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ABSTRACT
Isolation of extracellular vesicles (EVs) from cell culture supernatant or plasma can be accom-
plished in a variety of ways. Common measures to quantify relative success are: concentration of
the EVs, purity from non-EVs associated protein, size homogeneity and functionality of the final
product. Here, we present an industrial-scale workflow for isolating highly pure and functional
EVs using cross-flow based filtration coupled with high-molecular weight Capto Core size exclu-
sion. Through this combination, EVs loss is kept to a minimum. It outperforms other isolation
procedures based on a number of biochemical and biophysical assays. Moreover, EVs isolated
through this method can be further concentrated down or directly immunopurified to obtain
discreet populations of EVs. From our results, we propose that cross-flow/Capto Core isolation is a
robust method of purifying highly concentrated, homogenous, and functionally active EVs from
industrial-scale input volumes with few contaminants relative to other methods.
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Introduction

The role of extracellular vesicles (EVs) has received con-
siderable attention in recent years, in particular the class of
EVs with a diameter < 120 nm. MicroRNA (miRNA),
messenger RNA (mRNA), long non-coding RNA
(lncRNA) molecules, as well as proteins (both host and
virus-encoded), lipids, and small metabolites have all been
found in EVs. EVs have demonstrated roles in cancer
progression, metastasis, the response to invading patho-
gens, and normal development and physiology, such as
synaptic transmission and immune responses (reviewed in
[1]). Modified EVs are under consideration as vaccine and
drug delivery modalities (reviewed in [2]). This principle
borrows from the successful encapsulation of the anti-
cancer drugs doxorubicin and paclitaxel into liposomal
vehicles and albumin nanoparticles, to yield the clinically
approved formulations Doxil and Abraxane [3–5]. Lastly,
EVs have gained popularity as disease biomarkers, and
substantial efforts are underway to translate EVs profiling
into a clinical modality, termed “liquid biopsy” [1,6–10].

Exosomes are distinguished from other EV because of
their intracellular origin. Exosomes arise from the inward
budding of endosomes into multivesicular bodies (MVB).
The exosome-loaded MVB then traffic to the plasma

membrane and releases the exosomes into the cell sur-
roundings. Exosomes and other classes of EVs are even-
tually taken up by recipient cells and the packaged contents
are unloaded. Whereas the majority of EVs are likely
involved in modulating the proximal microenvironment,
akin to synaptic vesicles, a significant fraction circulates
systemically and can affect distant organs/tissues through-
out the body [7,11–13]. EVs are present in bodily secre-
tions such as milk, urine, semen or saliva. Despite
significant progress, many of the fundamental molecular
details of EVs biogenesis, uptake and trafficking remain
unknown [14,15]. This represents a gap in our under-
standing that prevents successful applications in medicine.

Central to the study of EVs function is the ability to
isolate robust quantities of EVs, reproducibly and from
a variety of sources and volumes. This includes isola-
tion under enhanced biosafety measures, e.g. in order
to study the role of EVs in human immunodeficiency
virus (HIV) infection [15–21]. Here, we present a
workflow that improves upon this essential first step
in EVs research. Cross-flow filtration (CFF)-based EVs
enrichment offers several benefits compared to prior
methods, and as we describe here, can be used to
rapidly, continuously and automatically isolate pure
populations of EVs from large volumes of fluids
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(100 mL – 10 L). It allows for routine generation of
highly concentrated EVs at or exceeding the concen-
tration found in human plasma, which is estimated at
1010–1011 particles/mL [22]. The resulting product can
be used to study the protein properties, enzymatics,
nucleic acid composition, etc. of EVs using previously
unachievable industrial-scale input volumes, all the
while maintaining their competence for endocytosis.

How is EV purification accomplished today, and what
are the limits of current practice? The most frequently
employed method for EVs preparation relies on ultracen-
trifugation (UC). It is a commonly employed technique
in EVs and virus purification. Crowding reagents such as
ExoQuick™ or polyethylene glycol (PEG), size-exclusion
chromatography (SEC), various sucrose/iodixanol gradi-
ents, and antibody-based bead-capture have been com-
bined with centrifugation to increase purity [7,23–26].

The first step in EVs isolation utilizes separation based
on size and/or density. It is most commonly performed
using UC, or crowding reagents such as PEG, followed by
low-speed centrifugation. Hence, the size and price of the
centrifuge determines the batch size and is considered the
rate-limiting step. Standard UC designs limit EVs

purification to ~ 20–300mL batch sizes. UC exerts massive
amounts of g-force (> 100,000 g) onto EV, risking lysis and
denaturation [27]. A separate first step isolation method is
SEC systems, which allow for little more than 20mL input.
Finally, use of crowding reagents, particularly on fluids
such as serum/plasma, tend to co-precipitate large proteins
and ribonucleic acid:protein complexes such as Ago-com-
plexed miRNA [28]. These contaminants can lead to EV
circulating DNA and long RNAs also precipitate under
these conditions, making it difficult to assign a biological
phenotype to any one molecular entity. Serum proteins in
particular have been shown to alter the biological activity
of EVs [29]. Hence, we sought a large volume method that
removed serum contaminants without subjecting the EV
to physical or chemical forces.

CFF, also referred to as tangential-flow filtration, is a
technique of nanofiltration that is used for the purifi-
cation of biomolecules such as therapeutic antibodies,
viruses or antibiotics [30–34]. Unlike conventional fil-
tration in which the solution is passed through a size-
exclusion membrane once and “head-on”, CFF recycles
the input solution and passes it parallel to the filtration
membrane (Figure 1(a)). Consequently, larger volumes

Figure 1. Diagram of cross-flow filtration.
(a) A cross-flow chamber containing the input fluid (tissue culture supernatant, human plasma, tumour fluid, etc.) is pumped into a molecular
weight cut-off filter. Molecules smaller than the size exclusion of the MW filter are sent to a waste chamber, whereas molecules larger than the size
exclusion MW filter (in this case, EV) are returned to the cross-flow chamber. As the volume in the cross-flow chamber decreases, equilibration
buffer is pumped in from the equilibration chamber. After equilibration buffer has been depleted, a final clarified product of concentrated EV can
be used. (b) Particle size distribution (from cultured BCBL-1 cells) for Input 300 g and 50 g “Post-Clean” samples, with the modes arbitrarily
standardized to 1 (N = 6). (c) Particle sizes were determined by NTA at progressive time points during the CFF concentration step. (d) Concentration
of particles measured in each fraction during the CFF concentration step (N = 6).
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can be used, the volume fed continuously, and EVs are
kept in solution rather than being forced against a
barrier. Molecules smaller than the size cut-off pass
through the filtration membrane and, together with
the solvent, accumulate in the waste container, while
the retained molecules (EVs in this case), return to be
recycled back past the membrane to the cross-flow
chamber. CFF can be contrasted to SEC as follows: (i)
the solution is repeatedly passed through the exclusion
filter in CFF instead of a single passage in SEC; (ii) CFF
concentrates the input solution on the order of 10-fold
whereas SEC dilutes the input sample over a series of
harvested fractions; and (iii) CFF allows for the
exchange of different buffers over time. Lastly, the
flow-through is free of macromolecules, including EV.

Here, we combine CFF and Capto Core SEC. This
approach yields pure, biologically active, EVs at concentra-
tions of up to 1014 EV/mL. CFF/Capto Core outperformed
UC- and PEG-based isolation on a bevy of EVs character-
ization assays as endorsed by the international society for
extracellular vesicles [35]. This approach allows for buffer-
exchange and nucleic acid digestion, ensuring that non-
EVs encapsulated nucleic acids are eliminated. CFF-based
isolation cuts hands-on time, limits exposure to biohazar-
dous source material, and enables EVs isolation from large
culture volumes, and allows for cleaner EVs preparations.
This approach has broad applicability including larger,
industrial-scale isolation of EVs.

Materials and methods

Cell lines

BCBL-1 suspension cells [36] were maintained at 37°C
in 5% CO2 in Roswell Park Memorial Institute (Gibco
RPMI, ThermoFisher, P: 11875–119) media supple-
mented with 8% EV-depleted fetal bovine serum
(FBS, Sigma P: F2442), and 1X penicillin/streptoymy-
cin (ThermoFisher, P: 15070063). Human telomerase
reverse transcriptase immortalized umbilical cord vein
cells (hTERT-HUVECs) [37] were maintained at 37°C
in 5% CO2. Cells were grown in Endothelial Growth
Medium (EGM) supplemented with 2% EV-depleted
FBS, components of the EGM Bullet Kit (Lonza, P: CC-
3162) and 1X penicillin/streptomycin.

Crossflow filtration and concentration

First, suspension cells were spun at 1000 g for 10 min at
4°C to pellet cells and large debris. Second, samples were
spun at 16,000 g for 30 min at 4°C. This step ensures
that larger vesicles such as apoptotic bodies are removed
from the sample. Third, the clarified cell supernatant

was passed through a 0.22 µm Nalgene Rapid Flow Filter
(Thermo, P: 567–0020). For these experiments 300 ml
flow through was collected into the sterile 500 mL reser-
voir. The cross-flow chamber (General Electric AKTA
Flux S, P: 29038437) was equipped with a
750,000 Dalton (Da, or 750 kDa) molecular weight
cut-off filter (GE, P: UFP-750-E-4X2MA) and equili-
brated with sterile 1X phosphate buffered saline (PBS,
Gibco P: 10010023). Post-equilibration, clarified super-
natant was added to the cross-flow chamber and flowed
through a 25 mL/minute. The flow through pressure
(PF) was maintained at 20 pounds per square inch
(PSI) and the retention pressure (PR) was maintained
at 11 PSI. An internal magnetic stirring rod was main-
tained at 200 revolutions per minute (RPM). Fractions
of 25 µL were collected at the following points of con-
centration: Input 300 g – this represents the original
300 mL (measured in grams (g)) of input solution put
into the cross-flow chamber, 250 g, 200 g, 150 g, 100 g,
and 50 g. The 50 g retentate was continuously washed
with 1X PBS, maintaining a minimal weight of 50 g or
50 mL final volume. The total volume of PBS was
250 mL at a rate of 20 mL/minute.

Biophysical analysis of EV

The ZetaView Instrument from Particle Metrix was used
for nanoparticle tracking analysis (NTA) for all samples.
The analyser was standardized with manufacturer sup-
plied 102 nm polystyrene beads (dilution of 1:250,000)
before each run. A typical observed mean size by NTA
was 108 nm and the mode size was 105 nm. Afterwards,
the NTA was washed with 10 mL of nanopure water and
samples were analysed. Between samples 10 mL of nano-
pure water was used to flush the system. Samples were
diluted in water until there were approximately 100–250
particles per field of view. Videos were taken using six
cycles in 11 positions to determine particle concentra-
tion and size distribution.

Precipitation of EV from solution and human
plasma

Polyethylene glycol (PEG, Fisher Scientific/ThermoFisher,
P: 156–500, molecular weight = 8000 Da) was made at a
stock concentration of 400mg/mL in 1X PBS and stored at
4°C. PEG was added to the 50 g sample to a final concen-
tration of 40mg/mL. EVwere precipitated at 4°C overnight
and the precipitate collated by centrifugation at 1200 g for
60 min at 4°C. The pellet was resuspended in 375 µL of 1X
PBS, yielding a combined (CFF + PEG) concentration
factor for volume of ~ 800x (375 μL/300 mL).
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For the isolation of EV from human plasma, blood was
isolated from four healthy donors. Phase separation was
done using Ficoll-Paque Plus Reagent (GE Healthcare, P:
17–1440-02). The upper layer (plasma) was then diluted
in 1X PBS + 2 mM EDTA pH = 8.0 at a 1:1 ratio. The
diluted plasma was then centrifuged at 12,000 g at 4°C for
15 min to pellet platelets, coagulation factors, larger
macromolecules, etc. The soluble solution was then
removed passed through a 0.22 µm Nalgene Rapid Flow
Filter. EV were then processed through the AKTA Flux
CFF and precipitated as described above. Final EV pellets
were resuspended in 1X PBS + 1 mM EDTA for a con-
centration factor for volume of 100x.

Concentration of EV by ultracentrifugation

First, 40 mL of BCBL-1 cell culture supernatant was
spun at 1000 g at 4°C for 10 min to pellet cells and
large debris. Second, samples were transferred to
clean, 50 mL conical tubes and spun at 16,000 g at
4°C for 30 min to remove larger vesicles such as
apoptotic bodies. Third, clarified cell supernatant
was passed through a 0.22 µm Nalgene Rapid Flow
Filter as above. The clarified solution was placed into
disposable plastic tubes and into the Beckman Optima
LE-80K Ultracentrifuge using the SW32-TI rotor at
100,000 g for 60 min at 4°C at < 20μ. Excess fluid was
aspirated, the pellet was washed with 5 mL of 1X PBS
and spun again at 100,000 g for 60 min at 4°C at
< 20μ. The first UC pellet was resuspended in 250
μL of PBS, and the solution was then incubated with
RNaseA (Promega, P: A7973) at a final concentration
of 50 µg/mL at 37°C for 30 min. The solution was
then diluted to 5 mL and spun as before two more
times (three total UC steps). The final pellet was
resuspended in 50 µL of 1X PBS, yielding a concen-
tration factor of ~ 800-fold (0.05 µL/40 ml).

Immunoblotting and silver staining

Cell pellets and EV were analysed with 12% Bolt Bis-
Tris Plus gels (ThermoFisher P: NW00125BOX) run at

constant voltage of 150 V using 1X MES Buffer
(ThermoFisher P: NP002). For immunoblotting, pro-
teins were transferred onto a nitrocellulose membrane
(GE P: 45–004-012) at 0.25 A for 2 h. Membranes were
blocked at room temperature with 7% milk diluted in
Tris-buffered saline (TBST) pH = 7.5 at room tempera-
ture for 30 min. Membranes were probed for proteins
using antibodies listed in Table 1. For detection of the
tetraspanin proteins (CD9, CD63 and CD81), products
were denatured under non-reducing conditions using
Laemmli dye (50 mM Tris-HCl pH = 6.8, 0.01% w/v
bromophenol blue, 5% w/v glycerol, 2% w/v sodium
docecyl sulfate). All other proteins were denatured
under reducing conditions (Laemmli dye + 5% w/v β-
mercaptoethanol). Quantitative fluorescence secondary
antibodies were used and images were taken on the Li-
Cor Odyssey (Li-Cor P: S/N: ODY-2100) and analysed
using Image Studio. All antibody dilutions can be
found on Table 1. For silver staining, products were
run out on a 4–12% Bolt Bis-Tris Plus grandient
(ThermoFisher P: NWO01425BOX) at 150 V. Protein
bands were developed using the Pierce™ Silver Stain Kit
(ThermoFisher P: 24612) and images recorded using
the BioRad ChemiDoc MP Imaging System.

Capto core chromatography

The resultant after CFF/PEG was treated with RNaseA
at a final concentration of 50 µg/mL at 37°C for
30 min. Capto Core 700 HiTrap columns (GE, P:
17548151) were equilibrated with 5 mL of 1X PBS
and the samples were loaded using a 2.0 mL Leur-
lock plastic syringe. Fractions were eluted with
1.0 mL of 1X PBS in ~ 35 µL fractions, into a Greiner
96 well flat-bottomed plate.

Esterase activity assay

Fractions in Greiner 96 well flat-bottomed plates were
incubated with 3.5 µL of the esterase reporter
ExoGreen (System Biosciences, P: EXOGP100A-1),
the plate was then transferred to the BMG LabTech

Table 1. List of antibodies used in this study, including their manufacturing origin, catalog numbers, and dilutions used.
Antibody Manufacturer Catalog number Dilution

CD63 Santa Cruz Biotech SC-15363 (R) 1:1,000
CD9 Santa Cruz Biotech SC-13118 (M) 1:1,000
CD81 Santa Cruz Biotech SC-9158 (G) 1:1,000
Flotillin-2 Cell Signaling 3244 (R) 1:5,000
TSG101 ABcam AB83 (M) 1:10,000
Tubulin ABcam AB6046 (R) 1:5,000
Anti-mouse 680 nm Li-Cor P/N925-32210 (D) 1:20,000
Anti-rabbit 800 nm Li-Cor P/N925-68071 (D) 1:20,000
Anti-goat 680 nm Li-Cor P/N925-68074 (D) 1:20,000
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FluorStar-Optima plate reader, which was acclima-
tized to 37°C and measurements were taken after
30 min. For subsequent assays using these labelled
EVs, non-EV attached, hydrolysed fluorophores were
removed with Illustra Microspin G-25 Columns (GE,
P: 27–5325-01).

RNA isolation

RNA was isolated using the QIAGEN miRNeasy Mini
Kit according the manufacturers protocol (QIAGEN, P:
217004) yielding a final volume of 50 µL. KSHV-
encoded miRNAs were reverse transcribed and
detected using the KSHV miRK12-7 2x mastermix
specific primers (ABI #4472897) as described [7]. CT
were determined using SYBR green (ThermoFisher, P:
4309155) on a Roche Lightcycler LC480 system (Roche
#5015278001).

Adsorption of labelled EV by endothelial cells and
fluorescence microscopy

Labelled EVs were added to 500,000 hTERT-HUVECs
grown on glass coverslips in a 6-well plate in 2.5 mL of
supplemented EGM. The final concentration was 1011

particles/mL, which is within the physiological range of
EV in blood [1,7,8,38–40]. The cells were allowed to
adsorb the EV for 12 h. Cells were fixed with 4%
paraformaldehyde and permeabilized with 0.1%
Triton X-100. Cells were blocked with 8% Bovine
Serum Albumin (BSA, Fisher P: BP1600-100) and sub-
sequently incubated with 200 U/mL of Rhodamine
Phalloidin (Life Technologies #R415) at room tempera-
ture for 60 min. DAPI was then added at a concentra-
tion of 200 ng/mL in water for 2 min. Coverslips were
then mounted onto glass slides using Prolong Gold
(Life Technologies #P36934. Cells were imaged using
the Leica DM5500-B equipped with 100x objective the
Retiga R3 camera using Type F Immersion liquid
(refractive index: 1.5180, Leica #11513859). Z-stack
images (56 planes with range ± 0.1 µm) were taken
and deconvoluted using the program MetaMorph ver-
sion 7.8 12.0 (Molecular Devices, San Jose, CA, USA)
on a Dell Precision T5180 Computer. Images were
background subtracted using Imaris v 8.3.1 (Bitplane,
Zurich, Switzerland) and single plane images were
captured.

Transmission electron microscopy of EV

Carbon-coated 400 mesh copper grids were glow dis-
charged for 3 min and then a total of 10 µL of the
diluted EV samples were absorbed onto the grids. The

grids were then stained with 2% w/v uranyl acetate in
water. Samples were visualized on a FEI Tecnai 12
TEM at 80 kV. EM micrographs were captured using
a Gatan Orius CCD camera and Gatan Digital
Micrograph software. Micrographs were then analysed
manually for EV diameter using Image J. Size density
distribution profiles were then plotted for the TEM-
captured EV images. A Wilcox rank sum test was used
to determine difference among group means.

Statistical analyses

Quantitative experiments were assayed for significant
differences using analysis of variance (ANOVA) and
students T-test using R studio v 3.5 (Boston, MA, USA)
or Prism v 6 (Prism, Graph Pad, La Jolla, CA, USA).
For statistical analyses done in Figure 2, an ANOVA
followed by pairwise tests and an integration-based
T-test was done to identify individual groupings. For
Figure 4, a Wilcoxon Rank Sum test was done to
determine significant differences (p < 0.05), and are
highlighted above the bars or with a letter indicating
an individual grouping (A, B, C) in the figure legends.

Results

CFF yields concentrated EV from large volumes

Total EV from BCBL-1 cell culture supernatant were
washed and concentrated using a CFF as shown in
Figure 1(a). The EV were successively concentrated
from 300 g to 50 g and at 50 g extensively washed
with PBS. A size distribution analysis comparing the
“Input 300 g” and the “50 g Post Clean” samples using
a total of 6 independent replicates are shown in
(Figure 1(b) and Supplementary Videos 1–2). The
mode sizes were 91.92 ± 7.11 nm for the 300 g Input
fraction and 85.78 ± 6.09 nm for the 50 g Post-Clean
fraction (for particle sizes, p = 0.38, paired T-test; for
size distribution, p = 0.44, integration-based paired
T-test, N = 6). Sizes remained constant at all fractions,
including the Post-Clean step (Figure 1(c)). Progressive
concentration of the EV in solution was confirmed by
NTA (Figure 1(d)). Taken together, size distribution
and mean/mode sizes of the EV were not changed
during the CFF concentration and wash.

EV obtained from BCBL-1 culture supernatant by
UC alone, precipitation alone, or CFF followed by PEG
precipitation were compared using immunoblot
against common EV-associated proteins. EVs were
resuspended in proportional volumes of PBS (see
methods). The tetraspanin molecules CD9 and CD63
[8,25,26,38,41], the ESCRT-I associated tumour
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suppressor gene 101 (TSG101) [19,20,25,42–44], and
the late-endosome/lipid raft protein Flotillin-2 [7,45–
47] were selected as markers. All were present in EV

obtained by these three methods, but not the intracel-
lular control Tubulin (Figure 2(a)). Protein levels for
EV isolated by CFF/PEG contained as much or higher

Figure 2. Comparative analysis of EV isolation by ultracentrifugation (UC), polyethylene glycol precipitation (PEG) and CFF/PEG.
(a) Quantitative immunoblot of EV markers for EV obtained by the three methods ultracentrifugation = UC, direct PEG precipitation = PEG, and CFF
followed by PEG precipitation = CFF/PEG. Each well represents a 800-fold concentration from the BCBL-1 cell culture supernatant by the three
methods (b) Quantitation from (a) using Image Studio (ANOVA and T-tests, N = 3). (c) Size distribution analysis by NTA of EV isolated by the three
first-step isolation methods with the modes being arbitrarily standardized to 1 (N = 6 for each group, ANOVA and integration T-tests were
performed to identify statistical groups, indicated by a letter next to the isolation method in the legend). (d) Mean and mode particle sizes of the
three isolation methods. (e) Total particle concentrations of the three first-step isolation methods (ANOVA and T-tests, N = 6).
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levels of the same EV protein than by EV isolated by
UC or direct PEG precipitation alone (Figure 2(b)).
Next, BCBL-1 EV obtained by CFF/PEG, UC alone,
or direct precipitation were compared in terms of size
and concentration through NTA (Supplementary
Videos 3–5, respectively). EV isolated by CFF/PEG
and direct PEG showed a more narrow and smaller
size range compared to EV isolated by UC (Figure 2
(c)), and mean and mode sizes for UC were higher
than both CFF/PEG and direct-PEG (Figure 2(d)).
Lastly, total EV per millilitre (mL) were quantitated
for the three methods. CFF/PEG outperformed both
UC and direct PEG (Figure 2(e)). In sum, automated
CFF followed by PEG precipitation was equal or better
for the isolation of EV as measured by biophysical
assays and marker protein levels.

Combination of CFF/PEG with Capto Core
chromatography yields concentrated, highly
purified endocytic-competent EV

The CFF was set up using a cut-off membrane of 750
kDa, which should retain macromolecules such as EV
while removing smaller molecules such as individual
proteins and metabolites. PEG precipitation concen-
trated EV, but may have also introduced aggregation
of proteins and nucleic acids (RNA, DNA, miRNA:
ribonucleoprotein complexes) as well as PEG itself.
Hence, an RNase treatment was added followed by
Capto Core chromatography. Capto Core resin was
developed to separate flu virus away from contami-
nants such as albumin [48,49]. The concentrated
CFF/PEG EV solution from BCBL-1 cell culture super-
natant was loaded into a Capto Core column and
fractions collected for analysis. As EVs are rich in
packaged esterases, enzymatic activity of each fractions
was determined (Figure 3(a)) as well as EV concentra-
tions (Figure 3(b)) and EV mean/mode sizes (Figure 3
(c)). For all assays, N = 6 independent biological repli-
cates were performed. Fractions 2–8 (“EV Pool”) had
the highest EV concentrations and enzymatic activity.
These were evaluated for total protein content. The
“EV Pool” had the highest total protein concentration
(Figure 3(d)). Quantitative immunoblot confirmed the
presence of CD63, CD9 and CD81 in the “EV Pool”
(Figure 3(e)) and quantitated in Figure 3(f).

The EVs were derived from the BCBL-1 cell line in
which 50% of all miRNAs are derived from Kaposi’s
Sarcoma-Associated Herpesvirus (KSHV) [50]. The
viral miRNAs are incorporated into CD63+ EV [7]
and thus RNase resistant. Therefore, any KSHV-
encoded miRNAs (miRK) can be used to track EV
through any purification process. We treated the

CFF/PEG pellet with RNaseA prior to Capto Core
filtration to remove any non-EV encased RNA species,
particularly extracellular RNAs associated with Ago-2
[7]. The miRK12-7 levels were determined by real-time
qPCR and plotted for each fraction: miRK12-7 was
enriched in the “EV Pool” (Figure 3(g)). Figure 3(h)
demonstrates that the fractions for each of the markers
retained in the “EV Pool” for comparable.

To test the hypothesis that the EVs were still
capable of endocytosis after these extensive purifica-
tion steps, endothelial cells were selected as targets.
Endothelial cells are a physiologically relevant target
of KSHV and KSHV-derived EV [51]. EVs were
labelled with ExoGreen and added to human telo-
merase reverse transcriptase immortalized human
umbilical vein endothelial cells (hTERT-HUVECs).
As negative controls, PBS was incubated with the
label and an equivalent concentration of unlabelled
(Mock) EV was added. To ensure that no excess label
was being carried through the reaction, PBS incu-
bated with ExoGreen (Mock + ExoGreen) was fil-
tered and added to cells (Figure 3(i–l)). As expected,
no green signal was observed, verifying our filtration.
In the unlabelled EV (EV + Mock), no background
fluorescence was observed in the treated cells
(Figure 3(m–p)). Only in the ExoGreen labelled EV
treatment group was transfer the fluorescently
labelled proteins into recipient cells observed
(Figure 3(q–t)). In sum, EV purified by CFF/PEG,
RNase-treated and purified by Capto Core retained
the ability to be adsorbed by recipient cells.

A drawback to NTA is that it may over-estimates
particles size [11]. This can be due to vesicle-solvent
interactions, which may influence Brownian motion.
No differences were observed for comparing the NTA
profiles between PEG and CFF/PEG + Capto Core
purified EV, but both were significantly smaller than
EV isolated by UC (Figure 4(a)). To verify EV sizes and
morphology, individual EV was visualized by negative
staining transmission electron microscopy (TEM). We
could observe some abnormalities in the EV shape
isolated UC indicative of lysis. We also found nucleic
acids in EV isolated by UC, but not the other two
methods (Supplementary Figure 1–3). As all EV
were treated with RNaseA, the most likely explanation
is that the nucleic acids were released from the EV
during the high g spins. The EV diameter in the TEM
micrographs was recorded. Independent biological
replicates were used and a minimum of 110 individual
EV was manually quantified counted for each isolation
method. This confirmed a statistical difference in mean
EV diameter (Figure 4(b)), Wilcox rank sum test, N = 3
replicates for each technique), which is more evident in
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Figure 3. Characterization of a high-confidence “EV Pool” from Capto Core fractionates of the CFF/PEG EV.
(a) The EV pellet isolated via cross-flow filtration was added to high molecular weight cut-off Capto Core resin and fractions were collected and assayed for
esterase activity (N = 6). An orange box highlighting fractions 2–8 of the Capto Core fractionates was added to indicate an “EV Pool” (b) Total particles/mL for
each fraction, asmeasured by NTA (N=6), with the “EV Pool” fractionates highlighted. (c) Mean andmode sizes of the particles in the fractions, asmeasured by
NTA (N = 6), with the “EV Pool” fractionates highlighted. (d) Silver stain analysis of each fraction (gel is representative of 6 independent runs). (e) Quantitative
immunoblot of the tetraspanin proteins CD63, CD9, and CD81 in the Capto Core fractions. (f) Band intensities from (e) were quantified in Image Studio. The
highest band density was arbitrarily standardized to 1, with the “EV Pool” fractionates highlighted. (g) The KSHV-encodedmicroRNAmiRK12-7 was quantified
by RTq-PCR in each fraction, with the “EV Pool” fractionates highlighted. (h) Percent in the EV Pool for each assay was calculated. (i-l) hTERT-HUVECs were
incubated with ExoGreen label + Mock (no EV and post filtration) for 12 h and single plane images were deconvoluted. The cells were stained for Actin
(Rhodamine Phalloidin) (i), the ExoGreen marker (j), and nuclei (DAPI) (k). A composite image is shown in (l). (m-p) hTERT-HUVECs were incubated with
unlabelled EV (post filtration) for 12 h and single plane images were deconvoluted. The cells were stained for Actin (Rhodamine Phalloidin) (m), the ExoGreen
marker (n), and nuclei (DAPI) (o). A composite image is shown in (p). (q-t) hTERT-HUVECs were incubatedwith labelled CFF/PEG EV (post filtration) for 12 h and
single plane images were deconvoluted (q-t). The cells were stained for Actin (Rhodamine Phalloidin) (q), the ExoGreen marker (r), and nuclei (DAPI) (s). A
composite image is shown in (t).
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the size density distribution profiles (Figure 4(c)). This
demonstrates that CFF/PEG/Capto Core yields a more
homogeneously sized population of EV than either
PEG or UC. It is important to note that this method
of EM dehydrates the vesicles, causing them to shrink
in size [52]. However, given that all samples were
prepared at the same time, we are confident in our
statistical analyses with regards to EV size as measured
by TEM. To test the purity of the isolated EVs, a
particle:protein ratio was calculated for each of the
three methods [53]. Purifying EV by PEG along yielded
the most impure EV, while UC and CFF/Capto Core
were progressively more pure (Figure 4(d)). These
results show that PEG precipitation alone yielded the
least pure EVs, and CFF/Capto-Core yields the most
pure preparations.

Use of CFF/Capto Core on human plasma yields
concentrated EV

To test if our workflow could be used to purify EV
from human fluids, we isolated plasma from four
healthy donors. Using CFF/Capto Core, a similar enzy-
matic activity curve of plasma EV was observed (we
added in the EV Pool shaded box from the previous
results) (Figure 5(a)). Similarly, EVs, as measured by
NTA, were abundant in the EV Pool fractions (Figure 5
(b)), and mean/mode sizes were consistent with pre-
vious results (Figure 5(c)). We next tracked individual
proteins in the fractions. Despite repeated attempts, we
were unable to consistently observe the molecule CD9
[54]; however we could easily detect CD63, CD81 and
the EV-associated protein Alix. These protein markers

Figure 4. Final size comparison between EV isolated by the three methods.
(a) Plot of the NTA analysis of the diameter of final EV products isolated by UC, PEG, or by CFF/PEG + Capto Core filtration (ANOVA and T-tests, N = 6).
(b) Plot of the TEM analysis of the diameter of final EV products isolated by UC, PEG, or by CFF/PEG + Capto Core filtration (Wilcoxon Rank Sum Test,
N = 3). (c) Density and diameter plot of the EV visualized by TEM. The area under each curve was arbitrarily set to 1. Wilcox rank sum test was used to
determine statistical significance between the three groups and are labelled by a letter next to the figure legend. All graphs and statistics were done in
R (Wilcox Rank Sum Test/Integration-based T-test, N = 3). (d) EV purity analysis from three methods. A particle to protein calculation was conducted on
the final products obtained from the three methods, as measured by NTA and BCA assay, respectively (ANOVA and T-tests, N = 3).
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Figure 5. CFF/PEG + Capto Core can be used on human plasma for the isolation of EV from in vivo samples.
(a) The EV pellet from four healthy donors were isolated via cross-flow filtration was added to high molecular weight cut-off Capto Core resin and
fractions were collected and assayed for esterase activity (N = 4). The orange “EV Pool” from Figure 4 was used to directly compare EV from tissue
culture and EV from plasma. (b) Total particles/mL for each fraction, as measured by NTA (N = 4) (c) Mean and mode sizes of the particles in the
fractions, as measured by NTA (N = 4) (d) Quantitative immunoblot of the tetraspanin proteins CD63, CD81, and Alix in the Capto Core fractions. (e)
Band intensities from (d) were quantified in Image Studio. The highest band density was arbitrarily standardized to 1, with the “EV Pool”
fractionates highlighted. (f) Percent in the EV Pool for each assay was calculated.
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were present in our EV pool, but were also present in
subsequent fractions (Figures 5(d,e)).

Collectively, our “EV Pool” was able to capture
40–61% of these independent EV markers. This is
slightly lower than the results obtained through the
isolation of EV from tissue culture supernatant
(Figure 5(f)). The most likely explanation for this
is over-loading of the Capto Core column with EV
from human plasma. However, our workflow is
highly reproducible for the initial EV isolation
from tissue culture supernatant and human plasma,
and subsequent purification steps such as affinity
purification and iodixanol gradients can be
employed to yield discreet EV populations at high
concentrations.

Discussion

In this report, we outline an industrial-scale work-
flow to isolate concentrated, endocytic-competent
EV from large volumes of fluid, the EV were homo-
geneous in terms of biophysical and biochemical
markers. CFF (i) concentrates the input approxi-
mately 10-fold, (ii) removes molecules < 750 kDa
(proteins, metabolites, ions) and (iii) allows for
buffer exchange. Subsequent PEG precipitation,
RNase treatment, and a one-step Capto Core filtra-
tion increased EV homogeneity to yield a robust
purification pipeline for EV. Capto Core beads dif-
fer from Sephadex or other size-exclusion matrices
as they have a charged inner core to retain mole-
cules by charge in addition to size [48,49]. In our
hands, EV concentration was ~ 200–800 fold higher
through CFF/Capto Core compared to UC or direct
PEG, even accounting for input volume and final
resuspension volume. In principle even higher
enrichment is possible, since CFF can be fed con-
tinuously allowing for input volumes in the multi-
litre range. This report supports the recent findings
by Corso et al. in which a cross-flow/large MW SEC
approach can be used to isolate EV in high concen-
trations from adherent cells [55]. In our hands, we
have used volumes up to 400 mL from lymphoma
cells (BCBL-1) and human plasma to expand upon
this. We have demonstrated CFF/PEG + Capto Core
far-outperforms other methods of EV isolation. It
has fewer spins (contrasting to UC-based isolation)
and a lower volume to precipitate EV out of (con-
trasting to direct PEG-precipitation).

Here, KSHV infected BCBL-1 was used as source of
tissue culture-derived EV. BCBL-1 cells grow in sus-
pension, allowing for bulk culture. KSHV incorporates
high levels of viral miRNAs into EV. The viral miRNAs

served as a convenient tracer for EV integrity, as only
intact EV can protect these miRNAs from RNase diges-
tion [7]. As the EVs are immensely concentrated after
purification additional steps e.g. antibody-based affi-
nity purification or sucrose/iodixanol gradient flotation
are easily added for selective enrichment of antigeni-
cally-defined or density-defined sub-populations of EV
[8,24,26,56]. This method is applicable to human
plasma, with similar results. Isolation of EV from
human plasma can present several issues that must be
addressed such as: contamination with virus particles,
contamination with high levels of lipoprotein-asso-
ciated with LDLs and HDLs, and contamination with
coagulation factors. To separate EV from viral particles
an large lipoproteins, subsequent steps such as affinity
purification using antibody coated beads should be
employed [7,11].

It is difficult to compare EV isolation methods.
Certain criteria are broadly agreed upon [35]. The
method outlined here equalled or exceeded UC (triple
centrifugation), SEC, or PEG-based purification based
on: (i) EV retained the same protein markers, but at
higher concentration. (ii) EVs were more homogenous
with regard to size distribution. (iii) EVs were at higher
concentration, since a larger input volume could be
utilized. (iv) The purified EVs were enzymatically
active and readily adsorbed to recipient cells, demon-
strating biological viability. This approach is robust
and reproducible, requires comparatively little hands-
on time, and is suitable for automation. CFF units with
up to 14 L reservoirs are commercially available, allow-
ing for this method to be adapted for good manufac-
turing practices.
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