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Abstract

Extracellular vesicles (EVs) are mediators of intercellular communication, recently
recognised for their clinical applications. Accurate characterisation and quantifica-
tion of EVs are critical for understanding of their function and clinical relevance.
Many platforms utilise fluorescence for EV characterisation, frequently labelling
Correspondence surface proteins to identify EVs. The heterogeneity of EVs and the lack of a univer-
Ben Peacock, NanoFCM Co., Ltd., Nottingham, sal protein marker encourages the use of generic EV labelling methods, including
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membrane labelling. Using nano-flow cytometry, we evaluated six membrane dyes,
including MemGlow and CellMask. Evaluation criteria included EV labelling effi-
cacy, non-specific labelling of very low-density lipoproteins (VLDLs), brightness and
dye aggregation. Significant variation was observed in dye performance, with certain
dyes showing poor EV labelling efficacy or high affinity to VLDLs. Importantly, sev-
eral promising candidates were identified for further investigation. Overall, this study
highlights the importance of selecting appropriate membrane dyes for EV staining
tailored to the aims of the study and the EV origin. MemGlow and CellMask proved
favourable, allowing bright, sensitive staining of EV membranes with minimal aggre-
gation. However, MemGlow showed an affinity to VLDLs, and CellMask requires
additional sample handling for optimal labelling. These results contribute to deep-
ening our understanding of EV membrane dyes, allowing for better dye selection and
EV identification in future studjies.
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1 | INTRODUCTION

Extracellular vesicles (EVs) are small membranous particles released by cells into their surrounding environment, including
the intercellular space, local tissue stroma, bloodstream, saliva, urine and other bodily fluids (Kalluri & LeBleu, 2020). EV's
are important mediators of cell-to-cell communication and signalling, and research into the functions and properties of EV's
has revealed their critical roles in physiological and pathological processes such as inflammation, immune regulation, cancer
metastasis and neurodegenerative diseases (Buzas, 2023; Chang et al., 2021; Yates et al., 2022). Moreover, EVs have emerged as
promising tools for diagnostics and therapeutics due to their ability to carry bioactive molecules and deliver them to specific
target cells (Gurunathan et al., 2021). This study will focus on small EVs (sEVs) <200 nm, recognising that many common
isolation techniques do not aim to distinguish between EVs of different sub-types or biogenesis routes.
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In recent years, numerous techniques have been used to characterise and detect EVs, including electron microscopy (EM),
nanoparticle tracking analysis (NTA), flow cytometry (including conventional, high-resolution and nano-flow cytometry), west-
ern blotting (WB), mass spectrometry and microscopy (Bagc1 et al., 2022; De Sousa et al., 2023; Kwon & Park, 2022). In
combination, these methods allow for the determination of EV size, morphology, protein and lipid composition and nucleic acid
content (Théry et al., 2018). However, each method has its advantages and limitations, and selecting the appropriate combination
of techniques depends on the research question and sample type.

The evolution of EV analytical techniques has progressed from bulk analyses to single particle analyses, allowing for enhanced
particle quantification which distinguishes EV subpopulations from within complex heterogeneous samples (Couch et al., 2021;
Dehghani & Gaborski, 2020). Many of these techniques can utilise fluorescent labelling to either characterise EV subpopulations
with unique properties and cargo or detect and quantify EV's from other particles within a sample.

Antibody labelling of common EV markers is a well-used strategy for EV detection using many platforms. However, currently,
there are no protein targets for antibody labelling that are presented on the surface of a majority of EVs in sufficient quantities
to yield successful labelling and detection across all platforms (Kowal et al., 2016).

The heterogeneity of EVs, even within distinct subtypes such as exosomes, means that not every EV will express all common EV
markers (Matsui et al., 2021). It has been demonstrated that some EV populations from both cell culture and biofluid samples are
negative for the tetraspanins CD9 and CD63 (Laulagnier et al., 2018). Even when key tetraspanins are found in high quantities by
bulk analyses, their uneven distribution at a single particle level can introduce sensitivity bias across multiple platforms (Mizenko
et al., 2021). These tetraspanins may be less essential to EV biogenesis than originally thought, with some studies revealing that
CD9 and CD63 may play only limited roles in several core EV functions, such as cell uptake and cargo delivery (Tognoli et al.,
2023). Additionally, recent mass spectrometry data has demonstrated that EV's lacking these “core” EV proteins present similar
protein compositions to other EV cohorts (Fan et al., 2023).

With this in mind, numerous lipophilic and membrane-permeable dyes have been utilised to achieve generic EV labelling
(Colombo et al., 2021) without relying on protein markers like CD9, CD63 or CD81. Importantly, however, colocalization exper-
iments have suggested that even when an EV protein marker is present, some common dyes are not able to bind the same EV
(Melling et al., 2022). This highlights the importance of thoroughly investigating available membrane dyes to determine which
are suitable for generic EV labelling.

1.1 | Labelling mechanisms of action

While few dyes are created with EV's in mind, multiple mechanisms of action have been proposed for dye labelling of membranes.
Several dyes have been developed which integrate directly into the lipid bilayer. These include the proprietary lipid-mimicking
probes MemGlow (Collot et al., 2019) and Cell Mask Deep Red (CMDR).

The ExoBrite family of dyes are fluorescent conjugates of cholera toxin subunit B (CTB), which binds with high affinity to the
GMI1 ganglioside on mammalian cells and EVs (Baldauf et al., 2015). Reliance on a specific marker gives ExoBrite dyes the same
drawbacks as antibody labelling, primarily that marker expression may be heterogeneous between EV sources and within EV
populations.

An altogether different mechanism of EV staining is utilised by CellTracker Deep Red (CTDR). CTDR is similar in mechanism
to the dye carboxyfluorescein succinimidyl ester (CFSE) (Chuo et al., 2018), in which a non-fluorescent, membrane-permeable
molecule enters EVs and covalently binds to lysine residues of internal proteins through its succinimidyl group (Quah & Parish,
2010). Hydrolysis of acetyl groups by EV-internal esterase enzymes activates fluorescence and renders the molecule less mem-
brane permeable (Banks et al., 2013). Therefore, fluorescence with CTDR indicates not only the presence of a membrane but also
the presence of active esterase enzymes.

1.2 | Parameters for dye assessment

Paramount to a successful fluorescent EV label is the ability to bind all available EVs and make them detectable by most fluores-
cence methods. In practice, the evaluation of this must consider the set-up and resolution of the detection instrument as well as
the brightness of the labelled EV. In this study, EVs isolated from cell-conditioned media by size exclusion chromatography (SEC)
were the primary target for the panel of dyes, as EV's are expected to make up the majority of isolated particles (Contreras et al.,
2023). The detection method was nano-flow cytometry, providing high resolution for both labelled and unlabelled EV samples,
allowing for thorough analysis of EV labelling with each dye (Tian et al,, 2018; Zhu et al., 2014).

Non-specific labelling of common particle co-isolates is an important consideration, especially when working with biofluid-
derived EVs. A major non-EV co-isolate is lipoproteins, although the type differs by isolation method (Koster et al., 2021). In
particular, when utilising density-based isolation techniques like ultracentrifugation (UC), high-density lipoproteins (HDLs)
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TABLE 1 The manufacturer, peak excitation and emission and stock and optimum concentrations of each of the 6 dyes investigated.

Optimum
Manufacturer concentration
and product Excitation/emission Stock (dilution from
Dye code (nm) concentration stock)
Memglow 488 Cytoskeleton, 499 /507 40 uM 40 nM (1:1k)
Inc.
MGO1
MemGlow 640 Cytoskeleton, 650 /673 40 uM 40 nM (1:1k)
Inc.
MG04
ExoBrite 490/515 Biotium 490/ 516 500x 10x (1:50)
30112
ExoBrite 640/660 Biotium 642/ 663 500% 10x (1:50)*
30114
CellTracker Deep ThermoFisher 630/ 650 1mM 500 nM (1:2k)*
Red (CTDR) C34565
CellMask Deep Red ThermoFisher 649 / 666 5 mg/mL 1.25 pug/mL (1:4k)*
(CMDR) C10046

Note: Optimum concentration is the best concentration for staining 2 X 10'* particles/mL, as determined by dilution series using nFCM. Concentration units match those given in
the product information from the manufacturers. Colours correspond to fluorescent channels used to detect fluorescence: Green = 525/40 nm bandpass filter, red = 670/30 nm.
Concentrations marked with an asterisk (*) had to be decreased for staining of plasma particles, due to high fluorescent background. Concentrations used were 2x (ExoBrite 640/660),
62.5 nM (CTDR), and 78.1 ng/mL (CMDR).

and low-density lipoproteins (LDLs) may co-isolate with EVs. When utilising size-based isolation techniques like SEC, very
low-density lipoproteins (VLDLs) and chylomicrons may co-isolate with EVs (Brennan et al., 2020). Identifying EVs or EV
subpopulations within a complex particle mixture is crucial for the assessment of sample purity. To achieve this, membrane dyes
must label EVs without non-specifically labelling other lipid-based structures like lipoproteins.

It’s possible for dyes to aggregate or form micelle structures of similar size to EVs, particularly if they contain long hydrocarbon
chains that increase hydrophobicity (Puzar Dominkus et al., 2018). This can interfere with both quantification of EVs and further
studies, including EV uptake or internalisation experiments, which investigate the effect of endogenous EVs on recipient cells
by tracking their internalisation and localisation in cell cultures (Durak-Kozica et al., 2018) and in vivo and ex vivo experiments
(Sun et al., 2019). False (non-EV) particles, either formed or mislabelled by the fluorescent dye, should be identified earlier to
avoid data misinterpretation. This is a well-known concern when using PKH67, a commonly used lipophilic dye which inserts
an aliphatic chain into the lipid bilayer of EVs, yet also self-aggregates to form micelles of similar size to EVs (Chen et al., 2023;
Lai et al., 2015).

Finally, the brightness that each dye can provide for an EV is highly relevant. Brightly labelled EVs allow for the detection
of smaller EVs on less sensitive instruments, improving the ability to detect and measure the full range of EVs in a sample.
Providing data for the brightness of a given EV dye is surprisingly complex. The fluorescent molecule is often not disclosed and
varies between dyes, complicating the use of reference materials like MESF beads for unit conversion to non-arbitrary units.

In addition, when discussing brightness, it is important to consider the optical specifications of the instrument. Using the
NanoFCM NanoAnalyzer, the primary instrument in this study, green dyes are excited by the 488 nm blue laser, while emission
is measured by a detector behind a 525/40 nm bandpass filter. Red dyes are excited by the 638 nm red laser, while emission is
measured by a detector behind a 670/30 nm bandpass filter. Dyes were chosen such that their excitation and emission spectra
(Table 1) match the NanoAnalyzer specifications as well as possible, but other optical set-ups could allow for improved detection
of some dyes.

To encompass the complexities of describing dye brightness, the stain index of particles labelled with each dye was calcu-
lated. The stain index represents the difference in fluorescence intensity between the stained and unstained particles, taking into
consideration both the brightness of stained particles and the fluorescent background (Maecker et al., 2004).

In this study, we assess the performance of six commercially available fluorescent EV. membrane dyes, with the aim of identify-
ing a dye which brightly labels EVs with high efficacy and specificity. Additionally, by assessing aggregate formation, we determine
which dyes may confound assays by presenting false signals similar to EV's. A thoroughly characterised fluorescent dye satisfying
the outlined criteria would be a valuable tool for researchers, providing another method of EV identification independent of het-
erogeneously expressed EV markers like CD9/63/81. Because of its high fluorescence sensitivity and ability to detect unlabelled
particles by side-scatter, we will utilise nano-flow cytometry (NanoAnalyzer, NanoFCM) to investigate these dyes.
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2 | MATERIALS AND METHODS

2.1 | Preparation and storage of EVs—cell culture + isolation
211 | EVsfrom cell-conditioned medium

SW480 and SW620 cell lines were obtained from the European Collection of Cell Culture (Salisbury, UK) and were cultured in
complete medium (DMEM (high glucose 4.5 g/L) with 10% FBS and 1% penicillin/streptomycin) and passaged at a confluence
of 70%—90%. For seeding into bioreactors, the passage number did not exceed 5, and cell viability was >95%.

To ensure EVs from the FBS used in standard complete mediums did not contaminate any EV collections, EV-depleted
medium was required for certain stages of experiments. This was prepared by ultrafiltration of FBS using Amicon Ultra-15 cen-
trifugal filters (MWCO = 100 kDa; Merck Millipore Ltd.) for 55 min at 3000 X g, followed by filter sterilisation using a 0.22 pm
filter (Kornilov et al., 2018).

The bioreactor (Integra CELLine AD1000) membrane was equilibrated by adding 50 mL complete medium to the outer com-
partment and incubating for 5 min at 37°C. Approximately 25 x 10° viable cells in the log growth phase were suspended in 15 mL
fresh medium and dispensed into the inner compartment using a syringe and blunt-end needle. After seeding, 450 mL of com-
plete medium was added to the outer compartment before sealing all ports and incubating at 37°C with 5% CO,. The bioreactor
was left for 10 days for cells to establish within the inner compartment matrix. Outer compartment media was then discarded
and replaced with 500 mL of fresh complete media, with the FBS concentration reduced from 10% to 5% for the remainder of
the bioreactor’s operation. Medium from the inner compartment was carefully aspirated by a syringe and needle and discarded.
Cells were washed three times with PBS, and then 15 mL of EV-depleted media was added to the inner compartment. From
this point, 15 mL of EV-rich, cell-conditioned medium could then be harvested every 7 days from the inner compartment, cells
washed three times with PBS, and both compartments refreshed with the new medium. Collections were cleared of cells and
cellular debris by centrifugation for 10 min at 300 X g, followed by 10 min at 2000 X g, before storing at —80°C where necessary.
Bioreactors were kept for up to 2 months from the point of cell seeding. Conditioned media was concentrated to 0.5 mL using
Vivaspin 20 ultrafiltration units (MWCO = 100 kDa; Sartorius) at 3000 X g prior to SEC.

SEC Columns were prepared using Econo-Pac chromatography columns (Bio-Rad) and Sepharose CL-2B (Cytiva). The col-
umn was stacked with 14 mL Sepharose and topped up to 20 mL with PBS before being left to settle overnight at room temperature,
resulting in a resin bed volume of 10 mL. A fret was carefully placed above the resin bed to avoid disturbing the column, before
washing three times with 20 mL PBS. 0.5 mL sample was added to the column, followed by 10 mL of PBS, and then 20 X 0.5 mL
fractions were collected.

The protein concentration of each SEC fraction was determined by BCA assay (ThermoFisher, 23225, Figure Sla), and the
particle concentration was measured by nFCM. Particle-containing fractions were pooled.

212 | Particles from human plasma

Blood was taken from a healthy volunteer under Oxford Brookes University Ethics Board approval. Venepuncture was carried
out at 8 a.m. before food intake into EDTA vacutainer tube by cannulation needle. Within 3 h, the blood was centrifuged for
10 min at 1000 X g to collect the plasma. The plasma was diluted with an equal volume of PBS and centrifuged for 15 min at 1500
% g. The supernatant was centrifuged for 15 min at 2500 X g. The supernatant was then centrifuged at 16,000 X g for 35 min, then
the supernatant was stored at —80°C until further use.

For SEC, 14 mL SEC columns (BioRad) were filled with 14 mL CL-2B Sepharose slurry and topped up with sterile PBS.
Sepharose was allowed to settle for 4 h and bed support was added. Columns were washed through with 10 mL PBS three times
and used immediately. 0.5 mL PDP was thawed at 4°C and pipetted above the column bed support. The column was topped up
with 10 mL sterile PBS, 2.5 mL of flow-through was collected from the column and discarded, and 1.5 mL flow-through was then
collected into a fresh non-stick tube as EVs and stored at 4°C.

2.2 | VLDLs

To assess the specificity of the dyes to non-membranous lipid structures, VLDLs (Lee BioSolutions, 365-10) were purchased.
Particle concentrations (>40 nm) were determined by nFCM, then VLDLs were treated identically to EVs.

221 | EV storage

After isolation, EV's in PBS were split into 25—50 uL aliquots and stored at —80°C. Aliquots were defrosted immediately before
use and were subsequently stored in PBS at 4°C for no longer than 7 days. Once defrosted, aliquots were not re-frozen.
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2.2.2 | EV characterisation

Prior to use, the size and concentration of SW620-derived and SW480-derived EVs were measured by nFCM (Figure S1b). In
addition, both EV samples were stained for CD9, CD63 and CD8l, both individually and as a cocktail (Abcam—FITC CD9
(ab18241), CD63 (abl18235), CD81 (ab239256)) (Figure Slc). EVs were incubated with antibodies following the staining protocol
below. To allow optimal fluorescent detection (Lees et al., 2022), the antibodies were diluted 30-fold (FITC) for incubation with
EVs.

Both EV samples were probed for several EV-associated proteins by western blotting (Figure S1d). Briefly, the EV samples,
along with cell lysate, were lysed in Laemmli sample buffer, heated for 2 min at 95°C, and then separated on 4%—20% gradient
SDS-PAGE gels (Bio-Rad, Watford, UK) by electrophoresis and transferred to PVDF membranes using preassembled transfer
stacks on the trans-blot turbo system (Bio-Rad). Membranes were blocked with 5% non-fat milk and then incubated with pri-
mary antibodies to CD9, CD63, TSG101 and GM130 (Abcam, Cambridge, UK). Markers were detected using HRP-conjugated
secondary antibodies (Abcam, Cambridge, UK) followed by exposure to SuperSignal West Femto ECL reagent (Thermo-Fisher)
and visualised on an Odyssey Li-Cor system (Li-cor, USA).

Finally, the EV samples were observed by TEM (Figure Sle). Briefly, EVs were adsorbed onto carbon-coated copper grids for
1 min, excess fluid was removed by filter paper, and negative staining was performed by placing grids sequentially into 2 drops of
water and then 20 pL of filtered 2% uranyl acetate for 2 min. Excess liquid was removed and grids were allowed to dry for 10 min,
stained with uranyl formate, then visualised on an FEI Tecani G2 Spirit BioTwin TEM (PennState, USA) and recorded using a
Gatan Orius 1000B CCD camera and Gatan Digital Micrograph software (Gatan, USA).

We have submitted all relevant data from our experiments to the EV-TRACK knowledgebase (EV-TRACK ID: EV240050)
(Van Deun et al., 2017-02-28).

2.3 | Staining protocol

The concentration of unlabelled particles was measured using nFCM. Particles were diluted to 2 X 10'° particles/mL in PBS (pH
7.2, ThermoFisher, 10010023). 9 uL sample was incubated with 1 uL dye (at 10X optimal concentration, diluted in PBS), before
incubation for 30 min at room temperature in the dark. The incubation concentrations of each dye are given in Table 1. Stained
particles were diluted to approximately 2 x 10°® particles/mL, in TE buffer (pH 7.4, Fisher Bioreagents, BP2476-100) to a nFCM
particle flow rate of between 1500 and 12,000 particles/min, then measured in triplicate.

2.4 | Antibody and membrane dye dual staining protocol

To assess the EV binding efficacy of each dye, SW620-derived EVs were dual stained with a membrane dye and a cocktail
of either FITC- or APC-conjugated anti-CD9, CD63 and CD8I antibodies (Abcam—FITC CD9 (ab18241), CD63 (ab18235),
CD81 (ab239256), APC CD9 (ab82389), CD81 (ab233259); Invitrogen—APC CD63 (al5712)). This followed the staining protocol
described previously, but 1 pL of the antibody cocktail was added alongside the membrane dye. To allow optimal fluorescent detec-
tion (Lees et al., 2022), antibodies were diluted 30-fold (FITC) or 200-fold (APC) for incubation with EVs. Antibody optimisation
data are provided in Figure S2.

2.5 | Triton ablation

To assess the proportion of membranous particles in the SW620-derived and SW480-derived EV samples, each sample was
diluted to 4 x 10'° particles/mL in PBS, then diluted 2-fold with 10% Triton X-100, for a final EV concentration of 2 x 10'
particles/mL and final Triton concentration of 5%. These were incubated for 30 min at room temperature, and then measured in
triplicate using nFCM.

2.6 | Dyeaggregation in PBS

To assess dye aggregation, each dye was incubated with particle-free PBS, following the staining protocol described previously.
The concentration of side scatter positive aggregation was calculated, using particle-free buffer as a blank. To contextualise these
data, the concentrations of dye aggregates were expressed relative to 2 X 10'° particles/mL, the particle concentration utilised in
staining.
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2.7 | Nano-flow cytometry

A NanoAnalyzer U30 instrument (NanoFCM Inc.) equipped with dual 488/640 nm lasers was used for the simultaneous detec-
tion of side scatter (SSC) and fluorescence of individual particles. Single-photon counting avalanche photodiode detectors (SPCM
APDs) with bandpass filters allowed for collection of light in specific channels (SSC - 488/10 nm; FL1—525/40 nm; FL2—
670/30 nm). Gravity fed HPLC-grade water served as the sheath-fluid, sampling pressure by the air pump module was 1 kPa
and measurements were taken over 60 s. Values for peak height (mean + 3 standard deviations of the background) and peak
width (0.3 ms) were used as thresholds for peak identification. For each particle, peak area was recorded in all three detection
channels simultaneously for use in constructing dot plots and histograms. Samples were diluted to attain a particle count within
the optimal range of 1500—12,000/min. A blank measurement of TE buffer was recorded, containing 200—400 particles/min;
these particles are subtracted from the sample measurement for concentration calculation.

Particle concentrations were determined by comparison to a standard containing 250 nm silica nanoparticles of known con-
centration. Particles were sized according to standard operating procedures using a proprietary 4-modal silica nanosphere
cocktail (NanoFCM Inc., S1I6M-Exo0). Using the NanoFCM software (NanoFCM Profession V2.0), a standard curve was gen-
erated based on the intensity of side scattered light of the four different silica particle populations of 68, 91, 113 and 155 nm in
diameter. The laser was set to 15 mW and 10% SSC decay.

Data processing was handled within the nFCM Professional Suite V2.0 software, with dot plots, histograms and statistical data
provided in a single PDF. Gating within the software allows for proportional analysis of subpopulations separated by fluorescent
intensities.

2.8 | MFI and stain index calculation

Median fluorescence intensity (MFI) is representative of the brightness of particles stained with a given dye. MFI was defined
as the median fluorescence-channel pulse area of side-scatter positive, fluorescent positive particles. To quantify brightness of
stained particles, stain index was used. Stain index is calculated as the difference in MFI of the fluorescent positive and negative
populations, divided by twice the standard deviation of the fluorescence intensities of the negative population (Maecker et al.,
2004).

3 | RESULTS

3.1 Defining optimal dye-to-EV ratios by dilution series

Conditioned media-derived EVs were characterised by nFCM for particles 40—200 nm diameter and tetraspanin markers (Figure
S1). EVs were diluted to 2 x 10'° particles/mL and stained with a dilution series of each dye, to determine the optimum ratio of
dye:EVs (Figure 1, Table 1, Figure S3). The optimum concentration of dye is high enough to saturate the EVs with dye, producing
a high staining percentage and brightly labelled particles, but not so high as to leave excess dye in the buffer. Using nFCM, excess
dye results in a raised fluorescence baseline, which can obscure true fluorescence signals, a phenomenon seen across multiple
fluorescence platforms.

3.2 | Fluorescent detection and quantitation of labelled conditioned-media-derived EVs

A priority for efficient EV labelling is the ability to successfully bind, and make identifiable, the majority of EVs in a sample.
Conditioned media-derived EVs isolated from an SW620 cell line by SEC were used to demonstrate the proportion of EVs
labelled by each dye, with results varying across the panel of dyes tested (Figure 2a—g). The highest efficacy dyes were CellMask
Deep Red (100%), MemGlow 640 (97.3%) and MemGlow 488 (96.4%). The lowest efficacy dyes were ExoBrite 490/515 (40.1%)
and ExoBrite 640/660 (21.3%).

To test dye efficacy on EVs isolated from a different cell line, the dyes were used to stain EVs derived from an SW480 cell
line (Figure 2a—g). All six dyes had binding efficacy over 50%, with MemGlow 488 (97.2%), MemGlow 640 (95.5%) and CMDR
(92.4%) labelling near 100% of particles.

Both EV samples were treated with 5% Triton X-100 for 30 min to destroy membranous particles (Figure 2h). 68.6% of SW620-
derived EVs were destroyed, compared to 73.4% of SW480-derived EVs.

To evaluate the false positive rate, membrane dyes were incubated in the particle-free buffer to determine the rate of dye
aggregation (Figure 3). The membrane dyes tested do not form a high concentration of SSC+ (>40 nm diameter) aggregates
when incubated in the buffer.
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FIGURE 1 Optimisation of membrane dye staining concentration. SW480-derived extracellular vesicles (EVs) were stained with a dilution series of a
panel of membrane dyes. For each dye, fluorescence positivity (blue, left y-axis) and fluorescent background (orange, right y-axis) are given for each
concentration tested. The optimum concentration (dotted line) was chosen as a concentration which gives high positivity with a low background. EVs were
labelled at 2 x 10' particles/mL for all dyes.

3.3 | Co-labelling of labelled conditioned-media-derived EVs with membrane dyes and
anti-tetraspanin antibodies

The dyes were used to stain SW620-derived EVs in tandem with anti-tetraspanin antibodies. Membrane staining correlated with
the results of the single membrane stain.

By considering only the population of particles which were tetraspanin positive, the binding efficacy for each dye was calculated
as the percentage of tetraspanin+ particles which were dye positive (Figure 4a). The highest efficacy dyes were MemGlow 640
(99.6%), CMDR (98.7%) and MemGlow 488 (97.2%). Each of the other dyes leaves tetraspanin+ EV's unstained, with the median
diameter of the unstained particles being smaller than the stained particles (Figure 4b—e).

3.4 | Assessment of off-target labelling
To assess whether the membrane dyes label other lipidic structures non-specifically, purified VLDLs were purchased and stained

(Figure 5a—g). VLDLs incubated with MemGlow 488 (100%) and MemGlow 640 (99.5%) appeared near 100% fluorescent
positive. VLDLs stained with each of the other dyes were <15% fluorescent positive.
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Labelling of SW620-derived and SW480-derived extracellular vesicles (EVs) with membrane dyes. (a—f) Representative bivariate dot plots of

fluorescence (y-axis) against particle diameter (x-axis), showing labelling of SW620-derived (i) and SW480-derived (ii) EVs with six membrane dyes. (g)
Fluorescence positivity of SW620-derived (blue) and SW480-derived (orange) EVs. Fluorescence positivity is calculated as the percentage of side-scatter
positive particles which simultaneously present a fluorescence signature, as determined by the NanoFCM NanoAnalyzer (N = 3). ns = p > 0.05, *p < 0.05,
**p < 0.005. (h) Percentage of particles destroyed after treatment of SW620-derived and SW480-derived EV's with 5% Triton X-100 for 30 min (N = 3).
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FIGURE 3  Aggregate formation after incubation of membranes dyes in particle-free PBS. (a—f) Representative bivariate dot plots of fluorescence (y-axis)
against particle size (x-axis), showing aggregate formation after incubation of six membrane dyes in particle-free PBS. (g) Concentration of SSC+ aggregate
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FIGURE 4 SW620-derived extracellular vesicles (EVs) dual stained with membrane dyes and a cocktail of APC- or FITC-conjugated anti-CD9, CD63
and CD8I antibodies. (a) Labelling efficacy of tetraspanin-positive SW620-derived EV's with different dyes. Labelling efficacy is calculated as the percentage of
tetraspanin positive particles which were stained with each membrane dye (N = 3). (b) Median diameter of tetraspanin+ membrane+ (blue) and tetraspanin+
membrane- (orange) particles for each dye. (c—e) Size distribution histograms for EV's stained with each dye. Black = all particles.

To test the performance of the dyes in a more complex environment, particles were isolated from plasma using SEC.
When staining these particles (Figure 5a—f,h), CMDR (100.0%), MemGlow 488 (94.0%) and MemGlow 640 (84.6%) bind a
high proportion of particles. ExoBrite 640/660 (15.1%), CTDR (14.6%) and ExoBrite 490/515 (11.1%) bind a low proportion of
particles.

3.5 | Drye brightness

As mentioned, the assessment of dye brightness is affected by the quantity of dye molecules incorporated into an EV, the fluores-
cence properties of the dye and optical properties of the analysis system. To compare the brightness of stained particles between
dyes, stain index was used (Figure 6a,b). The stain index is the brightness of the stained particles relative to the fluorescent
background of the sample (Maecker et al., 2004), and is commonly used in flow cytometry applications. Particles stained with
MemGlow 488 had the highest stain index (242.4, Figure 6¢), while particles stained with ExoBrite 490/515 (12.5, Figure 6d) and
ExoBrite 640/660 (10.0) had the lowest stain indices.

3.6 | Summary

The criteria described previously were used to summarise the qualities of each dye (Table 2).
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FIGURE 5 Labelling of purified VLDLs and plasma-derived particles with membrane dyes. (a—f) Representative bivariate dot plots of fluorescence
(y-axis) against particle diameter (x-axis), showing labelling of purified VLDLs (i) and SEC-isolated plasma-derived particles (ii) with six membrane dyes. (g)
Fluorescence positivity of stained purified VLDLs. (h) Fluorescence positivity of SEC-isolated plasma-derived particles. Fluorescence positivity is calculated as
the percentage of side-scatter positive particles which simultaneously present a fluorescence signature, as determined by the NanoFCM NanoAnalyzer (N = 3).
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FIGURE 6 Brightness of SW620-derived extracellular vesicles (EVs) stained with six membrane dyes. (a,b) Bar charts of stain index (N = 3) of
SW620-derived EVs stained with green (a) and red (b) membrane dyes. Median fluorescence intensity was defined as the median fluorescence-channel pulse
area of side-scatter positive, fluorescent positive particles. (c,d) Representative event burst traces of SW620-derived EVs stained with MemGlow 488 (c) and
ExoBrite 490/515 (d).

TABLE 2  Properties of the six investigated membrane dyes. Criteria and star ranks are defined below the table.

Dye Efficacy® Specificity” Brightness® Aggregation’
Memglow 488 ok * ok _—
MemGlow 640 s * ok R
ExoBrite 490/515 ot ok * ok
ExoBrite 640/660 ot ok ok —
CTDR bt ** *% 4ok
CMDR RS bl 4 —_—

2Efficacy is defined as the percentage of particles in an SW620-derived EV prep bound by the dye. Stars correspond to percentage positivity observed: *<20%; **20%—60%; ***>60%.
bSpecificity is defined as the percentage of VLDLs bound by the dye. Stars correspond to percentage positivity observed: ***>10%; **10%—30%; *>30%.
“Brightness is defined as the stain index of labelled particles in an SW620-derived EV prep. Stars correspond to the stain index: *<10; **20—50; ***>50.
4 Aggregation is defined as the number of side-scatter positive (SS+) particles formed when the dye is incubated without particles in its working buffer. Stars correspond to the number

of SS+ particles observed: **<200; **200—500; *>500.

4 | DISCUSSION
4.1 | Study design

Revealing good quality fluorescent labelling practices is highly important for the EV field, yet a major challenge of these types of
study is the lack of starting material which can be considered 100% pure EV's (Théry et al., 2018). Whilst cell line-derived particles
in the range 40—200 nm are likely to contain a majority of sEVs, other particles can be co-isolated including dsDNA, histones and
vault complexes (Jeppesen et al., 2019; Liu et al., 2023). The use of secondary identifiers such as CD9/63/81 allows for the detection
of EVs, which should be labelled by an effective dye so that ineffective dyes can be identified. However, these tetraspanins are
known to be heterogeneously distributed throughout EV sub-populations, and variable between cell lines, biofluid sources and
patients (Mizenko et al., 2021; Rydland et al., 2023). This uneven distribution was observed on EV's derived from the SW620 and
SW480 cell lines used in this study (Figure Sic). As a result, 100% labelling of CM-derived particles may not be desirable, and a
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pure isolation devoid of EVs is required to demonstrate the non-specific binding properties of these dyes. Purified VLDLs have
been used in other studies (Botha et al., 2022) and may provide a good off-target particle to evaluate dye specificity.

To facilitate comparison between dyes, and reduce sample handling times, an early decision for the study was to maintain a
simplified staining protocol in line with the protocol used for antibody staining samples for nFCM. It is possible that some dyes
may perform better with different levels of handling or extra protocol steps, a consideration which is increasingly important as
EV specificity requirements become more stringent.

4.2 | Bestand brightest

When staining the SW620- and SW480-derived EVs, the highest efficacy dyes were CMDR, MemGlow 640 and MemGlow 488.
Each of these dyes fluorescently labels over 90% of particles in both EV samples. However, treatment with 5% Triton X-100
indicates that not all particles in the EV samples are membranous (68.6% particle loss in SW620, 73.4% in SW480). This suggests
that these dyes may be non-specifically labelling non-membranous particles. Each of these dyes integrates directly into the lipid
bilayer, as opposed to binding membrane components (ExoBrite) or entering and relying on esterase activity (CTDR). This
generic mode of action, while allowing for high-efficacy EV labelling, may also allow the dye to label non-membranous particles.
Taking this into account, CTDR emerges as another promising candidate, with staining efficacy similar to Triton ablation across
both EV sources (61.1% SW620, 67.6% SW480).

In addition, both ExoBrite dyes stain SW480-derived EVs with similar efficacy to Triton ablation (64.6% ExoBrite 490/515,
74.7% ExoBrite 640/660), however the staining efficacy of both with SW620-derived EVs is decreased (39.3% ExoBrite 490/515,
22.1% ExoBrite 640/660). Considering that Triton ablation is similar between the EV sources, the discrepancy between ExoBrite
staining of SW620-derived and SW480-derived EVs is consistent with observations by the manufacturer that ExoBrite staining
efficacy varies by cell line.

Combining the dye labelling with antibody labelling allows for a different perspective of data handling, by taking the CD?9,
CD63 or CD81 positive EVs and observing the proportion of these that have been successfully dye labelled. MemGlow 640,
CMDR and MemGlow 488 fluorescently label near-100% of tetraspanin positive particles. However, given that each has a near-
100% staining efficacy of SW620-dervied EVs as a whole, this does not indicate high specificity. On the other hand, ExoBrite
590/515 and ExoBrite 640/660 demonstrated higher proportional labelling in this defined subset (both 51.9%) than SW620-
derived EV's as a whole (39.3% and 22.1%, respectively). However, both dyes leave tetraspanin positive particles unstained. Finally,
CTDR also leaves tetraspanin positive particles unstained, with a labelling efficacy of 70.6%. Considering that each dye leaves
tetraspanin positive particles unstained, the similarity between Triton ablation and CTDR or ExoBrite staining efficacy may be
coincidental.

Considering the three dyes which leave tetraspanin+ particles unstained (CTDR, ExoBrite 640/660, ExoBrite 490/515), the
median diameter of tetraspanin+ membrane+ particles is greater than that of tetraspanin+ membrane- particles (Figure 4b—e).
This shows that the smaller particles within the tetraspanin positive population are not labelled with sufficient dye for detection.
Smaller EVs likely express fewer copies of the GM1 ganglioside, target of the ExoBrite dyes, and contain less esterase, required
for CTDR fluorescence. This leads to low fluorescence intensity, below the lower limit of detection of the NanoAnalyzer, causing
the particles to be misrepresented as membrane negative.

EVs stained with MemGlow 488 are by far the brightest (Figure S4) and have the highest stain index (Figure 6a). MemGlow
488 integrates into the lipid bilayer directly (Collot et al., 2019), as opposed to targeting a specific lipid type or protein. This means
that each EV can be stained with large numbers of dye molecules.

Interestingly, EV's stained with CMDR, despite having higher MFI than EVs stained with MemGlow 640 (Figure S4), had a
lower stain index (Figure 6b). This is due to an elevated fluorescence background in some samples, indicating unbound CMDR
molecules in the solution. The fluorescent background may be improved by post-labelling EV isolation (e.g., UC or SEC), or
simply by staining with a lower concentration of CMDR. However, given the brightness of the particles, reducing the fluorescent
background is not necessary to measure high staining efficacy.

None of the dyes form high concentrations of SSC+ aggregates in their staining buffer. Particles are stained at 2 X 10'° par-
ticles/mL, and each of the dyes forms < 3% of this many aggregates. In addition, aggregate formation is likely exaggerated in
particle-free PBS, as the concentration of unbound dye is higher than that in stained particle samples. However, it must be con-
sidered that these aggregates are composed of dye molecules and are often highly fluorescent, which may lead to false positive
results contributing to a small overestimation of membrane positivity.

4.3 | EV specificity

VLDLs are abundant in plasma (Johnsen et al., 2019), and their size range (~30—90 nm (German et al., 2006)) has significant over-
lap with that of small EVs (40—200 nm considered in this study). Therefore, VLDLs are a common co-isolate when considering
SEC-isolated EVs, particularly from plasma (Koster et al., 2021).
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VLDL staining shows that both MemGlow 488 and MemGlow 640 bind ~100% of VLDLs. This limits the opportunity to use
MemGlow labelling for EVs in any sample where VLDL is likely to be a major co-isolate. As expected, both MemGlow 488 and
640 have high binding efficacy to SEC-isolated plasma-derived particles: 94.0% and 84.5%, respectively.

In these environments, a dye which binds 100% EVs and low percentages of VLDLs, such as CMDR (7.0% VLDL labelling),
may be preferable. However, complicating this recommendation, CMDR binds 100% of SEC-isolated plasma-derived particles.
These contradictory observations suggest that labelling of purified VLDLs may not be a suitable test of a dye’s specificity to EV's
in a complex environment, which likely contains other co-isolates, including chylomicrons (Brennan et al., 2020).

5 | CONCLUSIONS

Both MemGlow 488 and 640 are easy to use and showed bright, effective labelling of EVs. Since unbound dye self-quenches,
there is a wide concentration range in which EVs are brightly stained, while the fluorescent background is low.

So far, where significant VLDL contamination is unlikely, MemGlow is a good option for EV labelling. It brightly stains near-
100% of EV's, while producing a low fluorescent background, meaning there is no requirement for post-staining sample cleaning
and could work on devices less sensitive than the nano-flow cytometry platform utilised here.

For workflows focused on biofluid-derived EVs, CMDR could be a viable choice as experiments staining EVs and VLDLs
separately identified high efficacy and specificity.

However, as CMDR labels a high proportion of plasma-derived particles, which likely contain some non-EV particles, the
specificity towards EV's needs further investigation. CMDR remains a strong choice for cell media-derived EVs, although dye
removal steps should be discussed to reduce background noise and increase stain index.

Together, these dyes cover a range of applications for EV labelling, and could be applicable for future EV research. This study
highlights the need for thorough optimisation and characterisation of dyes prior to use.

5.1 | Future work

While this study answers many initial questions surrounding the use of membrane dyes for fluorescent EV detection, much work
remains to be done. Most importantly, the panel of dyes needs to be expanded to encompass a wider range of available dyes.
Other parameters should be investigated, including the leeching of dyes from stained to unstained particles and the fluorescent
bleaching qualities of the fluorophores. The methods to identify off-target labelling of co-isolates or contaminates in EV isolations
need further refinement and qualification of dyes working across multiple measurement techniques and instruments will greatly
benefit the EV field.

In the future, we will continue to test commercially available and novel dyes, to identify those suitable for different EV
applications, such as cell culture or biofluid work and provide insight and guidance for EV work-flows.
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