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Abstract
Despite their clinical potential, Extracellular Vesicles (EVs) struggle to take the scene
as a preeminent source of biomarkers in liquid biopsy. Limitations in the use of EVs
origin from their inherent complexity and heterogeneity and from the sensitivity
demand in detecting low to very low abundant disease-specific sub-populations. Such
need can bemet by digital detection, namely capable to reach the single-molecule sen-
sitivity. Here we set to compare, side by side, two digital detection platforms that have
recently gained increasing importance in the field of EVs. The platforms, both com-
mercially available, are based on the principles of the Single Particle Interferometric
Reflectance Imaging Sensing (SP-IRIS) and the Single Molecule Array technology
(SiMoA) respectively. Sensitivity in immune-phenotyping of a well characterized EV
sample is reported, discussing possible applicative implications and rationales for
alternative or complementary use of the two platforms in biomarker discovery or
validation.
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 INTRODUCTION

Extracellular Vesicles (EVs) represent one among the widest biomarker space in the liquid biopsy paradigm, given their ubiq-
uitous distribution within biofluids. The multiple and variegated roles of EVs in intercellular communication have indeed been
proposed as pivotal in the pathogenesis and spread of many diseases (Kalluri & LeBleu, 2020; Liang et al., 2021; Yates et al.,
2022), including neurodegeneration, tumours and infectious diseases. On the other hand, EVs represent analytes of unprece-
dented complexity given the heterogeneity of EV sub-populations in terms of cellular origin, biogenesis, molecular composition,
structure and function (Bordanaba-Florit et al., 2021; Jeppesen et al., 2019). As such, their comprehensive biological assessment
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demands an orchestra of complementary and orthogonal analytical techniques, ranging from ‘bulk’ characterisations (Hartjes
et al., 2019) to single vesicle techniques (Bordanaba-Florit et al., 2021; Hilton &White, 2021).
In this scenario, the hoped-for translation of EV-based systems towards minimally invasive diagnostic practices must also

comply with the putative clinical value of low to very low abundant EV sub-types within complex media. In this regard, the
enormous diagnostic potential of EVs could be unleashed by the sensitivity provided by digital biosensing platforms, namely
capable of reaching the single molecule detection level (Cohen &Walt, 2019; Cretich et al., 2015; Gorris & Walt, 2010)
Oppositely to analogue detection, where the measured signal (mediated by a reporter) is averaged and proportional to the

concentration of the bio-species being analysed, in digital detection techniques the signal arises from the measurement of single
discrete molecular interaction events (defined as counts) rather than from an ensemble readout. To this purpose, the sampling
area is uniformly divided into multiple discontinuous compartments to detect the presence or absence (1 or 0) of a single count.
In this sense, different approaches were exploited for analytes confinement propaedeutic to their digital counting, including
nanodroplets, nanopores, microfluidics, sparse layers and microwells (Cretich et al., 2015; Liu & Lei, 2021). Being less prone to
noise than measurement of bulk quantities (Cretich et al., 2015) digital counting of bio-interactions can be exquisitely precise
and quantitative, also providing a wider dynamic range of detectable target concentrations and unmatched sensitivity compared
to ensemble measurements (Cohen & Walt, 2019; Cretich et al., 2015). As far as coupling to digital readout of EV immune-
phenotyping (i.e., characterisation of EV surface molecules by specific antibodies) is concerned, two platforms are finding their
place under the spotlight: the ExoViewAnalizer (https://www.nanoviewbio.com)which is based on the principle of Single Particle
Interferometric Reflectance Imaging Sensing (SP-IRIS) (Yurt et al., 2021) and the Quanterix Simoa Technology (https://www.
quanterix.com/simoa-technology) based on the SingleMolecule Array technology (SiMoA) (Rissin et al., 2010). Both techniques
indeed deliver immunoassays with digital readout enabled by single particle confinement, either on sparse layers (spots) in SP-
IRIS and in microwells for SiMoA.While these platforms were not originally intended for EV analysis, that is, for label-free virus
detection (Daaboul et al., 2014; Rissin et al., 2010; Yurt et al., 2021) (SP-IRIS) and for protein analysis in serum (Rissin et al., 2010)
(SiMoA), both systems are currently mature, commercially available technologies used in the context of EVs towards biomarker
discovery and validation.
Herein, we set to provide an informative side by sidemultiparametric comparison of the two platformswhich take into account

some of the most sought-for features towards EVs translation into the clinics. We critically analysed results and highlighted the
most peculiar traits for each system. Finally, we thoroughly discuss possible applicative implications, suggesting rationales for
their alternative or complementary use.
Whether imaging (nano)flow cytometry could be assimilated for similar scopes, it will not be included in this comparison and

is reviewed elsewhere (Arab et al., 2021; Bordanaba-Florit et al., 2021).

 MATERIALS ANDMETHODS

. Materials and reagents

Monoclonal antibodies anti-CD9 (clone SN4), anti-CD63 (clone AHN16.1) and anti-CD81 (clone 1.3.3.22) either unconjugated
or biotin-labelled are from Ancell Corporation, (Bayport, MN, USA).
Bare silicon chips and Tetraspanin Kits (were provided by NanoView Biosciences (Boston MA). MCP-2 copolymer for chip

coating was obtained from Lucidant Polymers (Sunnyvale, CA, USA). Other chemicals were from Sigma-Aldrich (St. Louis, MO,
USA) if not stated otherwise.

. CPCs isolation and culture

Cardiacmesenchymal cardiac-derived cells (namely CPCs) were obtained from atrial appendage explants of patients subjected to
valve repair surgery, without any concomitant coronary artery disease. Connective tissue was removed andmyocardiumminced
in small fragments. Tissue fragments were placed in 115 cm2 tissue-culture flasks (TPP, Switzerland) coated with CELLstart CTS
(Gibco/Thermo Fisher Scientific). Tissue-explants were cultured in StemMACS-MSC expansion Media kit XF (Miltenyi Biotec
GmbH, Germany).
Outgrowing cells from explants were harvested using TrypLE Select Enzyme (Gibco/Thermo Fisher Scientific), then seeded

at 8–10 × 104 cells/cm2 and expanded in T flasks (75–150 cm2) and HYPERFlask (1720 cm2) culture vessels (Corning). CPCs
expanded up to culture passage 4 (P4) were washed twice with DPBS and incubated at 37◦Cwith 5%CO2 in Dulbecco’sModified
EagleMedium (DMEM) 4.5 g/l glucose without phenol red (Gibco/Thermo Fisher Scientific). After about 2 weeks of cell culture,
the conditioned medium (CM) containing EVs was harvested.

https://www.nanoviewbio.com
https://www.quanterix.com/simoa-technology
https://www.quanterix.com/simoa-technology
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. EVs isolation by Tangential Flow Filtration (TFF)

EVs were isolated from media conditioned (CM) by CPC as described by Andriolo et al. (2018). Briefly, CPCs (70%–80%
confluent) were washed twice with DPBS and incubated at 37◦C with 5% CO2 in DMEM 4.5 g/l glucose without phenol red
(Gibco/Thermo Fisher Scientific). After 7 days, the CM was clarified by 0.22 μm filtration through bottle filter units or on-line
filters (ULTA Capsule HC, KMP-HC9202HH, GE Healthcare, USA). Concentration and EV size selection were performed by
tangential flow filtration (TFF), using the ÄKTA flux 6 system (GE Healthcare) equipped with a 300 kDa cut-off hollow fiber
cartridge (GE Healthcare), the concentration was followed by diafiltration in five volumes of Plasma-Lyte A solution.

. HeLa and HEK culture and EVs isolation

HEK293 human cell line (ATCC)was culture usingDulbecco’sModified EagleMedium (DMEM) 4.5 g/l glucose (Gibco/Thermo
Fisher Scientific) supplemented with 10% Fetal Bovine Serum FBS (Gibco/Thermo Fisher Scientific), 1x MEM Non-Essential
Amino Acids Solution (NEAA), 100 units/ml of penicillin and 100 μg/ml of streptomycin.

HeLa human cell line (ATCC) was culture using Iscove’s Modified Dulbecco’s Medium (IMDM) (Gibco/Thermo Fisher Sci-
entific) supplemented with 10% Fetal Bovine Serum FBS (Gibco/Thermo Fisher Scientific), 100 units/ml of penicillin and 100
μg/ml of streptomycin.

Both cell lines were expanded in a T150 flask (TPP Techno Plastic Products), after reaching confluence, cells were washed two
times with DPBS and incubated at 37◦C with 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM) 4.5 g/l glucose without
phenol red (Gibco/Thermo Fisher Scientific). After 1 week of cell culture, the conditioned medium (CM) containing EVs was
harvested and centrifuged at 3000 × g for 20’ at 10◦C to eliminate larger debrees, and 10,000 × g for 15’ at 10◦C to deplete larger
vesicles. CM was then concentrated using Amicon Ultra Centrifugal Filters (MERK Millipore) equipped with a 30 kDa cut-off
filter.

. Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) was performed according to themanufacturer’s instructions using a NanoSight NS300 sys-
tem (Malvern Technologies,Malvern, UK) configuredwith a 532 nm laser. CPC-EVswere diluted in filtered PBS to a final volume
of 1 ml. Ideal measurement concentrations were found by pre-testing the ideal particle per frame value (20–100 particles/frame).
The following settings were adjusted according to the manufacturer’s software manual. A syringe pump with constant flow injec-
tion was used and three videos of 60 s were captured and analysed with NTA software version 3.2. From each video, the mean,
mode, and median EVs size was used to calculate samples concentration, expressed is nanoparticles/ml.

. BCA assay

EV samples and BSA standards for calibration curve were diluted in BCA solution (Pierce BCAProtein Assay Kit, Thermo Fisher
Scientific, Rockford, USA) in 1:9 ratio and incubated for 30 min at 37◦C. Samples were analysed by a spectrophotometer (HiPo
MPP-96 Microplate Photometer, Biosan, Riga, LV) at 562 nm wavelength.

. Western blotting

5X Laemmli bufferwas added to EVs and sample boiled for 5min at 95◦C. Specifically, 10μg of EVs’ proteins (determined by BCA
assay) were prepared in non-reducing conditions for tetraspanins detection, while 10 μg were used for ALIX and TSG101 detec-
tion. Proteins were separated by SDS-PAGE (4%–20%, Mini-Protean TGX Precast protein gel, Bio-Rad) and transferred onto a
nitrocellulose membrane (BioRad, Trans-Blot Turbo). Nonspecific sites were saturated with a TBS-T solution with 1% BSA for 1
h. Membranes were incubated overnight at 4◦C with anti-CD9 (1:1000, BD Pharmingen, San Jose, CA, USA), anti-CD63 (1:1000,
BD Pharmingen), anti-Alix (1:1000, Santa Cruz, CA, USA), and anti-TSG101 (1:1000, Novus Bio, Centennial, CO, USA). After
washing with TBS-T, membranes were incubated with horseradish peroxidase-conjugated (Jackson ImmunoResearch, Tucker,
GA, USA) secondary antibodies diluted 1:3000 in TBS-T with 1% BSA for 1 h. After washing, the signal was detected using
Bio-Rad Clarity Western ECL Substrate (Bio-Rad) and imaged using a Chemidoc XRS+ (BioRad).
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. Dot blot analysis

3uL of pure sample was dropped off on nitrocellulose membrane (Protran BA 85 Nitrocellulose, 0.45um, Whatman, Germany),
three replicants for each sample was done on different nitrocellulose strips. After 15 minutes of drying at room temperature,
the membranes were blocked with 5% of BSA in TBS containing 0.05% of Tween 20 (TBS-T), for 1 hour. The membranes were
washed three times with TBS-T, and each strip was incubated with an anti-tetraspanin primary antibodies diluted in TBS-T with
1%BSA, Anti-CD9 (BDPharmingen, 1:1000 dilution), Anti-CD63 (BDPharmingen, 1:1000 dilution) andAnti-CD81 (Santa Cruz,
CA, USA, 1:400 dilution), for 1 hour on orbital shaker. Strips were washed 5 min, for three times with TBS-T, after membranes
were incubated with horseradish peroxidase-conjugated (Jackson ImmunoResearch, Tucker, GA, USA) secondary antibodies
diluted 1:3000 in TBS-T with 1% BSA for 1 h. Final washers were performed, the signal was detected using Bio-Rad Clarity
Western ECL Substrate (Bio-Rad) and imaged using a Chemidoc XRS+ (BioRad).

. Transmission electron microscopy

Transmission Electron Microscopy (TEM) images were taken by ZEISS Libra 200FE, equipped with a 200kV FEG and a second
generation Omega filter. The sample was prepared placing a carbon/formvar TEM grid on a drop EV solution. Then, the drop
was blotted and the grid was put on the Uranyl less (EMS-Electron Microscopy Science) straining and then blotted again. The
vesicle sizes were measured by iTEM Imaging platform (Olympus).

. Super resolution microscopy

Super-resolution microscopy acquisition of EVs was performed using Nanoimager S Mark II microscope from ONI (Oxford
Nanoimaging, Oxford, UK) equipped with a 100x, 1.4NA oil immersion objective, an XYZ closed-loop piezo 736 stage, and
triple emission channels split at 640, 488 and 555 nm. The experiments were performed using EV profiler Kit (ONI) following
manufacturer’s protocol. Fluorescent antibodies anti CD9-488, CD63-568 and CD81-647 were included in the kit. Images were
performed in dSTORM mode acquired sequentially in total reflection fluorescence (TIRF) mode. Single-molecule data was fil-
tered using NimOS software (v.1.18.3, ONI). Data has been analysed with the Collaborative Discovery (CODI) online analytic
platform www.alto.codi.bio from ONI and the drift correction pipeline version 0.2.3 was used. (Skovronova et al., 2021)

. Antibody microarrays for EVs

Silicon chip, with 80 nm oxide layer, were coated with MCP-2 polymer (Lucidant Polymers). The microarrays were produced
using a non-contact S12 Spotter (Scienion Co., Berlin, Germany), depositing a drop for each spot (400 pL). Final concentration
of antibodies spot solution is 1 mg/ml in PBS and 50 mM Trehalose. Printed chips were placed in humid chamber overnight at
room temperature and subsequently were washed in a blocking solution (ethanolamine 50mM, Tris HCl 0.1 M, pH 9).
EV samples were diluted in filtered PBS and incubated on chips for 2 h at room temperature in static conditions. Chips were

then placed in a 24 wells plate where 1 ml of filtered PBS was added in each well. Plate was incubated on an orbital shaker at 300
rpm for 3 min, 750 μl of PBS were removed and replaced with fresh PBS. Chips were washed three times and dried.

Chips were then incubated with fluorescent antibodies, (monoclonal anti-CD81, anti-CD63, anti-CD9 from Ancell) in house
labelled by Cyanine5 NHS ester from Biotium. Fluorescent antibodies were diluted in filtered incubation buffer (0.05MTris HCl,
pH 7.6, 0.15MNaCl and 0.02% tween 20), 1:1000 ratio and 1 ml added in each well, the plate was placed on shaker 1 h at 300 rpm.
After immuno-staining incubation chips were washed and dried. The chips were imagined with ExoView R100 reader using
nScan software to acquire the data to be analysed by ExoView Analyzer software

. Beads-antibody conjugation for SiMoA platform

Beads conjugation to antibodies was performed according to Quanterix Homebrew kit instructions using the recommended
buffers as follows. Conjugation of 150 μl of carboxylate paramagnetic beads (2.8 × 109 prt/ml) are washed three times with 300
μl of Bead Wash Buffer (Quanterix, phosphate buffer with detergent), after every washing step the beads are pulsed spin and
placed on a magnetic separator for 1 min to aspirate the supernatant. The beads are washed three more times with 300 μl of Bead
Conjugation Buffer (Quanterix, 50 mMMES buffer pH6.2) and then are activated with EDC 0.3 mg/ml for 30 min at 4◦C under
mixing/shaking.

http://www.alto.codi.bio
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SCHEME  Workflow for the analysis of EVs by SP-IRIS. A microchip is arrayed with capturing antibodies, incubated with the EV sample and with
fluorescent antibodies. Based on the Single Particle Interferometric Reflectance Imaging Sensing (SP-IRIS) principle, spots are individually imaged to count and
size the captured vesicles in a label free fashion. As a further level of characterisation, staining with fluorescent antibodies provide information on the presence
and co-localisation of EV associated protein markers. Surface markers as well as internal markers can be detected following specific permeabilisation protocols

Eighty micrograms of antibody (CD9, CD63, CD81) are buffer exchanged with a 50 KDa Amicon filter and antibodies recov-
ered in the Quanterix Bead Conjugation Buffer, after buffer exchange antibody concentration is measured with a Nanodrop
spectrophotometer (ThermoFisher) and adjusted to 0.2 mg/ml with Bead Conjugation Buffer.
Three hundredmicrolitres of a 0.2mg/ml antibody solution are added to the activated paramagnetic beads and incubated for 2

h at 4◦C under mixing/shanking. After the conjugation step the beads are washed two times with BeadWash Buffer and then are
blocked with Bead Block Buffer (Quanterix, phosphate buffer with BSA) for 45 min at room temperature under mixing/shaking.
After blocking, beads are washed three times with Bead Diluent and stored until use at 4◦C.

. SiMoA two-step assay

Beads solution are prepared at the concentration of 2 × 107 beads/ml in Bead Diluent. The detector antibody (biotinylated CD9,
CD63, CD81 antibodies) solutions (1 μg/ml) are diluted in Homebrew Sample Diluent (Quanterix), similarly, each sample is
diluted 1:4 in Homebrew Sample Diluent (Quanterix). Twenty five microlitres of beads are transferred into a 96 microwell plate
and mixed with 20 μl of detector antibody and 100 μl of sample. Sample, beads and detector are incubated for 30 min at 25◦C at
800rpm. After incubation, beads are washed with an automatic plate-washer and then each incubated for 10 min with a 150 pM
SBG solution (in SBG Diluent, Quanterix). After SBG incubation step the plate is washed again by the automatic plate-washer
and then inserted into the Quanterix SR-X instrument for analysis where RGP automatically added. Data were analysed and
processed by Reader Software SiMoA 1.1.0.

 RESULTS

. Platforms overview

The ExoView Platform entails a microchip-based workflow that integrates two different detection steps (Scheme 1). First, an
antibody-spotted chip is incubated with the EV sample followed by individual imaging of single spots to count in a label-free
fashion the captured EVs. This step relies on Single Particle Interferometric Reflectance Imaging Sensing (SP-IRIS) (Daaboul
et al., 2014): when a LED source illuminates (bio)nanoparticles captured on to the sensor surface (a silicon dioxide layer on
top of a silicon substrate), the interference of light reflected from the sensor surface is modified by the presence of particles
producing a distinct signal (Yurt et al., 2021) . Besides enabling their single count, the contrast of the detected particles is also
used to estimate their size distribution in the 50–200 nm range. Inherently, the bioparticles counting and sizing associated to each
spot within the antibody array provides information on their immune-phenotype, as different antibodies can be simultaneously
probed as capturing agents (Daaboul et al., 2016). As a further level of characterisation, the immune-staining of captured EVs
with fluorescent antibodies is used to obtain additional information on the presence of other protein markers on individually
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SCHEME  Workflow of the analysis of EVs by SiMoA. The EV sample is mixed with antibody-functionalised paramagnetic microbeads and with
biotinylated (detector) antibodies in a classical sandwich assay. When enzyme conjugate streptavidin-β-galactosidase (SBG) and fluorogenic substrate resorufin
β-D-galactopyranoside (RGP) are added, a fluorescence signal is produced. Beads are distributed over an array of microwells able to confine one single bead
each (one bead per well) where the high local concentration of generated fluorophores will ensure a detectable signal even for one captured EV. Fluorescence
imaging of the microwell array will distinguish ‘on’ signals corresponding to labelled beads and ‘off’ signals corresponding to empty wells or unlabelled beads

captured vesicles in a diverse set of applications (Dogrammatzis et al., 2021; Gori et al., 2020; Khan et al., 2021; Mizenko et al.,
2021). Importantly, this enables to quantitatively correlate the simultaneous presence of multiple protein markers on the same
particle under analysis (co-localisation), potentially proving of highly informative value.
SiMoA platform, (Simoa Bead Technology), was originally introduced as an immunoassay technology for protein measure-

ments at the single molecule level (Rissin et al., 2010). The test format is a sandwich immunoassay performed on paramagnetic
microbeads (3.4 μm) conjugated to a capture antibody (Scheme 2). Detection is allowed by the use of a biotinylated antibody
which binds to streptavidin-β-galactosidase (SBG), which acts on the fluorogenic substrate resorufin β-D-galactopyranoside
(RGP). Upon incubation of microbeads with the EV sample, the detection cocktail is added, beads are then distributed over an
array of microwells, each one able to confine a single microbead. Due to the low (femtolitre) volume of microwells, the high local
concentration of generated fluorophores will ensure a detectable signal even for one captured target entity. By acquiring fluores-
cence images of the array, it is possible to distinguish ‘on’ signals corresponding to labelled beads (where EVs are sandwiched
between capture and detection antibodies) and ‘off’ signals corresponding to empty wells or unlabelled beads (Scheme 2).
SiMoA was recently applied to the detection of EVs for the liquid biopsy of colorectal cancer (Wei et al., 2020), large B cell

lymphoma (Li et al., 2021), breast cancer (Morasso et al., 2022), proposed to study the association of the neuronal marker L1CAM
to EVs (Norman et al., 2021) and compare different EV isolation protocols (Ter-Ovanesyan et al., 2021).

. EV sample characterisation

EVs from human cardiac progenitor cells (CPCs) used in this study were produced according to a previously devised GMP-grade
manufacturing protocol (Andriolo et al., 2018). This is a standardised and relatively large scale production method providing
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F IGURE  Characterization of EVs from human Cardiac Progenitor Cells (CPCs). a) Western Blotting (WB) to confirm the presence of luminal markers
Alix and TSG101 and transmembrane proteins CD9 and CD63. b) Nanoparticle Tracking Analysis (NTA) quantification and size distribution of particles
contained in the sample. A mean particle size of 193 ± 2 nm and a concentration of 4.56 × 1010 particles/ml was found. c) Imaging by Transmission Electron
Microscopy (TEM) showing a heterogeneous preparation of EVs with dimensions around 100 nm and lower. d) Cryo-Electron Microscopy visualisation of the
sample highlights some of the typical features of EVs such as a regular round shape, a lipid bilayer/membrane surrounded by electron-dense material and an
electron dense cargo lumen. e) Representative graph of EV size distribution obtained with SRM. f) Representative SRM images of CPC - EVs stained with
tetraspanins (CD63: green, CD81: red and CD9: blue), left panel: 500 nm magnification, right panel: 100 nm magnification

EV batches large enough to run all sample characterisations and replicate experiments needed for comparing the two platforms,
thus avoiding batch-to-batch variations.
According to MISEV guidelines (Théry et al., 2018) the CPCs-EV sample was characterised by Western Blotting (WB), NTA,

TEM, Cryo-Electron Microscopy (Cryo-EM) and Super Resolution Microscopy. Results confirmed the presence of vesicles with
size, morphology and protein content compatible with EVs as shown in Figure 1. Quantification and size distribution of particles
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were analysed by NTA (Figure 1b) providing amean particle size of 193± 2 nm and a concentration of 4.56× 1010 particles/ml. Of
note, a remarkable difference in size distribution was observed in characterising EVs bymicroscopy techniques. TEM (Figure 1c)
indeed showed the presence of a heterogeneous population of EVs with dimensions around 100 nm and lower, that were fur-
ther visualized by Cryo-Electron Microscopy (Figure 1d), highlighting typical features of EVs such as regular round shape, the
presence of a lipid bilayer/membrane surrounded by electron-dense material and an electron dense cargo lumen. Using Super
Resolution Microscopy (SRM) based on tetraspanin staining, the size of tetraspanin-positive CPC EVs was quantified as around
75± 11 nmmedian and 110± 6 nmmean, in good accordance with Cryo EMandTEManalysis. As previously reported (Cavallaro
et al., 2021; Skovronova et al., 2021; van der Pol et al., 2014; Welsh et al., 2020) the overestimation of EV diameter by NTA could
be ascribed to EV aggregation or, most likely, to instrument inability to detect EVs smaller than 70 nm. A further explanation
could be the evaluation of the EV hydrodynamic size under solution using NTA, in comparison with the measurement of the
dry radius with microscopy techniques (Montis et al., 2017).

The presence of luminal markers Alix and TSG101 and transmembrane proteins CD9 and CD63 were confirmed by WB
(Figure 1a). In our hands CD81 was not detectable by WB, however a faint signal was visible by Dot Blot analysis (Figure S1).
Super Resolution Microscopy with CD9/CD81/CD63 fluorescence staining confirmed the presence of all three surface markers,
being EVs positive for single, double, triple markers (Figure 1f).

. EV phenotyping assays

It is well-known that tetraspanins are not ubiquitously and homogeneously expressed on EVs (Campos-Silva et al., 2019;Mizenko
et al., 2021; Yoshioka et al., 2013). However, transmembrane proteins CD9, CD63 and CD81 are to date considered amongst the
more represented and typical EV markers and, as such, widely used for relative quantification of EVs (Théry et al., 2018). As
model surface markers to compare the two analytical platforms, we thus focused our study on their immune-phenotyping by
sandwich immunoassays. To this aim, monoclonal antibodies (mAb) anti-CD9 (clone SN4), anti-CD63 (clone AHN16.1) and
anti-CD81 (clone 1.3.3.22) were selected and, for a fair comparison of data, applied to both SP-IRIS and SiMoA platforms by
developing custom functionalisation of chips and beads respectively. Being EVs multi-marker analytes, where multiple copies of
the same protein are likely exposed on the membrane of the same vesicle, each antibody clone can be simultaneously used both
as capture and detection agent in a sandwich immunoassay.
For the SP-IRIS experiments, microarray chips were spotted with individual anti CD9, CD63 and CD81 mAbs and with

a solution containing a 1:1:1 mixture of the three clones. We devised two detection formats (Scheme 3). In the ‘Single-
tetraspanin’ detection, EVs were captured on spots by an individual anti-tetraspanin mAb, and subsequently revealed by the
same fluorescence-labelled mAb providing information on single tetraspanin phenotype (assays StCD9, StCD63, StCD81).
In the design of the SiMoA experiments (Scheme 4) the same rational was applied: capturing beads were separately functional-

ized with anti CD9, CD63 and CD81 mAbs and with a 1:1:1 mixture of the three mAbs. In the ‘Single-tetraspanin’ detection, after
EV capturing on each bead type, single biotin labelled versions of a mAb were used individually for detection (assays StCD9,
StCD63, StCD81).
In the ‘Pan-tetraspanin’ detection scheme, the EVs captured on the four bead types were detected by a mixture of the three

labelled mAbs (assays PtCD9, PtCD63, PtCD8, PtMix).

. SP-IRIS assays

Bare silicon chips for SP-IRIS were coated by MCP2 polymer and spotted with tetraspanin antibodies according to previously
devised protocols (Daaboul et al., 2016; Frigerio et al., 2021; Gori et al., 2020). Chips were incubated with various amounts of
CPCs - EVs ranging from 0 to 1010 vesicles/ml according to NTA determination. Even if NTA cannot be considered accurate in
defining the absolute concentration of EVs in solution, we used the particle determination by NTA to express EV concentration,
estimate indicative detection ranges and to normalise the data obtained in comparing the two platforms.
Following washing steps, the ‘Single-tetraspanin’ and the ‘Pan-tetraspanin’ detection schemes were applied (Scheme 3). The

fluorescent particle counts detected by ExoView R100 platform for the ‘Single tetraspanin’ protocol for EVs ranging from 105
to 1010 particle/ml are reported in Figure 2, left panel, whereas the right panel shows results for the ‘Pan-tetraspanin’ detection
mode. For both protocols, a 108 – 1010 particles/ml detection range is observable, with differences among curves ascribable to
several factors including the differential level of tetraspanin expression in the CPC-EV sample and differences in mAb affinity.
Notably, the use of a mixture of the three mAbs either in the capturing spot and/or in the detection cocktail (Pan-tetraspanin
assay) generally did not provide noticeable advantages in terms of limits of detections (LODs), that vary from 106 to 109 EV/ml,
depending on the assay (Table 1). For evaluation of the EV LODs in all tested conditions we considered the lowest EV concen-
tration providing a fluorescence signal that, according to the Student’s t test, was assessed as statistically different (p< 0.05) from
the background (signal detected for the blank sample) (Figure S2 and S3).
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SCHEME  CD9, CD63 and CD81 phenotyping on SP-IRIS. Microarrays were spotted with anti CD9, CD63, and CD81 antibodies and with a solution
containing a 1:1:1 mixture of the three clones. In the ‘Single-tetraspanin’ detection (left panel), EVs were captured and then revealed by the same
fluorescence-labelled mAb (assays StCD9, StCD63, StCD81). In the Pan-tetraspanin detection (right panel), EVs were captured either by individual
anti-tetraspanin mAb of by a mixture of the three clones. Microarrays were then incubated by a cocktail of the three fluorescent antibodies (assays PtCD9,
PtCD63, PtCD8, PtMix)

SCHEME  CD9, CD63 and CD81 phenotyping on SiMoA. Capturing beads were functionalised with anti CD9, CD63 and CD81 antibodies and with a
1:1:1 mixture of the three. In the Single-tetraspanin detection (upper panel), after EV capturing, single biotin labelled versions of a tetraspanin antibody were
used individually (assays StCD9, StCD63, StCD81). In the Pan-tetraspanin detection scheme (lower panel), the EVs captured on the four bead types are labelled
by a mixture of the detection antibodies (assays PtCD9, PtCD63, PtCD8, PtMix)
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F IGURE  Fluorescent particle counts detected by SP-IRIS through the ExoView R100 platform for the CPCs derived EVs sample ranging from 105 to
1010 particle/ml. Left panel: results for the ‘Single tetraspanin’ protocol, right panel: results for the ‘Pan-teraspanin’ detection mode. Data were obtained from
two biological replicates

TABLE  Limits of Detection (LODs) for the SP-IRIS platform calculated considering the lowest EV concentration providing a fluorescence signal
significantly (p < 0.05) different from blank sample (Figure S2 and S3)

Assay Single tetraspanin detection Assay Pan-tetraspanin detection

StCD9 106 EV/ml PtCD9 106 EV/ml

StCD63 108 EV/ml PtCD63 107 EV/ml

StCD81 109 EV/ml PtCD81 109 EV/ml

PtMix 108 EV/ml

TABLE  Limits of Detection (LODs) for the SP-IRIS platform using ExoView Tetraspanin Kit, calculated considering the lowest EV concentration
providing a fluorescence signal significantly (p < 0.05) different from blank sample (Figure S6)

Assay ExoView Tetraspanin Kit

StCD9 108 EV/ml

StCD63 107 EV/ml

StCD81 108 EV/ml

The best sensitivity performance (LOD of 106 EV/ml) is obtained with StCD9 and PtCD9 assay suggesting a relative high
abundance of CD9 in the analysed sample. To avoid any possible bias in the sensitivity comparison, all experiments were run on
the same (red) fluorescence channel.
It is worth noticing that ExoView analyser returns additional information on the sample, including co-localisation of differ-

ent protein markers on single EVs (when multiple fluorescence channels are used) and, based on the label-free interferometric
detection, the size of individual EVs. Figure S3 shows the results of size versus fluorescence intensity of single detected EVs in
the 109 EV/ml sample analysed by the Single-tetraspanin detection (StCD9, StCD63 and StCD81 assays) which suggests a higher
abundance and a slightly lower size of CD9 positive EVs in the CPC derived sample.
The same EV dilution curve was analysed by commercially available ExoView Tetraspanin Kit, which allows for the ‘Single-

tetraspanin’ assay only, with detection on three different fluorescent channels. It is worth underlining that, in terms of comparison
with the above reported data, antibody specifications are not disclosed to customers nor it is whether different clones are used for
tetraspanin capturing and detection. Results of the analysis of theCPC-EVdilution curve by the commercial kit are reported in SI,
(Figures S4 and S5) showing that overall performance in terms of detection range was in line with results obtained by our custom
assay. Of note, with the commercial chips, CD9 did not perform as the most sensitive marker, being CD63 the one providing the
lowest LOD, equal to 107 EV/ml (Table 2). This result questions the hypothesis that CD9 is the more abundant tetraspanin in the
analysed sample and rather points towards different affinities of antibodies and/or lower cross-talking as plausible explanations
for the different observed sensitivities.

. SiMoA assay

SiMoA assays were developed according to the Quanterix Homebrew assay instructions as detailed in the Section 2 (same anti-
bodies as in the SP-IRIS assay were used). A two-step assay was optimized (see Section 2) preceding immunocomplexes to be
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F IGURE  SiMoA results of immune-phenotyping of the CPCs derived EVs sample ranging from 105 to 1010 particle/ml, expressed as Average Enzyme
per Bead (AEB) and detected for the Single tetraspanin mode (left panel) and the Pan-tetraspanin mode (right panel). Data were obtained from two biological
replicates

TABLE  Limits of Detection (LODs) for the SiMoA platform calculated considering the lowest EV concentration providing a fluorescence signal
significantly (p < 0.05) different from blank sample (Figure S7 and S8)

Assay Single tetraspanin detection Assay Pan-tetraspanin detection

StCD9 106 EV/ml PtCD9 105 EV/ml

StCD63 106 EV/ml PtCD63 106 EV/ml

StCD81 105 EV/ml PtCD81 105 EV/ml

PtMix 106 EV/ml

isolated into femtoliter wells that fit just one bead per well and where antigen-positive vesicles are counted. As previously devised
for the SP-IRIS assay, detection was performed in the ‘Single-tetraspanin’ mode (Scheme 4) and in the ‘Pan-tetraspanin’ detec-
tion mode (Scheme 4). Similarly to SP-IRIS assay, dilution curves of CPCs-EVs ranging from 0 to 1010 vesicles/ml were analysed.
Results reported in Figure 3, for the analysis of 105 to 1010 particle/ml range, are expressed as Average Enzyme per Bead (AEB),
left panel refers to ‘Single tetraspanin detection’ detection and right panel to ‘Pan-tetraspanin’ mode.
For both assay schemes, a 105 – 1010 EV/ml detection range is observable, broader than that observed with the SP-IRIS tech-

nique. The limits of detection (LODs) reported in Table 3 were calculated as the lowest concentration assessed by Student’s t test
as statistically different (p < 0.05) from the background signal detected for the blank sample (Figure S7 and S8) and proved to
be in the range 105–107 EV/ml depending on the assay scheme. The best sensitivity performance (105 EV/ml) is obtained with
StCD81assay and PtCD9 and PtCD81 in mixed detection. Again, it is not trivial to determine whether these differences in LODs
actually reflect tetraspanins differential abundance rather than antibody affinity.

. Platforms LODs versus tetraspanin relative expression

In order to correlate the limits of detection obtained by SP-IRIS and SiMoA assays with the relative abundance of
CD9/CD63/CD81measured by an independent technique, we took advantage of Super ResolutionMicroscopy (SRM). To expand
the dataset provided in this comparison, two samples were added to this investigation: EVs isolated from HEK and HeLa cells
(see Section 2). Single-tetraspanin assays were performed by SP-IRIS (Scheme 3) and SiMoA (Scheme 4) on serial dilutions of
HeLa and HEK derived EVs and compared with CPC-EVs. For SRM experiments, three-colours staining was performed using
anti-CD9, anti-CD63 and anti-CD81 fluorescently labelled antibodies and dSTORM single-molecule surface analysis was fol-
lowed by quantification of tetraspanin expression (absolute number of events is reported in Figure S9). The relative abundance
of each marker was calculated as their percentage over total positive events (Figure 4, left panel) and compared with SP-IRIS and
SiMoA single-tetraspanin curves (Figure 4, centre and right panel respectively). In all three EV samples, SRM analysis showed
CD9 as the most expressed marker (close to be detectable in 100% of all EVs) whereas CD63 and CD81 varied among the sam-
ples. CD9 highest abundance is well reflected by the high intensity of SiMoA dilution curves in all three samples. CD63 is less
expressed in HEK, which nicely reflects into the lower intensity of the dilution curves for both SP-IRIS and SiMoA, whereas it
is more abundant in HeLa EVs, in accordance with SiMoA curves. CD81 is more expressed in CPC-EVs as confirmed by both
curves, however the relative differences in the three EV types was reflected only on the SiMoA platform.
The highest abundance of CD9 in all EV types is not always consistent with the lowest LODs (see Tables 4 and 5), in line with

the dependence of LODs not exclusively on the relative abundance of the target marker, which defines signal intensity, but by
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F IGURE  Comparison of CD9/CD63/CD81 detection on CPC, HeLa and HEK derived EVs as determined by SRM (left panel), SP-IRIS (central panel)
and SiMoA (right panel) following single-tetraspanin assays

TABLE  Limits of Detection (LODs) for the SP-IRIS platform (single-tetraspanin assay) calculated considering the lowest EV concentration providing a
fluorescence signal significantly (p < 0.05) different from blank sample (Figure S10–S12)

SP-IRIS CPC-EV HeLa EV HEK EV

LOD CD9 106 EV/ml 108 EV/ml 109 EV/ml

LOD CD63 107 EV/ml 108 EV/ml 1010 EV/ml

LOD CD81 109 EV/ml 1010 EV/ml 108 EV/ml

TABLE  Limits of Detection (LODs) for the SiMoA platform (single-tetraspanin assay) calculated considering the lowest EV concentration providing a
fluorescence signal significantly (p < 0.05) different from blank sample (Figure S13–S15)

SiMoA CPC-EV HeLa EV HEK EV

LOD CD9 106 EV/ml 107 EV/ml 106 EV/ml

LOD CD63 106 EV/ml 107 EV/ml 107 EV/ml

LOD CD81 105 EV/ml 106 EV/ml 106 EV/ml

noise factors as well, including antibody cross-talk (blank signal) and other sources of background noise. On the other hand,
the low expression of CD81 in HeLa and CD63 in HEK is invariably reflected in the corresponding poor LODs found for SP-
IRIS (1010 EV/ml in both cases) but not in SiMoA, where sensitivity is maintained (106 and 107 EV/ml). We speculate that this
marked difference in the detection of low abundant species could be partially ascribed to the suspension array format, which is
more efficient in overcoming the mass-transport limitations that can plague biomolecular interactions at the solution-analytical
support interface (Zhao et al., 2010).
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F IGURE  Results of immune-phenotyping after spiking human CPCs - EVs into mouse serum and PBS by using the Pan-tetraspanin detection mode.
Left panel: fluorescent particle count detected by SP-IRIS. Right panel: Average Enzyme per Bead (AEB) detected by SiMoA platform. t test was used to
evaluate what is the lowest EV concentration providing a detection signal significantly different from the one provided by the blank sample (p < 0.05)

TABLE  Lowest detectable concentration of human CPCs - EVs into mouse serum and PBS by the SP-IRIS and SiMoA platforms

SP-IRIS SiMoA

PBS 107 EV/ml 106 EV/ml

Mouse Serum 108 EV/ml 107 EV/ml

. Testing recovery in complex samples by spiking assay

High sensitivity detection of minority subpopulations of EVs in biological fluids is pivotal towards EV-based liquid biopsy (Min
et al., 2021). Even if EV isolation and enrichment techniques such as ultracentrifugation, size-exclusion chromatography and
polymer precipitation can help in yielding more concentrated samples, they also introduce pre-analytical issues such as differen-
tial co-isolation of EV subpopulations or interfering contaminants and can affect the surface characteristics of EVs (Tian et al.,
2020). In this context, extension of immune-phenotyping of EVs to complex samples would represent a highly desirable step
towards ‘real life’ clinical needs. Here, to promptly compare the two digital platforms, we mimicked a liquid biopsy by spiking
the human CPCs - EVs into mouse serum. First we assessed that the tetraspanin monoclonal antibodies used in this work are
not cross-reactive to mouse (negligible signals detected for EVs in mouse serum). Then, the ‘Pan-tetraspanin’ detection scheme
was applied both to SP-IRIS and SiMoA platforms. Figure 5 reports the results of the two assays run on the SP-IRIS (left panel)
and SiMoA (right panel). EV spiking in PBS and mouse serum were compared. The lowest detectable concentration of CPCs -
EVs in mouse serum (signal statistically different from blank) were determined leading to a LOD of 108 EV/ml for the SP-IRIS
platform and 107 EV/ml for the SiMoA instrument (Table 6). In both platforms, sensitivity is affected by sample matrix effect (1
order of magnitude higher LODs compared to spiking in PBS) and face the challenge, typical of blood based liquid biopsy, to
detect that small fraction of disease-related EV subpopulation present in the estimated 2× 1010 EV/ml content in blood (Johnsen
et al., 2019).
Taking for granted the selectivity of the antibodies used, we speculate that matrix interfering factors could influence the

sensitivity of the techniques togetherwith the presence of typical serumcontaminants such as lipoproteins and protein aggregates.
Whether these instrumental capabilities will be enough to provide accurate diagnostic or prognostic information is inherently

dictated by the relative abundance of the EV surface marker of interest. In addition, given that tetraspanin CD9/CD63/CD81 are
not homogeneously distributed across single EVs (Mizenko et al., 2021; Skovronova et al., 2021), their use as a proxy for general
capturing on biosensing surfaces is far frombeing representative of all EV subpopulations, thus affecting sensitivy and also posing
a bias towards EV based biomarker discovery projects. To overcome such issues, we speculate that further improvements will be
lead by the use of pan-specific probes that provide unbiased EV capturing, like the recently introduced use of membrane sensing
peptides (MSP) (Gori et al., 2020).
While crucial, sensitivity is not the only factor to be considered when evaluating analytical platform andmany other important

features such as throughput, time to result andmultiplexing are worth to be carefully evaluated. A summary of the most peculiar
traits for SP-IRIS and SiMoA platforms and associated instrumentations are summarised in Table 7.

 DISCUSSION

Although numerous systematic comparisons of EV analytical technologies have been published previously (Arab et al., 2021;
Bachurski et al., 2019; Corso et al., 2019; Liang et al., 2021; Vogel et al., 2021), this work is, to the best of our knowledge, the first
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TABLE  Summary of performances and peculiar traits of SP-IRIS and SiMoA platforms

SP-IRIS SiMoA

Operative
detection range

108 – 1010 EV/ml 106– 1010 EV/ml

Limit of Detection
in spiking assay

108 EV/ml 107 EV/ml

Minimum Input
volume

35 μl 125 μl (two steps assay) or 145 μl
(three steps assay)

Reading time Pre-scan: 12 min per chip (15 spots) +
Post-scan: 12 min per chip (15
spots)

120 min per 96 well plate, 1,25 min
per sample

Assay Operating
Time

2.5 h sample incubation + 1 h
secondary Ab + 20 total min
washing

30 min sample/bead/secondary Ab
incubation + 10 min SBG
incubation +30 min total washing

Maximum Sample
Multiplexing

16 samples per reading 96 samples per reading, 38 samples
considering suggested replicates,
controls and calibration

Antigen
Multiplexing

5 positional and 3 detection channels 4 colour encodings available

Commercially
available kits for
EVs

Yes No

Analysis Software
dedicated to EV
phenotyping

Yes No

Additional
information
provided

Sizing, surface marker
co-localisation, internal markers
through permeabilisation assay

No

comparison of two digital detection platforms in immune-phenotyping of EVs. Specifically, this study evaluated the performance
of SP-IRIS and SiMoA platforms in immunophenotyping of a well characterised EV sample from CPCs, focusing on the lower
detection range. Notably, for the sake of a fair comparison, it makes use of the same immune-reagents (i.e., monoclonal antibod-
ies against tetraspanins CD9, CD63, CD81) by customised functionalisation of the analytical supports (silicon chips for SP-IRIS
and paramagnetic beads for SiMoA). A correlation of the techniques withWestern Blotting could not be entirely assessed due to
low detectability of CD81 in our conditions. In general, it is worth noticing that quantitative data fromWB are difficult to attain,
depending on the efficiency of many critical sequential steps including protein extraction, electrophoresis, transfer, immunode-
tection and imaging (Pillai-Kastoori et al., 2020). To correlate the limits of detection obtained by SP-IRIS and SiMoA assays with
the relative abundance of CD9/CD63/CD81 a more quantitative technique such as Super Resolution Microscopy was used.
As far as sensitivity and operative range, under the conditions and settings we tested, SiMoA generally proved to be superior

to SP-IRIS, in accordance with the recognised advantage of bead-based arrays as compared to flat microarrays. In line with
this, while the low expression of CD81 in HeLa and CD63 in HEK was reflected in poor LODs for SP-IRIS, SiMoA was able to
efficiently detect these low abundant species by overcoming one of the major bottleneck for sensitive detection in planar arrays
which is mass-transport of analytes to surface-immobilised antibody. (Zhao et al., 2010)

Of note, when tested by the ‘Needle-in-a-haystack’ challenge of a mimicked liquid biopsy in complex sample, sensitivity of
both platforms were affected, yet affording a remarkable LOD of 108 EV/ml for SP-IRIS and 107 EV/ml for SiMoA (Table 6).
Inherently to the different assay format, the two platforms differ in minimum input volume of sample, which is lower in SP-IRIS,
a remarkable advantage in many ‘real life’ applications and reading and operating time per sample which are generally shorter
in SiMoA. In this frame, the level of automatisation of the assay and throughput is superior in SiMoA platform, where 96 versus
16 samples can be run simultaneously (Table 7). This consideration does not take into account recent upgrades of the Nanoview
platform, which could not be tested here.
When CPC, HeLa and HEK EVs were analysed by Super Resolution Microscopy, their CD9/CD63/CD81 relative abundance

appeared to be in very good accordance with the intensity of single-tetraspanin assay curves generated by SiMoA, whereas SP-
IRIS failed, especially for the low abundant CD81, to represent such heterogeneity of expression.
Many other factors have to be taken into accountwhen comparing the two technologies towards EVbased biomarker discovery

and their translation in clinics (Table 7). In this sense, the additional information provided by SP-IRIS platform in terms of label-
free EV sizing, fluorescence co-localisation of biomarkers (Figure S3) and the availability of permeabilisation protocols to analyse
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also luminal markers, make arguably this platform superior to SiMoA in biomarker discovery studies and competitive, for the
wealth of information generated, with imaging and nano flow cytometry techniques. This reflects also in its dedicated software,
well suited to straightforward and comprehensive EV analysis. On the other hand, when an established EV-based biomarker
has to be analysed in many clinical samples with the highest sensitivity, as in biomarker validation projects, the total operat-
ing time and multiplexing capability of SiMoA are certainly appealing characteristics on the path for biomarker translation in
clinic.

 CONCLUSIONS

Singlemolecule counting represents the highest achievable signal fidelity andperhaps the future ofmany analyticalmeasurements
will be based on single molecule detection and counting. Here we have compared, side by side, two commercially available digital
instrumentations highly relevant to the EV field: the SP-IRIS and the SiMoA platform. A well characterized sample of human
CPCs derived EVs was analysed and limits of detection (LODs), following different assay formats, were evaluated. A mimicked
liquid biopsy assay provided a LOD of 108 EV/ml for the SP-IRIS and 107 EV/ml for the SiMoA platform. Considering sensitivity
and detection range tested in this work and, more generally the throughput capability and level of automatisation, SiMoA seems
to be the most suitable platform in clinical validation settings. On the other hand, due to the combination of label-free and
fluorescence detection, SP-IRIS can return to users highly informative data on the analysed EV samples such as particle size and
colocalisation of multiple external and internal biomarkers, making this platform the most appealing in research settings.
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