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Abstract
Small extracellular vesicles (sEVs) provide major promise for advances in cancer
diagnostics, prognostics, and therapeutics, ascribed to their distinctive cargo reflec-
tive of pathophysiological status, active involvement in intercellular communication,
as well as their ubiquity and stability in bodily fluids. As a result, the field of sEV
research has expanded exponentially. Nevertheless, there is a lack of standardisation
in methods for sEV isolation from cells grown in serum-containing media. The
majority of researchers use serum-containing media for sEV harvest and employ
ultracentrifugation as the primary isolationmethod. Ultracentrifugation is inefficient
as it is devoid of the capacity to isolate high sEV yields without contamination of
non-sEV materials or disruption of sEV integrity. We comprehensively evaluated a
protocol using tangential flow filtration and size exclusion chromatography to isolate
sEVs from a variety of human and murine cancer cell lines, including HeLa, MDA-
MB-231, EO771 and B16F10. We directly compared the performance of traditional
ultracentrifugation and tangential flow filtration methods, that had undergone fur-
ther purification by size exclusion chromatography, in their capacity to separate sEVs,
and rigorously characterised sEV properties using multiple quantification devices,
protein analyses and both image and nano-flow cytometry. Ultracentrifugation and
tangential flow filtration both enrich consistent sEV populations, with similar size
distributions of particles ranging up to 200 nm. However, tangential flow filtration
exceeds ultracentrifugation in isolating significantly higher yields of sEVs, making
it more suitable for large-scale research applications. Our results demonstrate that
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tangential flow filtration is a reliable and robust sEV isolation approach that surpasses
ultracentrifugation in yield, reproducibility, time, costs and scalability. These
advantages allow for implementation in comprehensive research applications and
downstream investigations.
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 INTRODUCTION

Extracellular vesicles (EVs) play a crucial role in the promotion, progression and sustenance of cancer due to their autocrine and
paracrine signalling behaviour (Kalluri & Lebleu, 2020; Möller & Lobb, 2020). In particular, interest in the research of small EVs
(sEVs), ranging from approximately 30 to 200 nm in size, has surged over the recent years (Li et al., 2019; Möller & Lobb, 2020).
These cell-derived, bilipid-layered particles contain complex cargo and are highly stable and present in all bodily fluids, hence
are great candidates as biomarkers for the detection of cancer (Kalluri & Lebleu, 2020; Möller & Lobb, 2020; Visan et al., 2022).
Additionally, sEVs effectively function in intercellular communication, thus contributing to cancer pathogenesis and cancer
microenvironmental processes, as well as providing great promise for clinical translation (Kalluri & Lebleu, 2020; Möller &
Lobb, 2020; Visan et al., 2020). However, due to the fast-paced expansion of sEV-based research and a lack of general consensus,
a major issue in the field is the need for appropriate isolation methods (Royo et al., 2020).
Centrifuge-based ultrafiltration in combination with size exclusion chromatography is a highly efficient method of sEV isola-

tion, with significant levels of yield, quality, purity, time efficiency and reproducibility (Lobb et al., 2015). However, this method
relies on cells being grown in serum-free media. Most cell types require foetal bovine serum (FBS) for nutrient supplementa-
tion and optimal growth in their media (Eitan et al., 2015), and since lack of serum is a potential stress-inducer, growing cells
in FBS-free media could falsify sEV content and function analysis (Abramowicz et al., 2018; Li et al., 2015). Serum-containing
media is used by the majority of researchers for culturing cells for the purpose of sEV isolation (Gardiner et al., 2016; Royo et al.,
2020; Sciences BCL, 2019). Hence there is a strong demand for developing a protocol capable of sEV isolation from cells grown
in serum-containing media.
Most researchers use ultracentrifugation-based methodology for the isolation of sEVs from cell culture conditioned media

(Gardiner et al., 2016; Royo et al., 2020; Sciences BCL, 2019; Van Deun et al., 2017). Although ultracentrifugation is the most
commonly used technique, there are several problems associated with its use (Gardiner et al., 2016; Nordin et al., 2019). Repeated
rounds of ultracentrifugation can disrupt the structural and biological integrity of sEVs, cause aggregation, result in co-isolation
of contaminating non-EV particles and/or proteins, as well as produce suboptimal sEV yield (Heath et al., 2018; Lobb et al.,
2015; Nordin et al., 2019). This can impact downstream applications and their interpretation, including analysis of sEV compo-
sition and structure (Lamparski et al., 2002). The disadvantages of ultracentrifugation have driven researchers in both academia
and industry to implement gentle isolation approaches, hence the rise in the use of tangential flow filtration and size exclusion
chromatography (Royo et al., 2020).
Tangential flow filtration is a system that concentrates and filters out particles using a cross-flow filtration principle. Typically,

ultrafiltration devices use dead-end filtration, where media is applied perpendicular to the membrane in order to flux the entire
volume at once (Van der Bruggen, 2018). Decreased membrane permeability and resulting increased operation times and ineffi-
ciencies can arise in those dead-end filtration systems (Van der Bruggen, 2018). In contrast, tangential flow filtration applies the
media parallel to the membrane, as well as through the membrane, preventing molecule accumulation and membrane fouling,
and does so until the entire volume has been fluxed (Figure 1A). The application of size exclusion chromatography is prevalent
across laboratories worldwide (Royo et al., 2020) due to its gentle nature and efficiency for eliminating contaminating materials
(Baranyai et al., 2015; Guan et al., 2020; Lobb et al., 2015; Stam et al., 2021). Based on the growth in the use of isolation techniques
that preserve EV integrity and prevent EV aggregation (Royo et al., 2020), as well as recent reports of the application of tangential
flow filtration (Andrade et al., 2021; Binder et al., 2021; Busatto et al., 2018; El Baradie et al., 2020; Haraszti et al., 2018; Heine-
mann et al., 2014) coupled with size exclusion chromatography (Coenen-Stass et al., 2019; Corso et al., 2017; Gomes et al., 2022;
Mcnamara et al., 2018; Nordin et al., 2019; Wolf et al., 2022), it can be anticipated that this combinatorial method may become
standard for many laboratories in the near future.
Here, we present a complete analysis of an optimised protocol for the isolation of sEVs from cells grown in serum-containing

media based on tangential flow filtration and subsequent size exclusion chromatography. The coupling of ultracentrifugation
and size exclusion chromatography is a common technique employed by EV researchers (Alameldin et al., 2021; Koh et al.,
2018; Stam et al., 2021). For this reason, it was important to comprehensively assess sEVs isolated by ultracentrifugation and
tangential flow filtration, in conjunction with size exclusion chromatography. Hence our tangential flow filtration protocol was
rigorously compared to the commonly used ultracentrifugation method after size exclusion chromatography purification, based
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F IGURE  The principle of tangential flow filtration. (A) Representation of dead-end filtration and cross-flow filtration. (B) A schematic illustration of a
tangential flow filtration system. Using a peristaltic pump, CCM travels from the sample reservoir, through to the filtration membrane, where molecules
smaller than the molecular weight cut-off are filtered out via the filtrate flow, and molecules larger than the molecular weight cut-off are retained and
recirculated back to the sample reservoir via the retentate flow. The pressure gauge is used to maintain appropriate flow rates, and valves are used to redirect
flow for filtration and recirculation steps. CCM: cell culture conditioned media

on factors such as yield, purity, quality, specificity, costs, time requirements and reproducibility across different cell lines and
species. We conclude that tangential flow filtration is advantageous to ultracentrifugation and requires minimal infrastructure,
making it a prospective primary isolation method to be used in a wider variety of laboratory settings, for the isolation of sEVs
from serum-containing media.

 MATERIALS ANDMETHODS

. Cell culture

Human cervical cancer cell line HeLa, and human breast cancer cell line MDA-MB-231, were purchased from American Type
Culture Collection (ATCC). Murine breast cancer cell line EO771 (Ham et al., 2018), and murine melanoma cell line B16F10
(Möller et al., 2009; Sceneay et al., 2012), were described previously. Cells tested negative formycoplasma contamination. Human
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cell line authentication was carried out by in-house short tandem repeat (STR) profiling. Cells were maintained in high-glucose
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 5% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin
(Gibco, CA, USA) and grown in an incubator at 37◦C with 5% CO2. For sEV isolation, cells were seeded into 150 mm x 25 mm
dishes at a concentration of 1.5× 106 cells/dish for HeLa, MDA-MB-231 and B16F10 cell lines, and 1× 106 cells/dish for the EO771
cell line. After overnight adhesion, cells werewashedwithDulbecco’s phosphate buffered saline (PBS) and conditioned inDMEM
containing 5%EV-depleted FBS, generated as described (Théry et al., 2006), for 48 h (15ml/dish). Cell culture conditionedmedia
were collected and centrifuged at 500 × g for 10 min using a Beckman Coulter Allegra X-15R, in order to remove detached cells
and large debris. Supernatant was collected and filtered through 0.22 𝜇m filters (Merck Millipore) to remove any other large
particle contaminants, to clarify the conditioned media.

. Ultracentrifugation

Clarified cell culture conditioned media (depleted of detached cells, large debris and large particle contaminants) were cen-
trifuged in a Beckman Coulter Optima XPN-80 Ultracentrifuge at 100,000 × g at 4◦C for 120 min, with a 50.2 Ti rotor (k-factor:
157.7) to pellet EVs. The supernatant was carefully removed, and crude sEV pellets were resuspended in 1 ml of ice-cold PBS
and pooled. For cell lines MDA-MB-231, B16F10 and EO771, a second round of ultracentrifugation was carried out using the
Beckman Coulter Optima XPN-80 Ultracentrifuge at 100,000 × g at 4◦C for 120 min, with a 50.2 Ti rotor (k-factor: 157.7). For
the HeLa cell line, a second round of ultracentrifugation was carried out using the Hitachi Himac CS150NX Ultracentrifuge at
100,000× g at 4◦C for 90min, with an S55A2 rotor (k-factor: 40). The resulting pellets were resuspended in PBS (volumes ranged
from 100 to 300 µl depending on pellet size) and stored at −80◦C.

. Tangential flow filtration

Clarified cell culture conditioned media (depleted of detached cells, large debris and large particle contaminants) was con-
centrated using sterile Minimate Tangential Flow Filtration Capsules with 300, 500 or 1000 kDa Omega Membranes (Pall
Corporation). Filtration was carried out using a MASTERFLEX Console Analog L/S Pump Drives (Model No. 77521–47)
peristaltic pump.
For concentration of buffers and cell culture conditioned media, the speed of the peristaltic pump was adjusted to maintain a

feed pressure (PFeed) of 30 psi, retentate pressure (PRetentate) of 25 psi and filtrate pressure (PFiltrate) of 0 psi, in order to preserve the
integrity of the filter. The transmembrane pressure (TMP) was maintained at 2.5 psi (according to TMP = ((PFeed-PRetentate)/2)-
PFiltrate). Cell culture conditioned media were added to the reservoir and concentrated at a rate of 10–15 ml/min, 6–9 ml/min,
5–8 ml/min and 6–9 ml/min for HeLa, MDA-MB-231, EO771 and B16F10 cell lines, respectively, to a final volume of 10 ml
(Figure 1B). Concentration was followed by buffer recirculation and diafiltration using an equal volume of PBS as the original
conditioned media. PBS was added to the reservoir and recirculated through the system for 10 min to detach any impurities
and/or EVs that may be lodged in the filter membrane. After recirculation, sample was concentrated to a final volume of 10 ml.
Recirculation/diafiltrationwas repeated for a total of three times. The final 10ml volumewas recirculated for 10min and collected
from the reservoir. Another 10ml of PBS was added to the reservoir, recirculated through the filter for 10min, and then collected.
This step was repeated a final time, thus the recirculation of 10 ml PBS volumes was conducted a total of three times. The final
30 ml volume was further concentrated using a Centricon Plus-70 Centrifugal Filter (Ultracel-PLMembrane, 100 kDa) device by
centrifugation at 3000 × g at 4◦C using an Allegra X-15R centrifuge. The concentrate was recovered by a reverse spin at 1000 × g
at 4◦C for 2 min. To ensure thorough flux, 1 ml of PBS was added to the Centricon Plus-70 Centrifugal Filter and concentrated
for 2 min by centrifugation at 3000 × g at 4◦C using an Allegra X-15R centrifuge. The concentrate was recovered by a reverse
spin at 1000 × g at 4◦C for 2 min. This step was repeated for a total of three times. The final volume was diluted at 1:3 ratio in
PBS and stored at −80◦C.

All Minimate Tangential Flow Filtration Capsules with OmegaMembranes (Pall Corporation) are reusable and require clean-
ing with appropriate buffers. Prior to processing the cell culture conditioned media, the filter was washed with sterile PBS
(pH 7.4), 20% EtOH, then again with sterile PBS. Post-processing, membranes were washed with sterile PBS and 0.1 M NaOH,
and then stored at 4◦C.

. Size exclusion chromatography

Size exclusion qEV columns (qEVoriginal, 70 nm) were purchased from Izon Science Ltd and stored in 0.1% sodium azide at 4◦C.
EV (isolated by ultracentrifugation or tangential flow filtration) aliquots of 500 𝜇l were overlaid on the qEV columns followed by
elutionwith PBS, and 500𝜇l fractionswere collected. The EV-containing fractions (fractions 7–10) were pooled and concentrated
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in Amicon Ultra-4 10 kDa centrifugal filter units by centrifugation at 4000 × g at 4◦C to a final volume of approximately
200 µl, using an Allegra X-15R centrifuge (Lobb et al., 2015). The final sEV samples were collected and stored at−80◦C until use.

. Tunable resistive pulse sensing (TRPS)

Tunable Resistive Pulse Sensing (qNano, Izon Science Ltd) was utilised as described previously (Wen et al., 2019) to analyse the
concentration and size distribution of the particles isolated, using NP150 nanopores at a 45.50-mm stretch. 110-nm carboxylated
polystyrene beads (1.2 × 1013 particles/ml) were used to standardise concentration and size. Quantification of total particle yield
and size distribution was normalised to the starting volume of cell culture conditioned media, as well as the final volume of sEV
sample (either before or after size exclusion chromatography).

. Nanoparticle tracking analysis (NTA)

2.6.1 Zeta view

Prior to sample measurement using ZetaView (Particle Metrix, Germany) and its corresponding software (version 8.05.12 SP1),
several parameters were set, including: temperature, ∼25◦C; pH, 7.4; frame rate, 30 frames per second; and shutter speed of
100. All samples were diluted in PBS to 1 ml, which was then loaded into the cell (Cell# ZNTA_19-424) and measured by the
scanning of 11 different positions for two cycles. After measurement, video recordings were analysed by the ZetaView software
(version 8.05.12 SP1) and parameters were set for maximum area: 1000; minimum area: 10; maximum brightness: 255; minimum
brightness: 30. Analyses were conducted in the scattered light mode with a laser wavelength of 488 nm. Quantification of total
particle yield and size distribution was normalised to the starting volume of cell culture conditioned media, as well as the final
volume of sEV sample (either before or after size exclusion chromatography).

2.6.2 NanoSight

NanoSight NS500(NanoSight NTA 3.1 Nanoparticle Tracking and Analysis Release Version Build 3.1.46) was used following the
manufacturer’s instructions, and as previously described (Salomon et al., 2014). Briefly, samples were processed in duplicate and
diluted with PBS over a range of concentrations to obtain between 10 and 100 particles per image (optimal: ∼50 particles per
image) before the analysis with NanoSight. Samples were added into the chamber (temperature: 25◦C, and viscosity: 0.89 cP)
and the camera level set to obtain an image that had sufficient contrast to clearly identify particles while minimising background
noise for video recording (camera level: 13, and capture duration: 30 s). After that, the captured videos (three videos per sample)
were processed and analysed. A combination of high shutter speed (600) and gain (250), followed by manual focusing, enabled
optimum visualisation of a maximum number of vesicles. A minimum of 200 tracks completed per video was included as dupli-
cates. Post-acquisition settings were optimised and kept constant between samples (frames processed: 1496 of 1496; frames per
second: 30; camera shutter: 20 ms; calibration: 139 nm/pixel; blur: 3 × 3; detection threshold: 10; min track length: auto; min
expected size: auto), and each video was then analysed to give the mean, mode, and median particle size together with an esti-
mate of the number of particles. An Excel spread sheet (Microsoft Corp., Redmond, Washington) was automatically generated,
showing the concentration at each particle size bin. Quantification of total particle yield and size distribution was normalised
to the starting volume of cell culture conditioned media, as well as the final volume of sEV sample (either before or after size
exclusion chromatography).

. Transmission electron microscopy

SEVs were visualised using transmission electron microscopy, as previously described (Salomon et al., 2017). Briefly, sEVs were
fixed in 3% (w/v) glutaraldehyde, and 2% paraformaldehyde in cacodylate buffer (pH 7.3). The fixed sEVs (5 µl) were applied
to a continuous carbon grid and negatively stained with 2% uranyl acetate. The samples were examined with an FEI Tecnai
12 transmission electron microscope (FEI, Hillsboro, Oregon, USA).

. Protein abundance quantification and western blot analysis

Protein concentrations of cell lysate and sEV samples were quantified by Pierce BCA Protein Assay Kit (Thermofisher, USA)
and Bradford Assay (Bio-Rad), respectively, as previously described (Lobb et al., 2017). Bovine serum albumin standards ranging
from 0.125 to 2.0 mg/ml were utilised to create an appropriate standard curve. Cell lysate and sEV samples were lysed and heated
for 5 min at 95◦C. Proteins were resolved in SDS-PAGE and transferred to polyvinylidene fluoride membranes as described
(Chen et al., 2015). The membranes were then blocked in 5% non-fat powdered milk diluted in PBS plus 0.5% Tween-20 and
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probed with the following primary antibodies: mouse anti-HSP70(1:1000) (610608, BD Biosciences), rabbit anti-CD9(1:5000)
(ab92726, Abcam), rabbit anti-calnexin (1:2000) (2679S, CST), mouse anti-TSG101(1:800) (SC7964, Santa Cruz), mouse anti-
Flotillin-1 (1:1000) (610821, BDBiosciences), rabbit anti-albumin (1:5000) (ab175934, Abcam).Membraneswere further incubated
with the appropriate secondary antibodies: goat anti-Mouse IgG HRP (1:30,000) (LTS31430, Thermofisher) and goat anti-Rabbit
IgG HRP (1:10,000) (31460, Life Technologies). Protein expression was detected using Biorad ChemiDoc Touch Imaging System
and enhanced chemiluminescence reagent (Amersham ECL Select and Prime).

. EV labelling

Labelling of sEVs with PKH67 lipophilic dye (Sigma-Aldrich, USA) was performed according to themanufacturer’s instructions,
with slight modifications. Briefly, 2.5 µg of sEV protein was incubated with Diluent C and PKH67 dye for 5 min, and quenched
with 10% BSA in filtered PBS. To avoid PKH67 aggregation, free dye aggregates were removed using OptiPrep Density Gradient
Medium (Sigma-Aldrich, USA), by centrifugation at 100,000 × g at 4◦C for 16 h. Selected fractions were collected and washed
with filtered PBS usingAmiconUltra-4 10 kDa centrifugal filter units by centrifugation at 4000× g at 4◦C, using anAllegra X-15R
centrifuge, to concentrate the volume to approximately 100 𝜇l.

. Sample preparation for proteomic analysis

EV samples were thawed on ice and lysed with 100 mM triethylammonium bicarbonate (TEAB) buffer containing 0.5% SDS.
The samples were sonicated in a water bath sonicator for 15 min and centrifuged for 5 min (21,000 × g). The supernatant was
collected into a fresh tube and protein lysates were reduced by adding dithiothreitol to final concentration of 5mMand incubating
at 45◦C for 20min. Alkylation was carried out by adding iodoacetamide to a final concentration of 20mM and incubating at
room temperature for 10min in dark. Four volumes of ice-cold acetone was added to the samples and incubated at −20◦C for
4 h to facilitate protein precipitation. At the end of 4 h, the tubes were centrifuged at 21,000 × g (4◦C) for 15 min and acetone
was removed. The protein pellets were air dried and reconstituted in 100 mM TEAB. Sequencing grade trypsin (Promega, WI,
USA) was added at a ratio of 1:20 (enzyme:substrate) and digestion was carried out overnight at 37◦C. The digested samples were
acidified with formic acid (0.1% final concentration) and dried in a speed vac. The peptides were desalted using C-18 STAGE tips
and dried.

. Mass spectrometry data acquisition

The peptides were reconstituted in 0.1% formic acid and peptide estimation was carried out using a NanoDrop. Peptides (1 µg)
were analysed onLTQ-Orbitrap Fusionmass spectrometer (ThermoScientific, Bremen,Germany) interfacedwith a nanoAcquity
UHPLC (Waters, MA, USA). The peptide samples were first loaded onto a trap column (Waters, Milford, MA, USA) at a flow
rate of 5 µl/min and then resolved on a BEH C18 nanoAcquity column (Waters, Milford, MA, USA). The peptides were resolved
using a gradient of 8% to 70% solvent B (0.1% formic acid in acetonitrile) for 45 min using a flow rate of 300 nl/min. The total
run time for each sample was 60 min. The mass spectrometry settings were as follows: MS1 Resolution – 60,000; Mass Range –
350–1800 m/z; AGC Target – 1e6, Maximum injection time 22 ms. Include charge state – 2–6; Dynamic exclusion – 30 s. MS2:
Isolation mode – Quadrupole; Isolation window – 1.2; Activation type – HCD, Collision energy – 30%; AGC target – 50,000,
Maximum injection time – 40 ms.

. Mass spectrometry data processing

The raw files were searched against Mus musculus protein database using SequestHT through Proteome Discoverer software
suite (version 2.2). The databasewas downloaded fromUniProt and commonly encountered contaminant protein sequenceswere
added. Search parameters included carbamidomethylation of cysteine as a static modification while oxidation of methionine and
deamidation of glutamine and asparagine were dynamicmodifications. Amass tolerance of 20 ppm and 0.05 Da were allowed for
the precursor and fragments, respectively. A false discovery rate cut-off of 1% was used at both the Peptide SpectrumMatch and
peptide grouping level. Minora feature detector and precursor ion quantifier nodes were used for calculating protein abundance.

. Image flow cytometry

Based on particle quantification prior to PKH67-staining, 1 × 108 PKH67-labelled particles were stained with either APC-
conjugated CD9 (diluted 1:10; #124812, BioLegend, USA) or PE-conjugated CD63 (diluted 1:5; #12-0631-82, eBioscience, USA)
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antibodies, for 2 h on ice. Samples were diluted with filtered PBS to 200 𝜇l before being analysed by Amnis ImageStreamX Mark
II Imaging Flow Cytometer (Luminex, USA). The Amnis ImageStreamX Mark II Imaging Flow Cytometer (Luminex, USA)
conducted self-calibration using a series of Automated Suite of Systemwide ImageStreamX tests. All data was acquired with
60× magnification, 7 µm core size, low speed and high sensitivity (lasers: 488 nm (100 mW), 642 nm (150 mW) and 785 nm
(2 mW)). Analysis of 10,000 images was conducted using Amnis IDEAS Software (Luminex, USA). Only focused images were
selected for analysis. Contamination, aggregation and non-specific staining of lipophilic dyes and fluorescence-conjugated anti-
bodies can generate false positive results (Görgens et al., 2019; Mastoridis et al., 2018). Therefore, various negative controls were
applied to ensure appropriate gating of particles, including unstained sEVs, PKH67 dye only, antibody (CD9 or CD63) only,
PKH67-labelled sEVs, CD9- or CD63-labelled sEVs, and PKH67 dye plus CD9 or CD63 antibody (Figures S1, S2). Images were
gated based on size (Mastoridis et al., 2018); negative signalling in channel 01 (brightfield, 430–480 nm); positive signalling in
channel 02(set to PKH67-related fluorescence, 480–560 nm), aspect ratio larger than 0.5, and positive signalling in each of the
antibody-related fluorescence channels (channel 11 (640–745 nm)was set for CD9-APC, and channel 03 (560–595 nm) for CD63-
PE) (Figures S1–S3). This gating method allowed for the close selection of small, single, PKH67+, CD9+/CD63+ extracellular
vesicles. Data analyses were performed using Amnis IDEAS Software (Luminex, USA).

. Nano-flow cytometry

Purified sEV samples were analysed by the flow nanoanalyser instrument (nanoFCM) equipped with 488 and 640 nm lasers.
Fluorescence measurements were calibrated with 250 nm silica nanospheres labelled with fluorochromes at 20 mW laser power,
0.2% SS decay and 1 kPa sampling pressure. Purified sEVs were labelled with 0.25 µg of PE-conjugated CD9 (#124806, BioLegend,
USA) or PE-conjugated CD63 (#143904, BioLegend, USA), for 60min at room temperature. Fluorescently-labelled samples were
washed with PBS and purified with the Optima Max Benchtop Ultracentrifuge at 110,000 × g at 4◦C for 30 min, using the TLA
100.3 rotor. Pellets were then resuspended in PBS andmeasured at 10 mW laser power, 10% SS decay and 1 kPa sampling pressure.
To avoid acquisition of false events, positive regions were gated based on a negative control of PBS and the respective fluorescent
antibody to adjust for background fluorescence (Figure S4A-D). The majority of the particles (both ultracentrifugation and
tangential flow filtration) analysed were within the size range of sEVs (up to 200 nm), confirmed by size distribution analysis
(Figure S4E,F). The data was analysed by NF Profession 1.17 software and FlowJo software (v10.8.1).

. EV-TRACK

We have submitted all relevant data of our experiments to the EV-TRACK knowledgebase (EV-TRACK ID: EV220091) (Van
Deun et al., 2017).

. Statistical analysis

Depending on the type of data, analyses using repeatedmeasures random effects model followed by Tukey’s post-hocHSD test or
quantile regression were performed. Quantile regression with q= 0.5 to effectively test medians was utilised. Quantile regression
is less sensitive to outliers and deviations from normality (Koenker & Hallock, 2001; Portnoy & Koenker, 1997). Purity (particles
permicrogramof protein) was analysed using a two-wayANOVAwith least squaresmeans contrasts between ultracentrifugation
and tangential flow filtration isolationmethods for each quantification device (TRPS andNTA (Zetaview andNanosight)). These
analyses were done using JMP Pro (version 16.1.0, SAS Institute, Cary, NC USA). For mass spectrometry, a volcano plot was
generated by plotting logworth values (−log10 (FDR p-values)) versus log2 fold-change, based on protein abundance values, to
identify markers that were significantly expressed. The FDR values are the p-values from two-sample t-tests of the log expression
levels corrected for multiple comparison controlling the False-Discovery Rate (Benjamini & Hochberg, 1995).
Unless stated otherwise, all experiments were performed in triplicate with a minimum of three independent replicates.

p-Values < 0.05 were considered statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001).

 RESULTS

. A  kDa filter membrane successfully separates sEVs

For optimisation of the tangential flow filtration-based isolation protocol, three different filters with molecular weight cut-off
values of 300, 500 and 1000 kDa were compared. Various factors, including sEV yield, removal of large EVs and the presence of
free protein contaminants were evaluated after the samples were subjected to size exclusion chromatography. Using cell condi-
tioned media from HeLa cells, we observed the size distribution of particles retained by the 500 and 1000 kDa membranes to be
inconsistent, reflected by the various peaks in comparison to the 300 kDa membrane (Figure 2A-C). The 300 kDa membrane
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F IGURE  Filtration membrane with a molecular weight cut-off of 300 kDa outperformed the 500 and 1000 kDa membranes, for the isolation of sEVs
from the human cervical cancer cell line HeLa. (A-C) Size distribution and enumeration of particles and (D) quantification of total particle yield as assessed by
Nanoparticle Tracking Analysis. (E) Protein quantification as determined by Bradford Assay. (F) Western blot analysis of sEV markers HSP70, TSG101,
Flotillin-1 and CD9 in cell lysate (CL) and sEVs isolated using the different filters. The endoplasmic reticulum marker Calnexin, and the FBS-contaminant
Albumin, were also assessed. Equal protein amounts were loaded for each sEV sample. Data are presented as n = 3 ± SEM. **p < 0.01, ***p < 0.001. Statistical
analyses were performed using repeated measures random effects model followed by Tukey’s post-hoc HSD test, or using quantile regression with q = 0.5. CL:
cell lysate
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retained significantly larger yields of smaller particles, with the total number of particles (<200 nm) being ∼10-fold and ∼6-fold
higher than that of the 500 and 1000 kDa membranes, respectively (Figure 2D). Quantification of protein concentration cor-
roborated the substantial increased yields isolated by the 300 kDa membrane (Figure 2E). For further particle characterisation,
equal protein amounts were applied, and sEV protein markers analysed by western blotting. The sEV marker proteins HSP70,
TSG101, Flotillin-1 and CD9 were only detected in the 300 kDa sample, suggesting most of the protein detected in the 500 and
1000 kDa isolations to be non-sEV proteins (Figure 2F, Figure S5). Calnexin, an endoplasmic reticulum marker, and Albumin,
an FBS protein, were only detected in the cell lysate but not in any of the tangential flow filtration samples (Figure 2F). Based on
these findings, we decided to proceed with the 300 kDa membrane as the most appropriate for the isolation of sEVs.

. Tangential flow filtration produces optimal particle yields from serum-containing cell culture
conditioned media in a time-efficient manner, before and after size exclusion chromatography

In comparison to ultracentrifugation, tangential flow filtration reduces time consumption for the isolation of sEVs prior to size
exclusion chromatography. Isolating sEVs from 150ml of HeLa cell culture conditionedmedia, took aminimumof 130min using
tangential flow filtration, whereas the ultracentrifugation-based method took a minimum of 210 min (Figure S6).
To overcome the lack of uniformity in sEV quantification methods in the literature, three different instruments (qNano,

ZetaView and NanoSight) applying two different principles (TRPS and NTA) were employed to quantify particle yields. The
TRPS system applies voltage across a membrane containing a pore of a certain size. As particles flow through the pore, the volt-
age signal is disrupted, altering the duration, magnitude and frequency, which are used to calculate particle concentration and
diameter (Anderson et al., 2013; Maas et al., 2015). NTA instruments capture the Brownian motion of individual particles in
different fields of view. Using the rate of particle movement, the particle diameter and concentration is calculated (Maas et al.,
2015). One of the advantages of ultracentrifugation is its ability to isolate a consistent distribution of particles that fall within a
narrow size range (Ayala-Mar et al., 2019; Patel et al., 2019). This advantage is also observed with the tangential flow filtration
method, as the size distribution of sEVs isolated by both methods was similar and consistent with profiles of typical sEV prepa-
rations (Figure 3A,D,G; Figure S7A,B,D,E,G,H). Tangential flow filtration drastically increased sEV recovery by yielding ∼11-
to ∼27-fold more sEVs (size < 200 nm; yield increase depends on the quantification method applied) than ultracentrifugation
(Figure 3B,E,H). Both isolation methods yielded particles within the appropriate sEV size ranges, with the majority being 100 to
200 nm in size (Figure 3C,F,I), peaking at modes between 104 and 123 nm (Figure S7C,F,I).
Size exclusion chromatography is an important step in sEV purification for the separation of sEVs from plasma contami-

nants (Lobb et al., 2015). Both ultracentrifugation and tangential flow filtration isolates were therefore further purified using size
exclusion chromatography. The size distribution of ultracentrifugation and tangential flow filtration sEVs was maintained, cor-
responding to characteristic sEV profiles (Figure 4A,D,G; Figure S8A,B,D,E,G,H). Tangential flow filtration in combination with
size exclusion chromatography resulted in particle (<200 nm) quantities of ∼10- to ∼20-fold higher than that of ultracentrifuga-
tion with subsequent size exclusion chromatography (Figure 4B,E,H). For both approaches, size exclusion chromatography did
not alter the size range, with the particles predominantly ranging from 100 to 200 nm in size (Figure 4C,F,I), peaking at modes
between 98 and 137 nm (Figure S8C,F,I). Additionally, sEVs isolated by both methods exhibited a round, cup-shaped morphol-
ogy, which is characteristic for sEVs imaged by transmission electron microscopy (Wu et al., 2015) (Figure 4J,K). Although there
is variation in the results produced by the three quantification instruments, all demonstrate a significantly higher sEV recovery
by tangential flow filtration compared to ultracentrifugation, after size exclusion chromatography. It is important to note that
henceforth, any mention of sEVs isolated by ultracentrifugation or tangential flow filtration, has also undergone size exclusion
purification, unless specified otherwise.
One of the requirements for a general sEV preparation protocol is the applicability to a range of cell lines and species. To

evaluate if tangential flow filtration generates higher sEV amounts in different cell types, we isolated sEVs from a variety of
human and murine cell lines. Irrespective of the cell line, the efficacy of tangential flow filtration in isolating sEVs surpasses
ultracentrifugation. For example, for the murine breast cancer line EO771, tangential flow filtration followed by size exclu-
sion chromatography led to ∼4-fold more sEVs than ultracentrifugation with size exclusion chromatography (Figure 5A,B,
Figure S9A,B). Similarly, there was no impact on the enrichment of particles between 100 and 200 nm in diameter (Figure 5C,
Figure S9C). Comparable results were obtained for the human breast cancer cell lineMDA-MB-231(Figure 5D-F, Figure S9D-F),
and the murine melanoma cell line B16F10 (Figure 5G-I, Figure S9G-I).

. Tangential flow filtration combined with size exclusion chromatography recovers sEVs
without compromising particle-to-protein ratios

Protein recovery of sEV preparations consists of a combination of sEV proteins and impurities of non-EVproteins. Although tan-
gential flow filtration yielded up to 23-fold higher protein concentration than ultracentrifugation (Figure 6A) after purification
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F IGURE  Tangential flow filtration isolated significantly higher yields of sEVs from human cervical cancer cell line HeLa, compared to
ultracentrifugation, prior to purification by size exclusion chromatography. Size distribution and enumeration of particles, quantification of total particle yield,
and percentage of particle size ranges as assessed by (A-C) Tunable Resistive Pulse Sensing (TRPS), (D-F) Zetaview and (G-I) Nanosight. Data are presented as
n = 3 ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Statistical analyses were performed using repeated measures random effects model followed by Tukey’s
post-hoc HSD test. UC: ultracentrifugation; TFF: tangential flow filtration

by size exclusion chromatography, we cannot conclude that the purity of sEVs is not compromised. Therefore, we employed two
ways to determine sEV purity. Firstly, we evaluated sEV proteins CD9, HSP70 and TSG101 in the same number of particles from
both isolation methods by western blotting. Assessment of equal particle amounts allows for an accurate representation of pro-
tein expression. Amarginal increase in the expression of CD9 and TSG101, along with a notable increase in HSP70, was observed
in the tangential flow filtration sample (Figure 6B, Figure S10). Intriguingly, assessment of equal protein amounts revealed com-
parable expression of CD9 andHSP70 between ultracentrifugation and tangential flow filtration (Figure S11A). The endoplasmic
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F IGURE  Post-size exclusion chromatography purification, the recovery of sEVs from human cervical cancer cell line HeLa, isolated by tangential flow
filtration is significantly higher than that of ultracentrifugation. Size distribution and enumeration of particles, quantification of total particle yield, and
percentage of particle size ranges as assessed by (A-C) Tunable Resistive Pulse Sensing (TRPS), (D-F) Zetaview and (G-I) Nanosight. Transmission electron
microscopy images demonstrated a round, cup-shaped morphology of sEVs isolated by (J) ultracentrifugation and (K) tangential flow filtration. Data are

(Continues)
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F IGURE  (Continued)
presented as n = 3 ± SEM. *p < 0.05, **p < 0.01. Statistical analyses were performed using repeated measures random effects model followed by Tukey’s
post-hoc HSD test. UC-SEC: ultracentrifugation-size exclusion chromatography; TFF-SEC: tangential flow filtration-size exclusion chromatography

reticulum marker Calnexin was undetectable in both ultracentrifugation and tangential flow filtration preparations (Figure 6B,
Figure S10); however, Calnexin alone is an insufficient measure of purity (Lobb et al., 2015). Albumin was used as an additional
purity control as it is the most abundant serum protein (Abramowicz et al., 2018; Baranyai et al., 2015). Both ultracentrifugation
and tangential flow filtration contained Albumin, albeit at a higher concentration in tangential flow filtration sEVs (Figure 6B,
Figure S10). Interestingly, Albumin was unable to be detected in equal protein amounts of HeLa-derived sEVs isolated by both
methods (Figure S11A). Similarly to Figure 6B, Albumin presence in ultracentrifugation and tangential flow filtration sEV prepa-
rations was detected in both equal particle and protein amounts of EO771 and B16F10 cell line-derived sEVs. In addition,
expression of HSP70 and CD9 were comparable between isolation methods in EO771 and B16F10-derived sEVs (Figure S11B-E).
Contrastingly, analysis of the ratio of particles per microgram of protein in the sEV samples isolated by both ultracentrifugation
and tangential flow filtration were very similar, regardless of the particle quantification method applied (Figure 6C-E).

. Ultracentrifugation and tangential flow filtration with subsequent size exclusion
chromatography isolate sEVs with slightly different proteomic profiles

The method of isolation can impact the enrichment of specific EV subsets (Brennan et al., 2020; Greening et al., 2015; Patel et al.,
2019; Tang et al., 2017). In order to thoroughly evaluate sEV cargo to determinewhether tangential flow filtration isolates the same
particle subsets as ultracentrifugation, mass spectrometry was conducted on sEVs derived from the EO771 cell line. Proteomic
analysis identified 289 sEV proteins. Of the 289 proteins, 61 and 10 were exclusively expressed in sEVs isolated by ultracentrifu-
gation and tangential flow filtration, respectively (Figure 7A, Table S1). The remaining 218 were commonly expressed between
both groups (Figure 7A, Table S2). Statistical analysis of the 218 common proteins revealed that with a FDR p-value of 0.05, 1
and 13 proteins were enriched in sEVs isolated by ultracentrifugation and tangential flow filtration, respectively (Figure 7B,C,
Table S2). Amongst the 13 tangential flow filtration enriched sEV proteins was ESCRT-III protein Chmp1A (Figure 7B,C, Table
S2). Interestingly, the ESCRT-I protein,Mvb12A, and ESCRT-III protein, Chmp2B, were uniquely detected in ultracentrifugation
sEVs (Figure 7A, Table S1).

. SEVs isolated by ultracentrifugation and tangential flow filtration, followed by size exclusion
chromatography, express varying levels of CD

To comprehensively evaluate sEVs prepared by both isolation procedures, analysis of CD9 expression on single, PKH67-labelled
EO771-derived sEVs was performed by image flow cytometry. Fluorochrome-conjugated antibodies and lipophilic dyes such as
PKH67 have been reported to form sEV-sized aggregates, which can affect sEV analysis (Inglis et al., 2015; Wu et al., 2020). To
prevent acquisition of false particles, gating parameters were set based on numerous controls, including unstained sEVs, PKH67
dye only, CD9 antibody only, PKH67 dye plus CD9 antibody, PKH67-labelled sEVs and CD9-labelled sEVs (Figures S1, S3).
Analysis of side scatter (channel 06) versus PKH67-related fluorescence (channel 02) allowed for the size-based separation of
particles by visual interrogation, based on the unstained sEV control. EVs appear as low scatter/low-mid fluorescence events
(G1(EV)), whereas cell debris and large EV aggregates appear as high scatter/high fluorescence events (G2) (Mastoridis et al.,
2018) (Figures S1A, S3A,F). From the EV population, using the PKH67-labelled sEV controls, sEVs (G1(sEV)) were gated based
on a null brightfield signal (channel 01) and a positive PKH67 signal (channel 02) (Figures S1B, S3B,F). To exclude sEV aggregates,
single particles (G1(single sEV)) were gated according to the PKH67-labelled sEV controls, based on aspect ratio values (ratio
versus area of PKH67-related fluorescence (channel 02)) larger than 0.5 (Mastoridis et al., 2018). Aspect ratio is indicative of
shape and circularity (Jones et al., 2019); thus, due to their round morphology, single sEVs should have mid-high aspect ratio
values (Wu et al., 2015) (Figures S1C, S3C,F). Finally, CD9+ single sEVs were gated based on the PKH67-labelled sEV controls,
for a positive CD9+ signal (channel 11) (Figures S1D, S3D,F). Despite the sEV-like aggregates formed by the controls PKH67
dye only and PKH67 dye plus CD9 antibody (Figure S1A-C), CD9 was not detected in the PKH67+, CD9+ single sEV subset
(Figure S1D-G), demonstrating that the gating strategy was effective in eliminating false-positives. In order to bypass the use of
PKH67 dye and its associated issues, an additional flow cytometry method, nano-flow cytometry, was employed to assess CD9
expression on sEVs derived from EO771 cells. Nano-flow cytometry is based on a light scattering principle, capable of detecting
single particles based on side scatter and fluorescence (Arab et al., 2021). Gating of CD9+ regions were based on a PBS plus CD9
antibody negative control (Figure S4A,C), to avoid acquisition of false events. Unlike image flow cytometry, nano-flow cytometry
does not require an extensive gating strategy, which evades size-based particle selection. To ensure that the particles analysed
were within the sEV size range (up to 200 nm), size distribution profiles were established (Figure S4E,F).
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F IGURE  Tangential flow filtration effectively isolated significantly higher yields of sEVs from the murine breast cancer cell line EO771, human breast
cancer cell line MDA-MB-231 and murine melanoma cell line B16F10, compared to ultracentrifugation. Size distribution and enumeration of particles,
quantification of total particle yield, and percentage of particle size ranges from (A-C) EO771, (D-F) MDA-MB-231 and (G-I) B16F10 cell lines, as assessed by
Nanoparticle Tracking Analysis. Data are presented as a minimum of n = 3 ± SEM. **p < 0.01, ***p < 0.001. Statistical analyses were performed using quantile
regression with q = 0.5. UC-SEC: ultracentrifugation-size exclusion chromatography; TFF-SEC: tangential flow filtration-size exclusion chromatography

Assessment of the CD9+ single sEV subsets by image flow cytometry (Figure 8A, Figure S12) revealed that 76.2% of ultracen-
trifugation single sEVs were CD9+, significantly higher than the 53.7% of tangential flow filtration single sEVs that were CD9+
(Figure 8B). Similarly, the fluorescence intensity of CD9 was significantly higher in ultracentrifugation single sEVs than tan-
gential flow filtration single sEVs (geometric mean of 1206.7 and 508.6, respectively) (Figure 8C). The fluorescence intensity of
PKH67 in the CD9+ single sEVs was comparable between ultracentrifugation and tangential flow filtration isolation approaches,
verifying that the difference in CD9 expression is reflective of sEVs and not of PKH67 aggregates (Figure 8D,E). Interestingly,
assessment of CD9+ sEVs by nano-flow cytometry (Figure 9A) revealed comparable CD9 expression between ultracentrifugation
(28.05%) and tangential flow filtration (30.6%) sEVs (Figure 9B-D).
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F IGURE  After size exclusion chromatography, the purity of particles isolated by ultracentrifugation and tangential flow filtration is comparable. (A)
Protein quantification as determined by Bradford Assay. (B) Western blot analysis of sEV markers HSP70, TSG101 and CD9 in cell lysate (CL) and sEVs isolated
by ultracentrifugation and tangential flow filtration. The endoplasmic reticulum marker Calnexin, and the FBS-contaminant Albumin, were also assessed.
Equal particle amounts (3 × 108 particles) were loaded for each sEV sample. Particle purity expressed as particles per microgram of protein as determined by
(C) Tunable Resistive Pulse Sensing (TRPS), (D) Zetaview and (E) Nanosight. Data are presented as n = 3 ± SEM. *p < 0.05. Statistical analyses were
performed using quantile regression or two-way ANOVA. UC-SEC: ultracentrifugation-size exclusion chromatography; TFF-SEC: tangential flow
filtration-size exclusion chromatography

A similar trend was observed in the analysis of CD63+ single sEVs (Figure S13). For image flow cytometry, the frequency
of CD63+ single sEVs (Figures S13, S14A) was significantly higher in ultracentrifugation (70.6%) than tangential flow filtration
(44.4%) (Figure S14B). Although not statistically significant, the fluorescence intensity of CD63 was higher in ultracentrifuga-
tion than tangential flow filtration samples, with a geometric mean of 703.6 and 450.3, respectively (Figure S14C), while the
fluorescence intensity of PKH67 was comparable (Figure S14D,E). However, due to suboptimal CD63 antibody performance,
the controls PKH67 dye only, CD63 antibody only, PKH67 dye plus CD63 antibody, PKH67-labelled sEVs and CD63-labelled
sEVs, were positive for CD63 and PKH67, with spill over of the fluorescent signals between channels 02 (set for PKH67-related
fluorescence) and channel 03 (set to CD63-PE-related fluorescence) (Figure S2). Similarly to the CD9+ sEV subsets, CD63+
sEV populations analysed by nano-flow cytometry (Figure S15A), were comparable with 41.5% ultracentrifugation and 33.3%
tangential flow filtration sEVs being CD63+ (Figure S15B-D).

Together, these data demonstrate several advantages of using tangential flow filtration for the isolation of sEVs, over traditional
ultracentrifugation. The ability of tangential flow filtration to isolate substantial, consistent sEV yields makes it the most suitable
and compatiblemethod for scalable application. Not only is tangential flow filtration highly reproducible acrossmultiple cell lines
and species, but it is also a time-efficient and economical alternative for isolating sEVs from serum-containing media (Table S3).
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F IGURE  Proteomic profiles of UC-SEC and TFF-SEC sEVs slightly differ, as determined by mass spectrometry. SEVs were isolated from the murine
breast cancer cell line EO771. (A) Venn diagram of proteins identified in UC-SEC and TFF-SEC sEVs. (B) Volcano plot of 218 proteins commonly expressed in
UC-SEC and TFF-SEC sEVs. The horizontal black dotted line corresponds with a significant FDR p-value < 0.05. Significantly enriched UC-SEC and TFF-SEC
sEV proteins are represented as blue and red dots, respectively. (C) Venn diagram of 218 proteins commonly expressed in UC-SEC and TFF-SEC sEVs.
UC-SEC: ultracentrifugation-size exclusion chromatography; TFF-SEC: tangential flow filtration-size exclusion chromatography

 DISCUSSION

The use of sEVs not only as a tool for clinical or technical applications, but also for our understanding of normal and pathophys-
iological states, is a rapidly expanding field. However, basic sEV research crucially relies on utilising the most appropriate and
robust method of sEV separation. Many researchers use serum-containing media for the conditioning of cells for sEV harvest
(Gardiner et al., 2016; Royo et al., 2020; Sciences BCL, 2019) and we therefore require sEV separation methods suitable for these
conditions. Ultracentrifugation alone, or in combination with other methods, is the most commonly employed technique for the
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F IGURE  Identification and confirmation of the presence of CD9+ sEVs in ultracentrifugation and tangential flow filtration samples, as detected by
image flow cytometry. SEVs were isolated from the murine breast cancer cell line EO771. Samples were labelled with lipophilic fluorescent dye PKH67, and
tagged with fluorescent CD9 (APC) antibody. (A) Dot plot of small, single, PKH67+, CD9+ EVs. (B) Frequency of CD9+ single sEVs. Fluorescence intensity of
(C) CD9 and (D) PKH67 in CD9+ single sEVs. (E) Images of PKH67-labelled CD9+ single sEVs in brightfield (CH01), PKH67-related fluorescence (CH02)
and CD9-related fluorescence (CH11) channels. Data are presented as n = 3 ± SEM. *p < 0.05, **p < 0.01. Statistical analyses were performed using quantile
regression with q = 0.5. UC-SEC: ultracentrifugation-size exclusion chromatography; TFF-SEC: tangential flow filtration-size exclusion chromatography

isolation and purification of sEVs from cell culture media (Gardiner et al., 2016; Royo et al., 2020; Sciences BCL, 2019; Théry
et al., 2006; Van Deun et al., 2017). Nonetheless, its use is associated with numerous critical limitations, including low particle
recovery, co-isolation of non-EV factors, compromised quality and integrity, high costs and time consumption (Cvjetkovic et al.,
2014; Linares et al., 2015; Nordin et al., 2015).
Obtaining reproducibly high yields is one of the many challenges of sEV isolation and is an important factor for large-scale

experiments. It is difficult to compare sEV studies due to the numerous quantification methods available and unestablished
consensus (Théry et al., 2018).Despite the variability produced by the different instruments, it is clear that tangential flowfiltration
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F IGURE  Identification and confirmation of the presence of CD9+ sEVs in ultracentrifugation and tangential flow filtration samples, as detected by
nano-flow cytometry. SEVs were isolated from the murine breast cancer cell line EO771. Samples were tagged with fluorescent CD9 (PE) antibody. (A) Dot plot
of CD9+ sEVs. (B) Frequency of CD9+ sEVs. (C, D) Trace images demonstrating peaks corresponding with CD9 (PE)-related fluorescence. Baseline represents
the minimum fluorescence level of any particle detected. Data are presented as n = 3 ± SEM. Statistical analyses were performed using quantile regression with
q = 0.5. UC-SEC: ultracentrifugation-size exclusion chromatography; TFF-SEC: tangential flow filtration-size exclusion chromatography

exceeds ultracentrifugation in its ability to maximise sEV yields while maintaining comparable, consistent EV size distribution
profiles. One of the advantages of ultracentrifugation is its reliable reproducibility (Konoshenko et al., 2018). Yet tangential flow
filtration consistently outperformed ultracentrifugation in isolating substantial sEV quantities from a variety of cancer cell lines
of both human andmurine species, attesting to its wide-range applicability and reproducibility. Its advantages also imply potential
use for the isolation of sEVs from cells conditioned in serum-free media. Previous studies have reported similar findings that
tangential flow filtration produced higher sEV quantities than ultracentrifugation (Busatto et al., 2018; Buschmann et al., 2021;
El Baradie et al., 2020; Haraszti et al., 2018; Heath et al., 2018; Heinemann et al., 2014; Mcnamara et al., 2018; Watson et al.,
2018), as well as findings of comparable size distributions, size ranges and particle diameters between the two isolation methods
(El Baradie et al., 2020; Haraszti et al., 2018). Although these previous studies have investigated tangential flow filtration and
ultracentrifugation, they have not applied further purification techniques such as size exclusion chromatography and directly
compared the combinatorial methods (Busatto et al., 2018; Buschmann et al., 2021; El Baradie et al., 2020; Haraszti et al., 2018;
Heath et al., 2018; Heinemann et al., 2014; Mcnamara et al., 2018; Watson et al., 2018).
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A major issue associated with the use of serum-containing media is the co-isolation of contaminating materials (Abramowicz
et al., 2018). The presence of non-EV structuresmay affect downstream functional applications and studies, such as proteomics, in
vivo experimentation and clinical utility (Abramowicz et al., 2018; Baranyai et al., 2015; Takov et al., 2018), hence the importance
of sample purity (Théry et al., 2018). Based on particle-to-protein ratios, overall purity of sEVs isolated by tangential flowfiltration
and ultracentrifugation is comparable. However, it is important to note that the increased sEV yield produced by tangential flow
filtration presumably compensates for the Albumin contamination. Despite that, ultracentrifugation does not effectively remove
Albumin either. For downstream applications inwhich yield is prioritised andAlbumin presence does not interfere with analyses,
tangential flow filtration is an optimal isolationmethod. The differing expression levels of sEVmarkers HSP70, TSG101 and CD9
observed in the ultracentrifugation and tangential flow filtration HeLa samples may be attributed to a difference in the ratio of
sEV to non-EV components, such as co-isolation ofmicrovesicles and/or EV fragments. Furthermore, it is feasible that tangential
flow filtration isolates different sEV subpopulations to ultracentrifugation. It is noteworthy to mention that differences in HSP70
and CD9 expression were only observed inHeLa sEVs and not in that of B16F10 or EO771 sEVs. This may be attributed to the fact
that sEV marker expression is cell-line specific, hence individually impacted by isolation method (Guerreiro et al., 2020; Kowal
et al., 2016; Patel et al., 2019), or perhaps western blot lacks the sensitivity to identify minor differences in protein expression
between groups.
There are very few studies that have explored the concept of sEV subpopulations. Subgroups separated by size (small

(60–80 nm) and large (90–120 nm)) (Zhang et al., 2018), density (low-density (1.12–1.19 g/ml, 75–200 nm) and high-density
(1.26–1.29 g/ml, up to 100 nm)) (Willms et al., 2016), and a combination of size and density (low-density-large (1.115 g/ml, larger
than 200 nm), low-density-small (1.115 g/ml, up to 200 nm), high-density-large (1.145 g/ml, larger than 200 nm) and high-density-
small (1.145 g/ml, up to 200 nm)) (Kowal et al., 2016) have been previously described. Proteomic analysis of the different sEV
subsets investigated in these studies revealed comparable expression of TSG101 (Willms et al., 2016; Zhang et al., 2018), CD9,
CD63 (Kowal et al., 2016; Willms et al., 2016; Zhang et al., 2018), HSP70 (Kowal et al., 2016) and ESCRT-I (Mvb12A) and ESCRT-
III (Chmp1A/2B) components (Kowal et al., 2016; Willms et al., 2016; Zhang et al., 2018) in all subgroups regardless of size and
density. Most of the proteins uniquely expressed in ultracentrifugation and tangential flow filtration sEVs have been also been
detected in the small, large, low-density and high-density sEVs described in these previous studies, as well as in microvesicles
(Kowal et al., 2016; Willms et al., 2016; Zhang et al., 2018) (Tables S4, S5). This suggests that neither ultracentrifugation nor tan-
gential flow filtration enrich or have a bias toward particular sEV subsets. However, the question remains as to why there are
a substantial number of proteins only detected in ultracentrifugation sEVs. It is plausible that these unique ultracentrifugation
sEV proteins may be associated with non-vesicular particles.
Recent studies have uncovered new subclasses of extracellular nanoparticles termed exomeres and supermeres. Exomeres and

supermeres are amembranous particles approximately 35 and 25 nm in size, respectively, with distinct molecular profiles and
biophysical characteristics to that of sEVs (Zhang et al., 2018; Zhang et al., 2021). Themajority of the proteins exclusively expressed
in ultracentrifugation sEVs have also been detected in exomere, supermere and non-vesicular particle populations (Table S4),
whereas very few of the unique tangential flow filtration sEV proteins have been detected in these amembranous, non-vesicular
subgroups (Table S5) (Zhang et al., 2018; Zhang et al., 2021). Exomeres and supermeres can be isolated by ultracentrifugation,
which may explain the high levels of the associated proteins in ultracentrifugation sEVs (Zhang et al., 2021; Zhang et al., 2019).
This suggests that tangential flow filtration has higher specificity for isolating sEV particles. However, this can only be confirmed
once specific exomere and supermere markers have been established. If tangential flow filtration and ultracentrifugation do
isolate different sEV subpopulations, or even non-EV nanoparticles, analysis using additional markers to identify single particles
is required.
Examining single sEVs is important for the profiling of sEV subtypes, as there is a large overlap in size range with non-EV

contaminants. Although TRPS, NTA and western blot are effective in particle quantification and detecting sEV marker expres-
sion, these techniques analyse total vesicle populations, which does not truly represent the heterogeneity of the vesicles isolated
(Görgens et al., 2019; Mastoridis et al., 2018; Tertel et al., 2020). Image flow cytometry and nano-flow cytometry were conducted
to further characterise ultracentrifugation and tangential flow filtration particles to evaluate the specificity of the isolation tech-
nique in selecting for bona fide sEVs. Image and nano-flow cytometry avoid the associated issues of conventional flow cytometry
that present when analysing sEVs, such as limited detection thresholds (>500 nm) and background disturbances (Arab et al.,
2021; Choi et al., 2019; Lannigan & Erdbruegger, 2017; Mastoridis et al., 2018). These methods offer high fluorescence sensitivity,
minimal noise disturbance, clear separation between sEVs and background (Choi et al., 2019; Lannigan&Erdbruegger, 2017), and
for image flow cytometry, image confirmation to assess sEVs (Lannigan & Erdbruegger, 2017). However, since sEVs are unable
to be detected in brightfield and rely solely on fluorescence, the possibility of aggregates remains (Ricklefs et al., 2019; Yichuan
et al., 2020). It has been frequently reported that high-speed ultracentrifugation-based isolation methods cause particle aggrega-
tion, loss of particle integrity and formation of particle-like debris due to the shear forces (Cvjetkovic et al., 2014; Linares et al.,
2015; Nordin et al., 2015; Théry et al., 2006). Whereas tangential flow filtration applies low pressure and flow rates using cross
flow filtration, which in principle is a much more gentle approach than ultracentrifugation, and should avoid excessive exertion
or particle manipulation (Heinemann & Vykoukal, 2017). It is plausible that ultracentrifugation samples are contaminated with
EV fragments that fall within the PKH67+, CD9+ single sEV gating, hence impacts image flow cytometry analysis. In addition,
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ultracentrifugation-induced particle aggregation may allow for increased antibody binding, hence creates a stronger fluorescent
signal, which possibly explains the increase in the fluorescent intensity of CD9+ single sEVs isolated by ultracentrifugation com-
pared to tangential flow filtration. On the other hand, the image flow cytometry results may reflect different sEV subpopulations
isolated by ultracentrifugation and tangential flow filtration. However, the difference in CD9 expression was not supported by
the findings produced by nano-flow cytometry. The conflicting nano-flow cytometry and image flow cytometry results may be
ascribed to the absence of lipophilic dye, PKH67. To truly evaluate aggregation caused by these isolation techniques, methods
such as cryo-electron microscopy would be required (Yichuan et al., 2020).
An ideal method for sEV isolation should be both time- and cost-efficient. The duration of the ultracentrifugation process is

limited by, and dependent on its volume capacity. Larger volumes require additional centrifugation steps and therefore lengthen
operation.On the other hand, the time required to execute tangential flowfiltration ismostly dependent on sample andbuffer flow
rates, which is a result of the cell line’s particle production. It is to be noted that the larger the sample volume, the slower the flow
rate. However, flow rates are consistent and easily maintained using our proposed cleaning protocol, which allows for repeated
use of the membrane, thus minimises costs. Ultracentrifugation does not require many reagents or consumables (Konoshenko
et al., 2018), as opposed to tangential flow filtration, which requires large volumes of various cleaning buffers. One of the benefits
of ultracentrifugation is that it is easy to perform (Li et al., 2017), whereas tangential flow filtration requires various steps and
could be considered more difficult to operate. However, these minor limitations are outweighed by the capacity of tangential
flow filtration. Tangential flow filtration and subsequent size exclusion chromatography isolates a minimum of 10-fold more
particles from HeLa cells than ultracentrifugation followed by size exclusion chromatography. Theoretically, this means that in
order to achieve the same sEV yield by ultracentrifugation, it would require a∼10-fold number of cells, cell culture flasks, dishes
for sEV harvest, cell growth media, media supplements (FBS and penicillin-streptomycin), PBS, sEV-depleted media and other
cell culture-related consumables. As a result, the processing time of ultracentrifugation would increase dramatically, requiring
14 h of ultracentrifugation steps, as opposed to tangential flow filtration, which would only take less than 3 h. Furthermore,
ultracentrifugation equipment costs are extraordinarily high, with the combination of benchtop and standing ultracentrifuges, as
well as the appropriate tubes and rotors.On the other hand, allmaterials required for tangential flowfiltration, including the pump
unit, membranes and ultrafiltration devices, add up to less than one tenth of the equipment costs required for ultracentrifugation.
Overall, tangential flow filtration is far more time- and cost-efficient than ultracentrifugation.
With the burgeoning pace of sEV research, establishing a rigorous, reliable and reproducible sEV isolation method that sur-

mounts the numerous problems that the field currently faces, is of high priority. The lack of international consensus delays the
progression of sEVs to act as cancer biomarkers for diagnosis and prognosis. Although ultracentrifugation is the most com-
monly used method worldwide, its multiple disadvantages and limitations are far too great. Using a combination of tangential
flow filtration and size exclusion chromatography, we have effectively developed and evaluated a highly effective protocol for the
isolation of sEVs from serum-containing cell culture conditioned media and robustly compared it with ultracentrifugation and
size exclusion chromatography. Overall, our method isolates significant sEV yields without compromising particle morphology,
with high efficiency, specificity and reproducibility. Furthermore, it minimises the use of cell culture-related consumables, saves
costs, reduces time consumption and has potential for scalability for downstream applications.
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