold
range (for SEC-enriched plasma) and a 50-fold range (for crude plasma). Importantly,
SEVEN robustly detected EV's from as little as ~0.1 uL of crude plasma. We further
characterized the size, shape and molecular tetraspanin content (with corresponding
heterogeneities) for CD9-, CD63- and CD81-enriched EV subpopulations. Finally, we
assessed EVs from the plasma of four pancreatic ductal adenocarcinoma patients with
resectable disease. Compared to healthy plasma, CD9-enriched EVs from patients
were smaller while IGFIR-enriched EV's from patients were larger, rounder and con-
tained more tetraspanin molecules, suggestive of a unique pancreatic cancer-enriched
EV subpopulation. This study provides the method validation and demonstrates that
SEVEN could be advanced into a platform for characterizing both disease-associated
and organ-associated EV subpopulations.

KEYWORDS
extracellular vesicles (EVs), nanoscopy, pancreatic ductal adenocarcinoma (PDAC), quantitative single
molecule localization microscopy (QSMLM), SEVEN, single EV analysis

Every cell releases membrane-encapsulated particles known as extracellular vesicles (EVs) that may mediate intercellular com-
munication through their cargo: nucleic acids, metabolites, lipids and proteins (Yafiez-Mo et al., 2015). These cargoes, which are
derived from the source cells of EVs (Colombo et al., 2014; Kowal et al., 2016; Ratajczak et al., 2006), may reflect tissue or disease-
specific phenotypes. For example, when cells undergo phenotypic changes, EVs reflect alterations in homeostasis and can rapidly
report on the disease status (Bei et al., 2017; Cherbonneau et al., 2022). EVs thus have become enticing sources of biomarkers
for a wide array of diseases. However, a primary source for sampling patient EVs—easily accessed biofluids—contains a complex
mixture of EVs released from cells across the entire body. Not only do these EVs encompass diverse biophysical characteristics,
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but also, they comprise a broad range of sizes (~30 nm-10 um) (Di Vizio et al., 2009; Doyle & Wang, 2019; Willms et al., 2018).
Moreover, biofluids harbour merely a small fraction of EVs derived from cells that underwent phenotypic changes. The ability to
rigorously isolate and characterize EV subpopulations with high sensitivity remains an urgent, unmet need for advancing them
as robust sources of biomarkers.

The heterogeneity of EVs within patient samples, when juxtaposed with the need to study specific EV subpopulations, has
prompted a broad range of approaches for their isolation. Conventional methods to isolate EVs can group them into fractions
based on their size, charge and/or density (Doyle & Wang, 2019; Willms et al., 2018; Yanez-M¢ et al., 2015). Further selectivity can
be achieved by targeting specific biomolecules located on EV membranes. For example, most EVs contain common tetraspanins
such as CD9, CD63 and CD8]; selective antibodies against these tetraspanins can be used to affinity isolate a wide range of
EVs. Moreover, EVs carry specific membrane proteins derived from their source cells (Kowal et al., 2016). These proteins can be
enriched in certain tissue types or diseases and used as handles to select for specific EV subpopulations. Selectivity is especially
relevant for diagnostic applications; assessing cargo from tissue-specific EVs may improve their capacity to serve as biomarkers.

To provide an efficient strategy for assessing specific EV subpopulations, here we developed a new approach called Single
Extracellular VEsicle Nanoscopy (SEVEN). SEVEN combines affinity isolation with a super-resolution fluorescence microscopy
method called quantitative single molecule localization microscopy (QSMLM). gSMLM can achieve single-molecule sensitivity,
nanoscale resolution and robust molecular counting (Golfetto et al., 2018; Khater et al., 2020; Lelek et al., 2021). It has been used
to define EV size (Gebara et al., 2022; Lennon et al., 2019, 2022; Mondal et al., 2019; Nizamudeen et al., 2018; Sharma et al., 2020;
Zong et al,, 2018) and localize EV cargo (Lennon et al., 2019, 2022; Maire et al., 2021; Oleksiuk et al., 2015; Silva et al., 2021).
Importantly, compared to other techniques for single EV characterization, qSSMLM has superior sensitivity (Silva et al., 2021).
This property is essential for detecting low-abundant EV subpopulations (e.g., those derived from early-stage tumours). Here
we applied SEVEN to assess EVs isolated from the plasma of healthy subjects and patients with resectable pancreatic ductal
adenocarcinoma (PDAC).

PDAC has increasing incidence and it is projected to become the second leading cause of cancer-related death by 2030 (Rahib
et al,, 2014). Because symptoms of PDAC are often nonspecific (Li et al., 2004; Von Hoff et al., 2013), only 10%-20% of patients
present with resectable disease (PDAC resection is the only potentially curative treatment option). Current diagnostic tests do
not improve long-term survival (Al-Sukhni et al., 2012; Kim et al., 2011). To improve patient outcomes, advances in treatment
(Conroy et al., 2011; Von Hoff et al.,, 2013) need to be accompanied by new diagnostic approaches that have high sensitivity to
detect early-stage tumours. Compared to other particles secreted from cancer cells (Ferguson et al., 2022), EVs have three main
advantages: (1) they are secreted in high amounts (King et al., 2012; Lee et al., 2011); (2) the release of exosomes and microvesicles
does not depend on cell death; (3) a recent meta-data study suggests that among liquid biopsy strategies, EVs have the highest
specificity and sensitivity for PDAC detection (Zhu et al., 2020). Since PDAC-associated EVs are present in very low amounts in
early disease stages (~0.01% of EVs may have disease markers) (Ferguson, Yang, & Weissleder, 2022; Ferguson, Yang, Zelga et al.,
2022), new sensitive single EV assays that can detect PDAC-associated EVs from plasma are needed. Previously, we evaluated
PDAC-associated EVs in advanced PDAC (Lennon et al., 2019). In a pilot study, here we used our sensitive SEVEN assay to assess
EVs from four PDAC patients with the resectable disease and detected a pancreatic cancer-enriched EV subpopulation.

2 | MATERIALS AND METHODS
2.1 | Affinity reagents

The following antibodies (Abs) were used in the experiments of this study: anti-CD9 (BioLegend, Cat# 312102; San Diego, CA,
USA), anti-CD63 (Novus Biologicals, Cat# NBP2-42225; Centennial, CO, USA), anti-CD81 (BioLegend, Cat# 349502), anti-
IGFIR (ganitumab, a kind gift from Dr. J.C. Williams), anti-cytochrome C (BD Biosciences, Cat# 556432; Franklin Lakes, NJ,
USA), anti-syntenin (Abcam, Cat# abl19903; Waltham, MA, USA) and anti-ApoAl (Abcam, Cat# ab52945) Abs, as well as goat
anti-rabbit (anti-rabbit IgG; Invitrogen, Cat# A16112; Waltham, MA, USA), IRDye 800CW goat anti-mouse (Li-Cor Biotechnol-
ogy, Cat# 926-32210; Lincoln, NE, USA) and IRDye 680RD goat anti-rabbit (Li-Cor Biotechnology, Cat# 926-68071) secondary
Abs. For ExoView experiments, fluorescently labelled anti-CD9-CF488A, anti-CD63-CF647 and anti-CD81-CF555 Abs from
the manufacturer’s kit were used (details below). Human lactadherin (MFG-ES8), aa Leu24-Cys387 (contains both CI and C2
domains) was purchased from Novus Biologicals (Cat# 2767-MF-050).

2.2 | Antibody conjugation with fluorophore
Anti-CD9, anti-CD63 and anti-CD81 Abs were conjugated with Alexa Fluor 647 N-hydroxysuccinimide (NHS) ester dye (AF647;

Invitrogen, Cat# A20006) using previously reported protocol (Tobin et al., 2018). The degree of labelling was assessed by
spectrophotometry using a NanoDrop 1000 instrument (Thermo Fisher Scientific). Typical degree of labelling was 1.0-1.5.
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2.3 | Human plasma samples and patient cohort

Two types of human plasma samples were used in this study. The pooled human plasma was used as healthy control. Pooled
human plasma (blood derived) was obtained from Innovative Research (Cat# IPLAWBK2E50ML, LOT# 34553; Novi, MI, USA).
According to the protocol of Innovative Research, whole blood was collected from donors in an FDA-approved collection centre
by the manufacturer. The blood was collected in K2 ethylenediaminetetraacetic acid (EDTA) containing dry blood collection
bag, and it was span at 5000 X g for 15 min in a refrigerated centrifuge. Plasma was isolated with a plasma extractor, frozen and
shipped on dry ice. Upon receipt, the plasma was stored at -80°C. The plasma from four PDAC patients (P1-P4) included in this
study was collected under the Institutional Review Board (IRB) number 06129 (City of Hope Comprehensive Cancer Center)
after informed consent was obtained from each subject. Blood from PDAC patients was collected in EDTA-containing lavender
top blood collection tubes and was kept on ice until processed (typically within 1 h or less). The blood was transferred into a
15-mL conical tube and centrifuged at 1200 X g for 15 min at room temperature (RT). The plasma fraction was carefully transferred
to a 15-mL conical tube and aliquoted into cryovials. The vials were immediately frozen and stored at —80°C. The experimental
team involved in this study was blinded to patient characteristics and was unblinded after all data collection and analysis were
completed.

2.4 | Size exclusion chromatography (SEC) enrichment of EVs from plasma

EVs from pooled human plasma or PDAC patient plasma were enriched using Izon qEVoriginal Legacy 70 nm size exclusion
chromatography (SEC) columns (Izon Science, Cat# SP1; Portland, OR, USA). Following column equilibration with phosphate-
buffered saline (PBS), 400 uL of plasma sample was loaded onto the column and 13 X 500 uL fractions (F) were collected (F1-F13)
following the collection of the 3 mL void volume (VV). For further experiments, combined fractions F1-F5 were used.

2.5 | Negative staining transmission electron microscopy (TEM)

A 4 uL of undiluted EV sample (SEC-enriched EV's from human pooled plasma and PDAC patient plasma) or 1:2 diluted recom-
binant EV reference material, rEVs (Millipore Sigma, Cat# SAE0193-1VL; Burlington, MA, USA) (Geeurickx et al.,, 2019) was
adsorbed onto glow discharged, carbon-coated 200 mesh electron microscopy grids for 5 min. The grids were then sequentially
washed in deionized (DI) water three times for 30 s and were contrasted with 1% (w/v) uranyl acetate solution three times for 10 s.
Transmission electron microscopy (TEM) images were acquired on an FEI Tecnai 12 transmission electron microscope (Thermo
Fisher Scientific) at an acceleration voltage of 120 kV using LaBg filament. The images were captured with a Gatan 2k X 2k CCD
camera (Gatan; Pleasanton, CA, USA). The 4 X 4 m 8-bit TEM images were converted into 16-bit images in ImageJ (National
Institutes of Health, version 1.53t) and analysed using the TEM ExosomeAnalyzer software (version Aug 13, 2018) (Kotrbova
et al., 2019), where individual EVs were outlined using the manual editing tool. The diameter and roundness of detected EV's
were determined by the automatic analysis module, and EVs within the size range of 30-400 nm were considered. Samples from
three independent repeats were analysed (in total 928 EV's were detected).

2.6 | Nanoparticle tracking analysis (NTA)

The EV concentration and size distribution of rEVs and SEC-enriched pooled human plasma samples were determined by
nanoparticle tracking analysis (NTA) using an NS300 Nanosight instrument (Malvern Panalytical; Malvern, UK). The sam-
ples were injected into the sample chamber with a sterile syringe until the liquid reached the tip of the nozzle. All measurements
were performed at RT. The samples for SEC-enriched pooled human plasma EV's were diluted 1:10 in 1 mL PBS, the samples for
rEVs were diluted 1:200 in 1 mL PBS. Using default settings, three measurements were completed, each including a 60-s movie
captured at 30 frames per second with manual shutter and gain adjustments. For statistical analysis of the NTA-determined size
in Figure 1, only rEVs detected in the 30-400 nm size range were considered.

2.7 | Microfluidic resistive pulse sensing (MRPS)
Microfluidic resistive pulse sensing (MRPS) measurements were performed using a Spectradyne nCS1 with hardware version

2.5.0.325 (Spectradyne; Signal Hill CA, USA). The microfluidic system was primed with a solution of 0.1% (v/v) Tween-20 in
PBS (PBS-T 0.1%). Instrument parameters were automatically determined by the device, including pressure at each cartridge
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port and voltage at each bias electrode. We filtered our diluent with syringe filters of 0.02 ym (Whatman® Anotop® 10) to avoid
false-positive counts. Particle size distributions were determined using TS-400 cartridges (65 to 400 nm). Samples were diluted
1:100 in PBS-T 0.1%. For each measurement, 7 uL of diluted sample was applied to the cartridge. All experiments consisted of
continuous acquisitions until the standard error reached <2%, and experiments were repeated in triplicate. Upon completion of
a measurement, the data were combined, and the nCS1 Data Viewer was used to apply peak filters and background subtraction
as directed by the manufacturer (version 2.5.0.325).

2.8 | Dot blots

We ran standard antibody dot blots and protein stain dot blots to assess the EV marker content and purity of the SEC-enriched
pooled human plasma samples. The antibody dot blots on SEC-enriched pooled human plasma were performed according to
the standard protocol of Li-Cor Biotechnology as reported previously (Lennon et al., 2022). The following primary antibodies
were used: anti-CD9 at 1:500, anti-CD63 at 1:500, anti-CD8]1 at 1:500, anti-syntenin at 1:1000, anti-cytochrome C at 1:1000 and
anti-ApoAl at 1:1000 dilution. All the prepared blots were imaged using an Odyssey DLx system (Li-Cor Biotechnology). Protein
stain dot blots were performed using SYPRO Ruby Protein Blot Stain (Thermo Fisher Scientific, Cat# S11791) according to the
manufacturer’s protocol.

2.9 | SEVEN assay

Coverslip functionalization and Ab immobilization. 25-mm diameter #1.5H glass coverslips (Thermo Fischer Scientific, Cat#
NC9560650; Waltham, MA, USA) were cleaned as previously described (Golfetto et al., 2018; Tobin et al., 2018) and coated with
MCP4 solution (Lucidant Polymers, Cat# MCP4-KIT; Sunnyvale, CA, USA). A 0.5 uL of affinity reagent solution containing
1% glycerol was pipetted on the centre of each coverslip. Anti-IGFIR Ab was spotted at 1 mg/mL; a mixture of anti-CD9, anti-
CD63, anti-CD81 Abs (anti-TSPAN Abs) was spotted at a final concentration of 0.17 mg/mL per Ab; lactadherin was spotted
at 0.5 mg/mL, and all other Abs (anti-CD9, anti-CD63, anti-CD8l, anti-rabbit IgG and anti-cytochrome C) were spotted at
0.5 mg/mL. Immediately after spotting, each coverslip was incubated for 4 h at RT in a humidity-controlled dish. Following
incubation, the surfaces were washed and incubated in 1 mL Block-On blocking solution (Lucidant Polymers, Cat# 2X-BLK1) on
an orbital shaker for 30 min at RT to cap unreacted sites. The coverslips were washed with a blocking buffer (BB) consisting of
2% (w/v) BSA and 0.025% (v/v) Tween-20 in PBS (PBS-T) followed by 0.025% (v/v) PBS-T.

EV capture and staining. EV samples were incubated onto coverslips overnight at RT on a rocking shaker and thor-
oughly washed with 0.025% (v/v) Tween-20 in PBS. EVs were stained with anti-TSPAN Abs-AF647 fluorescent probe solution
(10 nM anti-CD9 Ab-AF647, 10 nM anti-CD63 Ab-AF647 and 10 nM anti-CD81 Ab-AF647 in 2% (w/v) BSA and 0.025% (v/v)
Tween-20 in PBS). After washing, samples were fixed with 4% (w/v) paraformaldehyde (Electron Microscopy Sciences, Cat#
157-8; Hatfield, PA, USA) and 0.2% (w/v) glutaraldehyde (Electron Microscopy Sciences, Cat# 16019), quenched with 25 mM
glycine in PBS, and rinsed with PBS, see Supplemental Methods for details. For two-colour imaging, available cysteines on EV
membranes of SEC-enriched EVs from pooled human plasma were first labelled as described before (Lennon et al., 2022) using
10 nmol of CF568-maleimide (Thermo Fisher Scientific, Cat# 50-196-4845). Following the removal of excess dye with gEVsingle
Legacy 70 nm SEC column (Izon Science, Cat# SP2), 150 uL of isolated EVs in 0.025% (v/v) PBS-T were processed as described
above.

Imaging and analysis. In SMLM, tetraspanins were detected with AF647-labelled anti-TSPAN Abs. Before they photobleach,
these fluorescent reporters alternate between dark and fluorescent states (turn ‘off’ and ‘on’) (Annibale et al., 2011; Lee et al,,
2012), allowing the detection of a subset of non-overlapping localizations in each frame. 25,000 frames are combined to produce
a localization map. These maps are analysed (using Voronoi tessellation, see below) to detect EVs. To enable proper molecular
counting, we determined photophysical properties of the fluorescent probes. In particular, we quantified the average number
of localizations per individual fluorescent probe and maximum dark time using surface assay for molecular isolation (SAMI)
(Golfetto et al., 2018). Here, the MCP4-coated surfaces were incubated with a mixture of 1 nM anti-CD9 Ab-AF647, 1 nM anti-
CD63 Ab-AF647 and 1 nM anti-CD81 Ab-AF647 for 2 h. The surfaces were then washed and blocked (Coverslip Functionalization
section). After PBS wash, surfaces were imaged. Analysis was done as previously described (Golfetto et al., 2018). We divide the
number of detected localizations by the average number of localizations for a single fluorescent reporter (as determined by SAMI)
to obtain the detected number of molecules.

The prepared surfaces were loaded into Attofluor cell chambers (Thermo Fisher Scientific, Cat# A7816) and were imaged by
direct stochastic optical reconstruction microscopy (ASTORM). The surfaces were imaged in dSTORM imaging buffer (Dempsey
et al., 2011). The images were acquired using a 3D N-STORM super-resolution microscope (Nikon Instruments; Melville, NY,
USA) equipped with previously described components (Lennon et al., 2022). The 640 nm laser power used for excitation was
119.5 mW recorded out of the optical fibre. For each image, 25,000 frames were acquired at 10 ms exposure time on a region of
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interest (ROI) of 41 X 41 um (256 X 256 pixel). For two-colour imaging, sequential 640 and 561 nm acquisitions were collected
as previously reported (Lennon et al., 2022) (25,000 frames and 10 ms exposure time in each channel, using 119.5 mW power in
the 640 nm channel and 108.1 mW power in the 561 nm channel). The image acquisition was performed using the NIS-Elements
software (Nikon Instruments, version 5.21.01 and 5.41.0) and peak localization was performed using the N-STORM Offline Anal-
ysis Module of the NIS-Elements software (version 5.21.01). The raw SMLM images were analysed in MATLAB (version R2022a;
MathWorks; Natick, MA, USA) using custom code (Andronov et al., 2016; Lennon et al., 2019, 2022) (see details used for Voronoi
tessellation in Supplemental Methods). Localization precision was estimated using the coordinate-based localization precision
estimator (CBLPE) (Endesfelder et al., 2014) program in Python (version 2.7.18; Python Software Foundation; Wilmington, DE,
USA) and Nikon’s NIS-Elements software. Total internal reflection fluorescence (TIRF) imaging was performed with 488 nm
laser with an exposure time of 30 ms and 1.6 mW excitation power recorded out of the optical fibre.

The characterization and analysis of rEV's by Extracellular Vesicle Spatial Clustering of Applications with Noise (EVSCAN) was
performed in batches across multiple datasets using the Nanometrix software (version 1.0.4.61) developed by Nanometrix Ltd,
Oxford, UK (https://nanometrix.bio). A search radius of 40 nm (distance to search for neighbouring points around each point)
with 20 minimum points (number of neighbouring points including itself to define the current point as part of a dense cluster or
not) and an EV factor of 0.1 (threshold value to include a localization as part of an EV cluster based on the cluster’s localization
density profile) were used for the analysis. The EVSCAN algorithm, developed by Nanometrix, is a variation of the density-based
spatial clustering of applications (DBSCAN) algorithm designed to improve the clustering quality for EV localization data, by
profiling each cluster for its density and removing low-density points within each cluster. Clusters with a minimum and maximum
localization of 55 and 2800 and a minimum and maximum diameter of 30 and 400 nm, respectively, were identified as EVs. Two-
colour (640 and 561 nm channel) data were aligned in Nanometrix software using the Uniform Dual Channel Alignment tool (the
program iteratively finds colocalized EV clusters, measures the average distance and direction of overlapping cluster centroids,
and adjusts one channel accordingly until the results converge), and the aligned data were analysed in Nanometrix using a search
radius of 10 nm with 20 minimum points. Double-positive EVs were defined as two overlapping clusters of localizations from
different channels, with a minimum and maximum number of localizations of 55 and 2800 detected in the 640 nm channel as
well as minimum number of localizations of 55 per EV detected in the 561 nm channel. In both channels, clusters detected within
a diameter range of 30-400 nm were considered as EVs. EV centroids in both the 640 and 561 nm channels were identified and
the Euclidean distance between these centroids was subsequently calculated.

2.10 | EV characterization by the ExoView system

The size distribution and tetraspanin content of 1:200 diluted crude pooled human plasma and PDAC patient plasma samples
(50 uL) were analysed using an ExoView R100 system (NanoView Biosciences; using the ExoView Scanner 3.1.4 software), and
either ExoView Human Tetraspanin Plasma Kit (NanoView Biosciences, Cat# EV-TETRA-P) or Leprechaun Exosome Human
Plasma Kit (Unchained Labs, Cat# 251-1045; Pleasanton, CA, USA) were used by following the manufacturer’s standard protocol.
The chips were scanned in ExoView R100 both in the interferometric microscopy (IM) and in the fluorescence channels (with
excitation wavelengths of 480, 555 and 640 nm). The collected data were analysed using the ExoView Analyzer 3.2 software
(NanoView Biosciences). The EV counts per spot data were normalized to a spot size of 150 um diameter due to size differences
between spots.

2.11 | Statistical information and graphics

Mean, standard error of the mean (SEM) and coeflicient of variation (CV) values were determined using GraphPad Prism (version
9.5.1; GraphPad; San Diego, CA, USA), Excel (version 2209; Microsoft; Redmond, WA, USA) and MATLAB software. Statistical
significance was determined using two-tailed two-sample Student’s ¢-test with unequal variance. Significance levels were deter-
mined based on the resulting p-values and indicated as *p < 0.05, **p < 0.01, ***p < 0.001. Due to the lognormal characteristic
of the distribution of EV diameter, molecular tetraspanin content per EV (TSPAN/EV), and circularity, we applied a logarithmic
transformation on each data set to approach normal distribution. p-values are provided in Supplemental Tables.

The graphs were generated in GraphPad Prism and MATLAB. Colorization of images of dot blots (Figure 2a) was performed
in GIMP (2.10; unmodified versions are provided in Figure S3. All figures were finalized in Adobe Illustrator 2022 (version 26.5.3;
Adobe; San Jose, CA, USA).
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FIGURE 1 Validation of EV size and shape measurements using SEVEN. (a) Scheme of an affinity isolated and fluorescently labelled EV. Anti-TSPAN Abs
(mixture of unlabelled anti-CD?9, anti-CD63 and anti-CD81 Abs) were covalently immobilized on the polymer-coated glass coverslip surface. After affinity
capture, EVs were stained using a mixture of fluorescently labelled anti-TSPAN Abs. (b) Raw SMLM image of TSPAN-enriched EVs in red. (c)
TSPAN-enriched EV's are imaged in SMLM (red, signal from fluorescent anti-TSPAN Abs) and TIRF (green, signal from GFP). (d) Tessellation polygons (blue
lines) are outlining SMLM localization (red dots); EV is outlined in white dashed line using the Voronoi tessellation algorithm described in Methods. (e) TEM
image of EVs. (f) Number of detected EV's per ROI for spot coated with either a mixture of anti-TSPAN Abs or anti-rabbit IgG control. (g) EV diameter
detected with SMLM imaging and tessellation analysis (SMLMr); SMLM imaging and EVSCAN analysis (SMLMg); TEM and segmentation analysis; and
NTA. (h) EV circularity detected with SMLM-, SMLMg and TEM. Box plots indicate interquartile range (box), median (centre line), mean (cross); the hollow
dots (for TEM and SMLM) indicate EV's detected beyond 1.5-times the interquartile range (marked by the Whisker lines under and over the box). Error bars,
SEM; *** indicates p < 0.001. Numerical values and p-values are provided in Tables S1 and S2.

3 | RESULTS

To comprehensively assess individual EVs, we developed Single Extracellular VEsicle Nanoscopy (SEVEN) assay that combines
affinity isolation of EVs with gSMLM. To optimize and validate our approach, we employed commercially available recombinant
EV reference material (rEVs) (Geeurickx et al., 2019). In addition to common luminal and membrane-associated EV mark-
ers (including tetraspanins CD9, CD63 and CD8l), a fraction of these EVs express gag polyprotein fused to enhanced green
fluorescent protein (eGFP) (Geeurickx et al., 2019). We first used SEVEN to assess tetraspanin-enriched rEVs.

Our protocol consists of seven main steps (details are provided in Methods). (1) Because tetraspanins CD9, CD63 and CD81
are typically abundant on EV surfaces, we used a mixture of Alexa Fluor 647 (AF647)-labelled antibodies (Abs) against these
tetraspanins as fluorescent probes for EV staining. To enable efficient molecular counting (Golfetto et al., 2018), we characterized
the photophysical properties of these fluorescent probes (see also Methods, Imaging and Analysis). In Figure SI, we show the
average number of localizations per individual fluorescent probe and maximum dark time for AF647-labelled Abs against CD9,
CD63 and CD81 (we refer to the mixture of these three Abs as anti-TSPAN Abs). (2) Coverslips were coated with a polymer that
has dense NHS groups. Importantly, this polymer had a minimal background in SMLM and provided an excellent non-fouling
surface when capped using blocking solution. (3) Affinity reagents (for rEVs we used unlabelled anti-TSPAN Abs) were covalently
attached to polymer-coated coverslips via NHS chemistry; unreacted NHS groups were capped with blocking solution. (4) EV's
were affinity captured onto coverslips. (5) Aflinity-captured EVs were stained with AF647-labelled anti-TSPAN Abs (scheme in
Figure 1a). (6) EVs were imaged using 2D SMLM. Figure 1b shows a raw SMLM image of rEVs with a clear border (dashed line)
between the spot coated with anti-TSPAN Abs and passivated (non-fouling) coverslip surface. The zoomed in image (Figure 1c)
shows an excellent overlap between SMLM signal in red (AF647-labelled anti-TSPAN Abs that stained rEVs) and total internal
reflection fluorescence (TIRF) microscopy signal in green (eGFP within rEV's). We obtained an excellent signal-to-noise ratio that
enables clear visualization of EVs. (7) Data was analysed using Voronoi tessellation-based algorithm (an example of tessellation
analysis for an EV is shown in Figure 1d). Details of data analysis are provided in the Methods section. The outline of EV (dashed
white line in Figure 1d), indicates a largely circular structure. This is expected from published transmission electron microscopy
(TEM) images of rEV's (Geeurickx et al., 2019) and our TEM images (Figure le).

We evaluated the number of rEVs (the same lot # of rEVs used for TEM) isolated either on anti-TSPAN Abs-coated spot or
control anti-rabbit IgG-coated spot. From 0.33 uL of rEVs, we isolated on average approximately 300 tetraspanin-enriched EVs
in each region of interest (ROI) while a negligible number was isolated on control, IgG-coated spot, Figure 1f and Table S1. The
average localization precision for tetraspanin-enriched EVs was estimated between 7 and 8 nm, Figure S2. We next used TEM
data analysis to validate the EV size. We obtained excellent agreement for rEV sizes determined using SMLM imaging followed by
Voronoi tessellation analysis (SMLMry); SMLM imaging followed by EVSCAN analysis (SMLM, a modified version of DBSCAN,
see Methods for details), and TEM with segmentation analysis. As expected, nanoparticle tracking analysis (NTA) resulted in
slightly larger EV sizes (Figure 1g, Table S1). We also evaluated the shape of rEVs. In particular, circularity or roundness describes
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FIGURE 2  Overview of the isolation and characterization of EVs from pooled human plasma. (a) EVs from the pooled human plasma were enriched
using Izon Legacy 70 nm SEC columns; collected fractions were assessed by dot blots. Tetraspanins (TSPAN) CD9, CD63, and CD8l served as positive markers,
and ApoA as a confounding protein co-isolated with EV's (Figure S3 contains additional dot blots). Fractions F1-F5 were selected for downstream applications.
(b) TEM image of the combined fractions FI-F5 indicates intact EV morphology. (c) Dot blots of the combined fractions F1-F5, assessing the CD9, CD63, CD81
and syntenin content (EV markers); as well as the cytochrome C and ApoA content. (d) Size distribution of the combined fractions F1-F5 acquired using NTA
(mean + SEM, n = 3). The EV concentration was 5.17x10° + 5x107 particle/mL and the average diameter was 120 nm.

how closely a shape of an object approaches that of a perfect circle (1 indicates a perfect circle and 0 represents an increasingly
elongated polygon). Excellent agreement was obtained between SMLM and TEM for the circularity measurements (Figure 1h,
Table S1).

After validation of the method, we evaluated EV's from pooled human plasma. Isolation of EV's using size exclusion chromatog-
raphy (SEC) is fast and has high recovery, good purity and good reproducibility (Boing et al., 2014; Kowal et al., 2016; Stranska
et al., 2018). Thus, we used Izon 70 nm Legacy columns to enrich for EVs from pooled human plasma (scheme in Figure 2a,
top). We assessed fractions for total protein content (Figure S3a). We also evaluated EV markers (CD9, CD63, CD81, syntenin),
confounding protein co-isolated with EVs (ApoA) and cytoplasmic marker typically not associated with EVs (cytochrome C)
(Jong et al., 2017), Figure S3b and Figure 2a, bottom. Based on this data, we selected fractions F1-F5 that had high EV content
and relatively good purity; we combined them for downstream applications. For these SEC-enriched EVs, in line with Mini-
mal Information for Studies of Extracellular Vesicles (MISEV) guidelines (Thery et al., 2018), transmission electron microscopy
(TEM, Figure 2b) was used to confirm the intact EV morphology. Dot blots (Figure 2c) were used to confirm the presence
of canonical EV markers (tetraspanins CD9, CD63, CD81 and luminal EV protein syntenin) and low expression of ApoA and
cytochrome C. NTA (Figure 2d) was used to assess EV concentration and size range.

As with rEVs, we used unlabelled anti-TSPAN Abs to affinity isolate SEC-enriched EV's from pooled human plasma. To out-
line the EV surface well, we used staining with a combination of three Abs against abundant tetraspanins (CD9, CD63 and
CD81) labelled with the same fluorescent dye, AF647. Since the distribution of tetraspanins can be heterogeneous and some
EVs may have distinct tetraspanin domains (McNamara et al., 2022), we first assessed the overlap between staining of EV
membrane (covalent labelling of available cysteines on EV membranes with CF568-maleimide (Lennon et al,, 2022), in yellow,
Figure 3a, left) and staining of tetraspanins on EV membrane (affinity labelling of CD9, CD63 and CD81 using AF647-labelled
anti-TSPAN Abs, in red, Figure 3a, left). For 632 colocalized EVs, centroid shifts (640 channel relative to 561 channel) are shown
in Figure 3a, right. Gaussian distribution of centroid shifts is seen in both x- and y-direction, indicating excellent overlap for
the majority of EVs (e.g., EV shown in Figure 3a, left bottom). On average, we observed 24.8 nm centroid shift (with SEM
of 0.8 nm), consistent with heterogeneous distribution/clustering of tetraspanins in some EVs (e.g., EV shown in Figure 3a,
left top).

We next tested how the number of detected tetraspanin-enriched EVs (isolation and labelling scheme, Figure 1a) in each
imaged ROI correlated with sample concentration. We found a significant positive correlation (R*> = 0.9986) in the 64-fold
dilution range (Figure 3b). Density was optimal for 1:4 diluted EVs (Figure 3b inset) and average localization precision was
estimated at approximately 7 nm (Figure S2); images at all dilutions had excellent signal-to-noise ratio. Next, for 1:4 diluted EV's
(Figure 3c and Table S1), we counted the number of detected CD9-, CD63- and CD8l-enriched EVs. For these experiments, EVs
were isolated on surfaces coated with Abs against only one type of tetraspanin (either CD9, CD63 or CD8l) and stained with
AF647-labelled anti-TSPAN Abs. In agreement with dot blots (Figure 2c), we obtained the highest yield for CD9-enriched EVs.
High levels of CD9-enriched EVs were consistent with a recent report (Karimi et al., 2022) indicating a high number of CD9-
positive EVs in EDTA plasma that was used in our study. Raw SMLM images in Figure 3d show clearly defined EVs. We detected
a negligible number of EVs with four important controls (Figure 3c, right): (1) EVs were incubated onto coverslips coated with
anti-rabbit IgG; (2) EV's were incubated onto coverslips coated with anti-cytochrome C Ab; (3) EV's were lysed with 0.3% Triton
X-100 and incubated onto coverslips coated with anti-TSPAN Abs; (4) EVs were incubated on coverslips coated with the polymer
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FIGURE 3  SEVEN for characterization of SEC-enriched EVs from pooled human plasma. (a) Left, Tetraspanin-enriched EVs were detected using
CF568-maleimide (labels available cysteine residues on the membrane, yellow) and AF647-labelled anti-TSPAN Abs (labels membrane tetraspanins, red).
Right, 2D distribution of relative centroid shifts for two-colour EV's (centroid of the yellow channel is assigned 0,0 position). Full width at half maximum
values for Gaussian fittings of EV counts are shown; n = 3. (b) Number of detected TSPAN-enriched EVs per ROI. The x-axis represents EV concentrations
normalized to the highest applied EV concentration (undiluted SEC-enriched EVs). Mean + SEM; minimum 7 = 4, 20 ROIs; R? = 0.9986. Inset, Raw SMLM
image of TSPAN-enriched EVs. The arrow represents the dilution at which the SMLM image was acquired. (c) Number of detected EV's per ROI in the CD9-,
CD63- and CD8l-enriched EV subpopulations and controls: anti-rabbit IgG and anti-cytochrome C Abs were immobilized onto surfaces; anti-TSPAN Abs
were immobilized onto surfaces and EV's were lysed with Triton X-100; surfaces were not immobilized with Abs. Mean + SEM; n = 4, 20 ROIs. (d) Raw SMLM
images of CD9-, CD63- and CD8l-enriched EVs. (e) 2D histograms and corresponding box plots for CD9-, CD63- and CD8l1-enriched EVs. Each dot
represents a single EV with a corresponding diameter (x-axis) and the number of detected TSPAN molecules (y-axis). Box plots: interquartile range (box),
median (centre line), mean (cross); the hollow dots indicate EVs detected beyond 1.5-times the interquartile range (marked by the Whisker lines under and
over the box). n = 4, 20 ROIs. ** Indicates p < 0.01; *** indicates p < 0.001. Numerical values and p-values are provided in Tables S1 and S2.

that was capped (non-fouling surface, no Ab was attached). Figure S4 shows raw SMLM images for these control surfaces. For all
controls, we detected only a few EVs. To comprehensively characterize individual EVs, we calculated the diameter and the number
of detected TSPAN molecules per EV. In Figure 3e, we show 2D histograms for CD9-, CD63- and CD8l-enriched subpopulations
obtained for four independent repeats. Each dot represents a detected vesicle and provides its diameter (x-axis) and the number
of detected TSPAN molecules (y-axis). For three subpopulations, we calculated mean (cross), median (centre line), interquartile
range (box) and coefficient of variation (CV) for size and number of detected TSPAN molecules; p-values are shown in Table S2.
On average (Figure 3e and Table S1), the EV diameter ranged from 85 nm for CD8l-enriched EVs to 94 nm for CD9-enriched
EVs; the number of detected TSPAN molecules per EV ranged from 21 for CD8l-enriched EVs to 28 for CD9-enriched EVs.
According to CV values (Table S1), CD81-enriched EVs had the smallest while CD9-enriched EV's had the largest heterogeneity
in size and TSPAN content.

While most EVs are round-shaped, there is some morphological heterogeneity (Arraud et al., 2014; Yuana et al., 2013; Zabeo
etal,, 2017), especially in EVs derived from cancer cells (Ryuzaki et al., 2021). Thus, we also assessed the shape of EVs by calculating
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FIGURE 4  SEVEN for characterization of EVs from crude pooled human plasma. (a) Number of detected TSPAN-enriched EV's per ROI The x-axis
represents EV concentrations normalized to the highest applied EV concentration (1:20 dilution of crude plasma). Mean + SEM; 1 = 3, 15 ROIs; R? = 0.9947.
Inset, Raw SMLM image of TSPAN-enriched EVs. The arrow represents the dilution at which the SMLM image was acquired. (b) 2D histograms and
corresponding box plots for TSPAN-enriched EVs from either SEC-enriched or crude plasma samples. Each dot represents a single EV with a corresponding
diameter (x-axis) and the number of detected TSPAN molecules (y-axis). n = 5, 25 ROIs. (c) Number of detected EV's per ROI in the CD9-, CD63- and
CD8l-enriched EV subpopulations and controls: anti-rabbit IgG and anti-cytochrome C Abs were immobilized onto surfaces; anti-TSPAN Abs were
immobilized onto surfaces and EVs were lysed with Triton X-100; surfaces were not immobilized with Abs. Mean + SEM; n = 4, 20 ROIs. (d) Raw SMLM
images of CD9-, CD63- and CD8l-enriched EVs. (e) 2D histograms and corresponding box plots for CD9-, CD63- and CD81-enriched EVs isolated directly
from crude plasma. Each dot represents a single EV with a corresponding diameter (x-axis) and the number of detected TSPAN molecules (y-axis). n = 4, 20
ROIs. Box plots in (b, e): interquartile range (box), median (center line), mean (cross); the hollow dots indicate EV's detected beyond 1.5-times the interquartile
range (marked by the Whisker lines under and over the box). *** Indicates p < 0.001. Numerical values and p-values are provided in Tables S1-S3.

the circularity in EV subpopulations. As expected, (Figure S5a and Table S1), for all subpopulations EVs were largely round-
shaped with circularity values between 0.86 and 0.87.

We extended the SEVEN assay to assess EVs directly from crude plasma (no SEC enrichment). We first investigated
tetraspanin-enriched EVs: EVs were isolated on surfaces coated with unlabelled anti-TSPAN Abs and stained with AF647-
labelled anti-TSPAN Abs (scheme in Figure 1a). A clear border between the spot coated with anti-TSPAN Abs and passivated
coverslip surface is seen, Figure S6a. A high signal-to-noise ratio in SMLM with well-defined EV's was also observed (Figure S6b
and inset in Figure 4a); an excellent localization precision, on average 7-8 nm (Figure S2) was estimated. According to data in
Figure 4a, the number of detected tetraspanin-enriched EVs per ROI positively correlated with sample concentration in 50-fold
dilution range with R? = 0.9947. Importantly, we could detect tetraspanin-enriched EV's from as little as 0.08 uL of plasma. This
demonstrates the high sensitivity of our assay.
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We next compared the characteristics of tetraspanin-enriched EVs between SEC-enriched and crude plasma samples
(Figure 4b and Table S3). When normalized to sample volume, we obtained about 4.1-fold more EV's directly from crude plasma.
While there was no significant difference in EV size and similar values for circularities were observed (Figures 4b, S5C and Table
§$3), EVs from crude plasma contained fewer detected TSPAN molecules. This may be due to steric occlusion in EVs from crude
plasma. Another way we assessed tetraspanin-enriched EVs from crude plasma was isolation on lactadherin-coated surfaces
(lactadherin binds to phospholipids that are present on EV membranes (Yang et al., 2018)) followed by staining with AF647-
labelled anti-TSPAN Abs, Figure S7. Of note, fewer EVs were isolated on lactadherin-coated surfaces (compared to anti-TSPAN
Abs-coated surfaces, Table S3). Lactadherin may pull down other lipid-containing particles present in the plasma; while these
particles would not be visualized in SMLM (they do not contain abundant tetraspanins), they would occupy the surface and limit
available binding sites. Importantly, the characteristics of EVs isolated on either anti-TSPAN Abs- or lactadherin-coated surfaces
were similar: average values for diameter (88 nm vs. 87 nm), circularity (0.86 vs. 0.85), and detected tetraspanin content per EV
(20 vs. 18).

Subpopulation of EVs enriched in specific tetraspanin (EVs were isolated on coverslips coated with one of the three Abs:
anti-CD?9, anti-CD63 or anti-CD81) and stained with AF647-labelled anti-TSPAN Abs were assessed. For 1:100 plasma dilution,
a similar distribution of subpopulations was obtained between SEC-enriched EV's (Figure 3¢ and Table SI) and crude plasma
EVs (Figure 4c and Table S1). Importantly, all controls (EVs were incubated onto coverslips coated with anti-rabbit IgG or anti-
cytochrome C Ab, Triton X-100-lysed EVs were incubated onto coverslips coated with anti-TSPAN Abs, or no Ab) resulted in
a low number of detected EVs, Figure 4c, right and Figure S8. Moreover, raw SMLM images of EV subpopulations (Figure 4d)
indicate that CD9-, CD63- and CD8l-enriched EVs were well-defined. For CD9-, CD63- and CD8l-enriched EV populations,
we robustly defined EV size and detected molecular TSPAN content with corresponding heterogeneities. On average, CD63- and
CD8l-enriched EVs had similar diameters (85 and 87 nm, respectively) and numbers of detected TSPAN molecules per EV (17
and 16, respectively); CD9-enriched EVs had the largest diameter (92 nm), number of detected TSPAN molecules per EV (21)
and heterogeneity in size and TSPAN content (Figure 4e and Table S1). CD9-, CD63- and CD8l-enriched EVs had only small
differences in average circularities (Figure S5b and Table S1), and most were round-shaped.

We used the ExoView assay (Daaboul et al., 2011, 2016) as a complimentary and commercially available affinity-based approach
to assess CD9-, CD63- and CD8l-enriched EVs from crude pooled human plasma. This approach provides the size of EVs using
single particle interferometry and it determines the presence of proteins of interest on individual EVs based on staining with
fluorescent Abs. Fluorescence images of CD81-enriched EVs in three colours (Figure S9a) show individual EV's that express three
different tetraspanin markers (CD9 in blue, CD81 in green and CD63 in red). The abundance of CD9-, CD63- and CD81-enriched
subpopulations (fluorescence channel) and controls are shown in Figure S10a-e, and Table S4. Additionally, in the fluorescence
channel, we evaluated CD41a/CD9 double-positive EV's that may be associated with platelets (Karimi et al., 2022). While these
EVs were present as expected (Karimi et al., 2022) based on EDTA-plasma sample origin (Figure S10f and Table S4), their number
was lower compared to CD81-enriched subpopulations (CD81-positive EVs are not associated with platelets (Koliha et al., 2016;
Sung et al., 2019; Tomlinson, 2009)). We next compared fraction of EVs isolated on control surfaces and capturing efficiency
(normalized to sample volume and detection area) for SEVEN and ExoView assays; an excellent agreement was observed (Table
S$4, bottom). Finally, we evaluated the size of CD9-, CD63- and CD81-enriched EVs from pooled human plasma, Figure S10g and
Table S5. Compared to SEVEN, ExoView detected a smaller average size for all three subpopulations, consistent with its more
limited size range (50-200 nm) and interferometric EV detection.

We further extended this assay to assess EVs enriched in membrane proteins highly expressed in PDAC. In this pilot study,
we assessed four patients with resectable PDAC (patient characteristics are shown in Table S6); their plasma was obtained prior
to surgery in EDTA tubes and processed in the same manner (Methods). We first evaluated EV's using ExoView. Images of
CD8l-enriched EVs that contained tetraspanin markers are shown in Figure S9b; the number of detected EVs (for different
subpopulations) in the fluorescence channel is shown in Figure S10a-f. As with pooled healthy plasma, we detected CD41a/CD9
double-positive EVs (indicative of platelet origin) but for each patient, this population was less abundant compared to CD81-
enriched EVs (not associated with platelets). Of note, compared to other patients, patient 3 had more CD81-enriched EVs (and
also more CD41a/CD9 double-positive EVs). Next, we enriched for EVs from PDAC patient plasma using SEC and evaluated
combined fraction F1-F5 with TEM and microfluidic resistive pulse sensing (MRPS). We observed EV's with intact morphology
(Figure Slla). The average EV diameter obtained with MRPS (Figure S11b) ranged between 67 and 72 nm for PDAC patients and
it was 70 nm for pooled healthy plasma (in all cases, EVs were filtered through 200 nm membrane filter before measurements).
EV sizes were also evaluated using ExoView (Figure Slic). The diameter of CD9-enriched EV's ranged between 58 and 59 nm for
PDAC patients and it was 60 nm for pooled healthy plasma. Finally, we evaluated patient samples (directly from crude plasma)
using SEVEN.

CD?9 is highly expressed in PDAC microenvironment (stroma) and its abundance is associated with poor prognosis in PDAC
patients (Nigri et al., 2022). Thus, we investigated if we could detect differences in CD9-enriched populations in 1:100 diluted
healthy pooled plasma versus 1:100 diluted PDAC plasma samples. While the detected number of CD9-enriched EVs varied
between all subjects, CD9-enriched EVs from PDAC patients had on average significantly smaller diameter (91 nm for healthy
pooled plasma and 81-86 nm for PDAC patients, Figure 5a and Table S7). Little difference was observed in EV circularity
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FIGURE 5 SEVEN for characterization of EVs from PDAC patient plasma. 2D histograms and corresponding box plots for CD9-enriched EVs (a) and
IGF1R-enriched EVs (b) isolated from healthy control plasma (blue) and PDAC patient plasma (red colour palette, P1-P4). Each dot represents a single EV with
a corresponding diameter (x-axis) and the number of detected TSPAN molecules (y-axis). n = 3, 15 ROIs. (c) Box plots indicating circularities of
IGF1R-enriched EVs isolated from healthy control plasma (blue) and PDAC patient plasma (red colour palette, P1-P4). (d) For IGFIR-enriched EVs, we
identified a unique population (indicated by the dashed grey gating polygon in (d)) with a larger diameter and higher TSPAN content. The number of gated
EVs for healthy control and PDAC patients is shown. Box plots in (a-c): interquartile range (box), median (centre line), mean (cross); the hollow dots indicate
EVs detected beyond 1.5-times the interquartile range (marked by the Whisker lines under and over the box). #n = 3,15 ROIs. Significance tests were performed
against healthy control. ** Indicates p < 0.01; *** indicates p < 0.001. Numerical values and p-values are provided in Tables S7 and S8.

(Figure S5d, Table S8). Raw SMLM images of CD9-enriched EVs are shown in Figure S12, top. Given that higher expression
of IGFIR is associated with worse patient outcomes in resected PDAC (Du et al., 2020), we next assessed IGFIR-enriched EVs.
For these experiments, we used a larger volume and higher concentration of diluted plasma (Supplemental Methods) as IGFIR-
enriched EVs (compared to tetraspanin-enriched EVs) are significantly less abundant. For healthy pooled plasma, ~0.5% of EV's
were IGFIR-enriched. Compared to EVs from healthy pooled plasma, PDAC patients had on average larger IGFIR-enriched EVs
(86 nm for healthy pooled plasma and 103-113 nm for PDAC patients) with more detected tetraspanin molecules (Figure 5b and
Table S7) and a more rounded shape (Figure 5c and Table S7). Raw SMLM images of IGFIR-enriched EVs are shown in Figure
S12, bottom. Based on EV size and molecular tetraspanin content, we gated IGFIR-enriched EV's (polygon, Figure 5b) and found
a unique population (Figure 5c) where EVs from PDAC patients were more abundant.

4 | DISCUSSION

Here we describe a new assay termed Single Extracellular VEsicle Nanoscopy (SEVEN). SEVEN simultaneously provide a highly
sensitive assessment of EV numbers, size, molecular content and shape with their heterogeneities. Our approach was validated
using rEVs, described by Geeurickx et al. (Geeurickx et al., 2019) in their studies on developing new biological reference materials.
The rise of EV research aimed at advancing biological understanding, improving diagnostics, and developing therapy requires the
corresponding standardized methods to isolate and characterize individual EVs from different biological sources. Two features
make rEVs (Geeurickx et al., 2019) an excellent reference material for our studies (Figure 1): (1) tetraspanins within these EVs,
namely CD9, CD63 and CD8I, can be used for affinity pulldown onto coverslips; (2) in commercially obtained reference material
(from Millipore Sigma), a fraction of rEVs is eGFP positive. Our analyses of rEVs yielded an excellent overlay between the
TIRF image (green, detecting eGFP) and SMLM image (red, detecting tetraspanins). A comparison between SEVEN and TEM
demonstrated excellent agreement in both the size and shape of EVs. While both Voronoi tessellation and EVSCAN can be
successfully used for SMLM data analysis, we employed the former approach for the rest of the data analysis as codes are available
(Andronov et al., 2016) and can be easily user modified. As expected (Bachurski et al., 2019), NTA provided slightly larger values
for average EV sizes.

SEVEN was next used to assess EVs from more complex biological samples. We first assessed the distribution of CD9, CD63
and CD81 on tetraspanin-enriched EVs from pooled human plasma (these EVs were first SEC-enriched, Figure 2). We detected
EV membrane (CF568-maleimide dye covalently attaches to exposed cysteine residues on EV membrane, providing excellent
coverage of EV membrane (Lennon et al., 2022), in yellow) and tetraspanins on the EV membrane (AF647-labelled anti-TSPAN
Abs affinity attach to CD9, CD63 and CD8L, in red), Figure 3a, left. Most EVs show an excellent overlap between two channels,
with the Gaussian distribution of centroid shifts in both x- and y-direction (Figure 3a, right). An average distance of 24.8 + 0.8 nm
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was observed between centroids in the two channels with full width at half maximum (FWHM) values of 40.3 and 33.7 nm in
x- and y-direction, respectively. While technical details (e.g., slightly higher noise in the 561 channel) could lead to small cen-
troid shifts, it is likely that EV's with more significant centroid shifts have heterogeneous distribution/clustering of tetraspanins.
Although we detect smaller shifts on average, this result would be consistent with a recent report by McNamara et al. (McNamara
et al., 2022) pointing to distinct tetraspanin domains on EVs.

We next comprehensively assessed tetraspanin-enriched EVs as well as CD9-, CD63- and CD8l-enriched EV subpopulations
(Figure 3) in terms of size, shape and detected molecular tetraspanin content. Of note, since here we use fluorescent Abs to
detect tetraspanins on EVs attached to surfaces, it is possible that certain tetraspanin sites were not accessible. Images had an
outstanding signal-to-noise ratio and average localization precision of approximately 7 nm. Additionally, the assay had a high
linearity range (64-fold dilution) with few EV's detected on control surfaces. These important features can provide a robust and
precise assessment of individual EVs even from low abundant or low volume samples. This is essential for the assessment of both
disease-enriched and organ-enriched EVs.

Importantly, SEVEN allowed us to assess EV subpopulations directly from plasma samples (Figure 4). The approach quantified
tetraspanin-enriched EVs from as little as 0.08 1L of plasma; the assay was linear in a 50-fold dilution range. There was an excellent
agreement in the abundance of EV subpopulations between SEC-enriched and crude plasma samples. SEVEN also demonstrated
how SEC enrichment affects EV populations. Tetraspanin-enriched EV's from crude plasma were more abundant. This increase
is expected as the loss of EVs during isolation procedures typically occurs. Interestingly, we detected fewer tetraspanin molecules
on EVs isolated from crude plasma (Figure 4b). In EVs from crude plasma, some tetraspanin sites may be sterically blocked and
SEC may be removing a fraction of EV-associated plasma factors. For example, a recent report suggests that soft corona proteins
and/or protein aggregates (T6th et al., 2021; Wolf et al., 2022) may be removed from EVs using SEC. Regardless of the source of
the difference, the result demonstrates that SEVEN may be sensitive to characterizing EV changes associated with isolation.

We used a complementary approach, ExoView assay (Daaboul et al., 2011, 2016), to assess EVs (Figures S9 and S10). The
EV capturing efficiency agreed well between SEVEN and ExoView (Table S4). Of note, SEVEN can accurately determine EV
size (Figure 1) with excellent localization precision (on average estimated between 7 and 8 nm) and allows for measurement
of a broader EV size range (30-400 nm for SEVEN vs. 50-200 nm for ExoView). SEVEN achieved excellent reproducibility
between measurements (five operators performed experiments to ensure robustness) with the low signal on control surfaces.
Combination of (1) surface chemistry that resulted in minimal background signal and yielded an excellent non-fouling surface
with (2) molecular sensitivity and nanoscale precision of SMLM, provided additional, unique capabilities. In particular, we could
assess EV shape, quantify the detected molecular content of EVs, and sensitively evaluate low-abundant EVs. These important
properties provide unique information that can help differentiate disease-enriched or organ-enriched subpopulations towards
biomarker application.

Given the sensitivity of the approach, we used SEVEN to assess EVs from patients with resectable PDAC. PDAC is one of
the deadliest tumours (Rahib et al., 2014; Saad et al., 2018); only 10-20% of patients are diagnosed in time to receive potentially
curative surgery. Carbohydrate antigen CA19-9 is the only FDA-approved biomarker for diagnosis and post-surgery monitoring
of PDAC (Goonetilleke & Siriwardena, 2007). Nevertheless, sensitivity is poor for small early-stage tumours (DiMagno et al,,
1999; Goggins, 2005), and the test is ineffective for 10% of the population who have a Lewis-negative phenotype (they do not
produce detectable amounts of CA19-9) (Lamerz, 1999; Scara et al., 2015). New early detection strategies are urgently needed
to complement clinical measurements. Thus, we extended SEVEN to assess patients with resectable PDAC (one of the patients
was CA19-9 non-expressor, Table S6). We obtained plasma samples prior to surgery, and assessed EVs for size, morphology
and marker expression (Figures S9b, S10a-f, S11). Using SEVEN, we evaluated both CD9-enriched and IGFIR-enriched EV's
(given their high expression in PDAC (Du et al., 2020; Nigri et al., 2022)). Compared to healthy control (Figures 5 and S12),
PDAC patients had (1) smaller CD9-enriched EVs; (2) larger and rounder IGFIR-enriched EVs with more tetraspanin molecules.
Interestingly, recent data (Badovinac et al., 2021) indicates that PDAC patients with poorly differentiated resectable tumours
had significantly larger plasma EVs. This suggests that the biogenesis or clearance of these EV populations may be affected.
Importantly, a unique pancreatic cancer-enriched EV subpopulation may be present (Figure 5d).

Based on excellent sensitivity and precision, SMLM is becoming an increasingly used approach to characterize EVs. Because
SEVEN has an affordable coverslip design (~$10 of consumables per sample) and robust protocol, this approach offers some
significant benefits to general EV research as well as studies aimed at advancing our biological understanding of human health and
disease. Moreover, SEVEN can be easily customized to assess different subpopulations of EVs using affinity reagents that can be
covalently attached to the surface of coverslips. While we used SEVEN to assess EVs from pooled human plasma, the assay can be
extended to other biofluids and cultured cells. Additionally, the assay can be extended to multicolour imaging and to detect other
cargo molecules (beyond tetraspanins). The flexibility of the approach may be particularly useful for assessing cargo biomarkers.
For example, we have previously shown that cardiac troponin T can be sensitively detected using SMLM; cardiac troponin T-
positive EVs could provide important information on patient health status complementary to clinical measurements (Lennon
et al,, 2022). Thus, our work demonstrates that SMLM can sensitively profile both disease-associated and organ-associated EV's
in unprecedented detail. When applied to the diagnostic arena, SEVEN has the potential to subphenotype known diseases and
outperform conventional biomarkers in the detection of early-stage diseases.
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