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Extracellular vesicles (EVs) have potential as minimally invasive biomarkers. However, the methods most
commonly used for EV retrieval rely on ultracentrifugation, are time-consuming, and unrealistic to translate to
standard-of-care. We sought a method suitable for EV separation from blood that could be used in patient care.
Sera from breast cancer patients and age-matched controls (n = 27 patients; n = 36 controls) were analysed to
compare 6 proposed EV separation methods. The EVs were then characterised on 8 parameters. The selected
method was subsequently applied to independent cohorts of sera (n = 20 patients; n = 20 controls), as proof-of-
principle, investigating EVs’ gremlin-1 cargo. Three independent runs with each method were very reproducible,
within each given method. All isolates contained EVs, although they varied in quantity and purity. Methods that
require ultracentrifugation were not superior for low volumes of sera typically available in routine standard-of-
care. A CD63/CD81/CD9-coated immunobead-based method was most suitable based on EV markers’ detection
and minimal albumin and lipoprotein contamination. Applying this method to independent sera cohorts, EVs and
their gremlin-1 cargo were at significantly higher amounts for breast cancer patients compared to controls. In
conclusion, CD63/CD81/CD9-coated immunobeads may enable clinical utility of blood-based EVs as biomarkers.

Introduction

Extracellular vesicles (EVs) are nanosized lipid bilayer-surrounded
particles released by cells into their surrounding biofluid [1].
Blood-based EVs have potential as minimally invasive diagnostic,
prognostic and/or predictive tools. Proteins used for breast cancer
diagnosis include uPA and PAI-1, but these require invasive biopsies [2].
Serum biomarkers CA15-3, carcinoembryonic antigen, and tissue
polypeptide antigen are not sensitive enough to detect early-stage breast
cancer [3]. Jesneck et al. [4] investigated if a panel of 98 serum
freely-circulating biomarkers could decipher breast cancer from healthy
controls, but found that they could not.

As we recently reviewed, a number of studies have investigated the
potential of blood based EVs as biomarkers for breast cancer [5].

Typically, those studies selected one EV separation method, applied it,
and sometimes did no EV characterisation; often not adhering to
MISEV2018 guidelines [6]. Our group found that miR-134 was at
significantly lower levels in EVs from serum of breast cancer patients
compared to heathy controls, directly reflecting comparative
tissue-based miR-134 [7]. A limitation of our study was that it employed
the popular differential ultracentrifugation method of Thery et al. [8,9].
Although appropriate in a research setting, that method is not trans-
latable to standard-of-care clinical settings.

Unrelated to cancer, EV separation techniques have been compared
using conditioned media or blood. Andreu et al. [10] compared EV
enrichment methods using four sera samples, but with the specific focus
of analysing EV-encapsulated miRNAs. EVs’ structure was not analysed.
Also focusing on profiling miRNAs, Buschmann et al. [11] compared 5
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methods on serum from septic shock patients and controls. Karimi et al.
[12] compared 3 methods of EV separation from serum/plasma of
healthy subjects. A similar study of 4 EV separation methods focused on
healthy donor sera only [13]. A 3-step protocol to isolate EVs from blood
of healthy humans was developed. However, as this requires
PEG-precipitation, iohexol gradient ultracentrifugation, and
size-exclusion chromatography it, too, will never be translated to
routine clinical utility [14]. Furthermore, many such studies use vol-
umes of serum (e.g. 1 mL) that are too large to routinely take from
cancer patients. When we consider the patients’ perspective, 1 mL of
serum is the yield from approximately 3 mL of blood. From cancer pa-
tients — already ill and under-going multiple longitudinal investigations-
the equivalent of 3 mL of blood is a quite a large volume to use for any
one test type, as multiple other routine tests are typically needed to be
performed.

Thus, with a specific focus on clinical ulility rather than fundamental
research, we first aimed to compare the separation of EVs from sera of
breast cancer patients’ and aged-matched controls, using 6 different
methods. Specifically, we wished to identify a method that is effective at
separating the purest EVs possible, while also being a quick, cost-
effective technique that realistically could be translated to a hospital
setting. Although we do not claim -or, indeed, believe- that isolates
obtained following all methods are free of co-isolated “contaminants”
from within the preparations, we use the term EVs here as there is no
suitable term yet selected to cover EVs with or without possible co-
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isolated non-EV material (initially we used the term EVs/isolates here,
but it is considered too cumbersome and confusing). Our second aim was
to apply the selected method to the separation of EVs from independent
cohorts of breast cancer patients’ and controls’ sera and then compare
the EVs quantities and gremlin-1 cargo. Gremlin-1 was selected as its
cellular expression is emerging as an important molecule in breast
cancer development and metastasis, but its blood-/EV-based presence
and relevance are unknown [15-18]. Our study design is summarised in
Fig. 1.

Materials and methods
Serum collection

The work described has been performed in accordance with The
Code of Ethics of the World Medical Association (Declaration of Hel-
sinki). Ethics approval was obtained at St. Vincent’s University Hospital
and Trinity College Dublin. Blood samples (9 mL) were donated by in-
dividuals (n = 63) referred to Breast Care Clinic at SVUH due to a breast
mass/abnormal growth that was relatively small (< 1.5 cm). Blood was
procured immediately upon arrival prior to examination and interven-
tion. This was because any intervention could stimulate release of
cellular material, including EVs, into the blood. A useful diagnostic
would be present in blood without any intervention. After discarding the
first 5 mL, blood was collected in non-heparinised tubes, clotted for
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Fig. 1. Study design overview

BC patients’ and healthy controls’ sera pools were prepared to establish if an optimal method for clinical utility could be identified, when comparing six proposed EV
separation methods. Following extensive characterisation of EVs, the selected method was applied to an independent cohort of sera samples (n = 20 from patients; n
= 20 from controls). Estimates of EVs amounts, and a cargo protein of interest, were evaluated.
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30-60mins., and centrifuged at 1000 g for 10mins. Serum was collected,
leaving ~100pL to avoid non-sera components. It was later on that day
established which individuals had breast cancer (“BC patients”) and
which did not i.e. breast mass was benign (“controls™).

For the first aim, to use exactly the same sera for comparison of 6 EV
separation methods, 14.5 mL volumes of sera from patients and controls,
respectively, were pooled. These were spun at 2500 g for 15mins. at
4 °C, aliquoted, and stored at —80 °C. Each EV separation used 500uL
aliquots of pooled cancer and control sera, in n = 3 separate experi-
ments. All steps were performed at room temperature, unless indicated.
For the second aim, individual aliquots of sera from patients (n = 20)
and controls (n = 20), that were not used in the pools, were analysed.

Differential ultracentrifugation (DIFF-UC)

Based on the method reported by Thery et al. [10], sera were
ultracentrifuged at 100,000 g for 60mins. in polyallomer tubes (Beck-
man Coulter;Cat.#:326823), SW32Ti swinging rotor, at 4 °C. Superna-
tant was removed, pellets washed with PBS, and spun at 100,000 g for
60mins. Final EVs were resuspended in 125uL PBS.

PEG precipitation (PEG)

Based on the previously described methods [14,19], sera were mixed
1:1 with PEG buffer, to a final 10% w/v of PEG. PEG buffer contains:
20% w/v PEG6000 (Sigma;Cat.#:81260) in 200 mM NacCl (Sigmaj;Cat.
#:376), 10 mM EDTA (Invitrogen;Cat.#:15,575-038), 200 mM Tris-HCL
(Sigma,Cat.#:T3253), pH7.0. Samples were rotated for 1h. at 4 °C and
centrifuged at 4000 g, 15mins., at 4 °C. Supernatant was removed;
pellets washed with PBS; and centrifuged at 120,000 g, 2 h., at 4 °C.
Final EVs were resuspended in 125ulL PBS.

Nickel-based isolation (NBI)

NBI was performed as previously reported [20]. Final EVs were
brought to 125pL with PBS.

Size-exclusion chromatography (SEC)

SEC was performed as the manufacturer of Izon qEV original 70 nm
(Izon;Cat.#:SP1) columns recommended. Pooled fractions 7-9 were
concentrated using 10 kDa Pierce protein concentrator, PES1I0MWCO
(Sigma;Cat.#:88513) to 125uL.

Stemcell Technologies EasySep Pan extracellular vesicles kit

The principle is that EVs (Stemcell Technologies/Stemcell;Cat.
#:17,891) are pulled out by anti-CD9/CD81/CD63 antibodies-coated
spheres/immunobeads. Following the manufacturers’ instructions, final
EVs were resuspended in 125uL PBS.

Miltenyi Biotec Macsplex Exosome Isolation kit

Principle, as for Stemcell, this (Miltenyi Biotec;Cat.#:130-110-912)
was performed following the manufacturers’ instructions. The EVs were
adjusted to 125uL with PBS.

Protein quantification

Bradford assay using the bio-rad protein assay dye reagent (Bio-Rad;
Cat.#:500-0006).

Nanoparticle tracking analysis (NTA)

EVs samples were automatically injected into a NS500 (NanoSight,
UK) under constant flow conditions (flow rate=50). Videos were
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analysed using NTA3.1.54 software.
Transmission electron microscopy (TEM)

EVs (10uL) were placed on formvar carbon-coated nickel grids (Ted
Pella Inc;Cat.#:01813-F) and settled for 10mins. A droplet of para-
formaldehyde (2%) was placed on parafilm, the grid placed on top for
10mins., contrasted in 2% uranyl acetate (BDH;Cat.#:230550), and
imaged by JEOL TEM-2100.

Immunoblotting

Performed as we previously described [21], using 10 pg EVs or cell
lysates. Primary antibodies: anti-CD63 (1:500;Abcam;Cat.#:ab68418),
anti-CD9 (1:1000;Abcam;Cat.#:ab92726), anti-CD81 (1:200;Santa
Cruz;Cat.#:s¢-23,962), anti-albumin (1:1000;Abcam;Cat.#:ab190806).
HRP-linked secondary antibodies: anti-mouse (1/1000 in 5%
BSA/PBS-T;Cell Signalling;Cat.#:7076) or anti-rabbit (1/1000 in 5%
BSA/PBS-T;Cell Signalling;Cat.#:7074).

Apolipoprotein B ELISA

Apo B, indicative of “contamination” with lipoproteins, was inves-
tigated using 500 ng of EVs or Hs578Ts(i)g lysate as control, according to
(Abcam;Cat.#:ab190806) manufacturers’ instructions.

Gremlin-1 ELISA

Assay Genie (Cat.#:HUFI01783) was performed according to man-
ufacturers’ instructions using 5 pg lysed EVs.

Statistical analysis

Using GraphPad Prism9, paired t-test compared two groups and one-
way ANOVA comparing more than two groups.

Results
Immunoblotting for EV markers and contaminating albumin

Initially considering the commonly used DIFF-UC approach, the
presence of established EV markers i.e. tetraspanins CD63, CD9 and
CD81 were investigated. With both control and patients’ EVs, CD63 was
occasionally detected, but CD9 and CD81 were not (Fig. 2A,D). With the
other 5 methods, CD63 was detected in both control and patients’ sera
EVs (Fig. 2B-D). CD9 was detected at low levels in PEG and NBI EVs
only. CD81 was detected in both control and patients’ EVs following
Stemcell and Miltenyi methods, and only in patients’ EVs with NBI.
Overall, with the exception of DIFF-UC and SEC, 2 of 3 EV markers
analysed were detected.

Albumin (Fig. 2A-D) and ApoB (Fig. 2E,F), representing key serum
components that should not be in pure EV preparations, were also
investigated. Stemcell and NBI EVs had very low levels of ApoB
contamination. However, NBI EVs contained a substantial amount of
albumin. This was not so for Stemcell which, based on albumin and
ApoB, produced the cleanest EVs.

Particle concentration, size and protein content

NTA estimates particles (EVs) quantities/concentration and sizes.
With both control and cancer sera, DIFF-UC gave the lowest yields
(Fig. 3A,B). Miltenyi apparently produced significantly higher yields
when compared to other methods (Fig. 3A,B). However, this may be due
to remaining immunobeads that have not captured EVs but are also
detected as particles by NTA.

All methods resulted in particles of 60-142 nm in size, except
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Stemcell method where the particles were 197-230 nm (Fig. 3C,D). As
EVs remain attached to Stemcell immunobeads, this difference is likely
due to the EV-bead complexes being sized as single particles. Overall,
despite the limitations of NTA in deciphering EVs from other free- or
bound- particles, it is noteworthy that all 3 runs of each NTA experiment
were highly reproducible.

Total protein quantification (e.g. by Bradford as used here, or BCA
assay) is sometimes used as a surrogate for EV quantities. Its disadvan-
tage is that it quantifies all proteins present and is not specific to those
that are integral components of EVs i.e. other proteins precipitated/
spun-down with EVs will also be quantified. However, unlike NTA, the
Bradford assay only quantifies biological material and -importantly
here- is a simple, routine technique. Like NTA, all 3 runs of each Brad-
ford assay experiment had a high level of reproducibility. Furthermore,
as with NTA, DIFF-UC isolates from both control and cancer sera had
lowest protein concentration. This was only significant when compared
to NBI for control and cancer sera (Fig. 3E,F) and when compared to PEG
for cancer sera (Fig. 3F). NBI resulted in significantly higher amounts of
protein compared to all other methods, with both control and cancer
sera (Fig. 3E,F). This was unsurprising given that NBI EVs had sub-
stantially the most albumin contamination (Fig. 2B-D). Overall, NBI
(and, to a lesser extent, PEG) seemed to carry over most non-EV proteins.

TEM analysis of separated EVs

TEM showed heterogeneous populations of EVs, with characteristic
EV shapes and sizes, resulting from each method of separation and both
control and patients’ sera. Although TEM is qualitative, it was apparent
that DIFF-UC EVs were fewest in numbers, in keeping with the NTA data
(Fig. 4A). PEG EVs had aggregates present (Fig. 4B). NBI EVs were
rounded, vesicular structures (Fig. 4C). SEC products had structures of
typical EV sizes, but also numerous small vesicular structures (Fig. 4D),
aligned with our observation of significantly more ApoB/lipoprotein
contamination. Stemcell and Miltenyi EVs had typical EVs structures.
Doublets/clumps present were likely due to free- or EV-attached

A B
DIFF UC PEG

Controls’ sera
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immunobeads (Fig. 4E,F). Overall, all isolates contained some struc-
tures indicative of EVs, no substantial differences were noted between
controls and cancer EVs, but SEC produced a predominance of particu-
larly small structures. Thus, with the exception of SEC, TEM would not
contribute to any method being either favoured or ruled out.

Overview of characteristics of the methods and resulting EVs

Fig. 5 summarises the results from the 8 comparisons made from the
6 methods. Clearly no method -suitable for working with small volumes
of sera that would be available on a routine basis from cancer patients- is
perfect; but also, no method was particularly worse for EVs from cancer
patients compared to controls. Stemcell method’s EVs had the least
contaminating albumin and ApoB, while also having comparable
amounts of particles (although still attached to immunobeads, so
apparently bigger) and protein when compared to most other methods.
Although, CD9 was undetected on the Stemcell EVs, 2 established EV
markers, CD63 and CD81, were confirmed. The short time (~30 mins.)
needed, ease of use, relatively low levels of contamination, suggest that
of the methods tested, this may be most suitable for routine use in a
clinical setting.

Gremlin-1 in EVs

Following selection of Stemcell immunobeads as possibly the best of
the methods for progressing to clinical samples and applying it to an
independent cohort of control (n = 20) and patients’ (n = 20) sera
samples, the protein quantities of the EVs -as surrogate for EVs- were
significantly higher with breast cancer compared to controls (Fig. 6A).
Gremlin-1 cargo of the lysed EVs was also significantly higher in breast
cancer EVs compared to control EVs (Fig. 6B).

Discussion

After extensive investigations of EVs produced by 6 different EV

Stemcell Miltenyi

BC patients’ sera

Fig. 4. TEM analysis of separated EVs

TEM analysis of EVs from control (top panel) and patient (bottom panel) sera using DIFF-UC (A), PEG (B), NBI (C), SEC (D), Stemcell (E), and Miltenyi (F) methods.
Scale bars are 500 nm (top images of each panel) and 100 nm (bottom images of each panel).
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A summary of the results of each of the 8 characteristics used to compare the 6 separation methods. The results are qualitatively graded by low (+), moderate (++),
high (+++). Particle concentration and size are divided into two columns, representing control and patients separately.
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separation methods, from cancer and controls sera, and characterised on
8 parameters, evidently no method is perfect at producing pure EVs from
small volumes of sera. Granted, achieving pure EVs is not necessarily a
priority for clinical utility as biomarkers. Additional to the fact that
DIFF-UC is unsuitable for routine clinical utility based on the need for
ultracentrifugation, it did not produce adequate EVs from clinically
relevant sera volumes to detect any EV markers investigated. In agree-
ment, when DIFF-UC was used on larger serum volumes (1 mL), no EV

markers were detected [11]. Arguments could be made in favour of
other methods tested but as we aimed to select and apply a method that
could realistically be translated to a routine care, the strongest case
could be made for Stemcell CD63/CD81/CD9 immunobeads.

Stemcell method-separated EVs met most of the MISEV2018 criteria
needed for an acceptable EV isolation. Furthermore, aside from the fact
that it can be performed in ~30 min; requires no high-end expensive
equipment; could routinely be performed by trained laboratory
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personnel; we found that the Stemcell EVs contained 2 of 3 EV markers
investigated and were most pure of both contaminating albumin and
ApoB. The particle numbers and associated protein quantities were not
significantly different to those obtained by DIFF-UC or, indeed, most of
the other methods tested. Stemcell EVs were apparently larger than
those obtained with all other methods, likely due to the fact that the
immunobeads remain attached to the EVs. So, as evidenced by the actual
NTA particle concentration results and also their reproducibility, the
presence of the EV-attached immunobeads did not significantly affect
EV counts. It did affect their apparent size, as both the EV and attached
immunobead would have been sized together. Thus, we suggest that
NTA is not a very suitable method for analysis of EVs generated from
patient or controls sera by Stemcell. However, as NTA would not be
typically available in a hospital laboratory to use in decisions on patient
care, this is a moot point.

As proof-of-principle this method was applied to independent co-
horts of sera samples (n = 40), as could be done in a hospital laboratory.
Using protein quantification as surrogate for EV quantities (a simple
method that would be available in a hospital laboratory), it was
observed that significantly more EVs are present in sera of cancer pa-
tients compared to age-matched controls who have a similarly sized,
benign breast mass. By ELISA (also a routine assay), this was also found
to be so for gremlin-1. Gremlin-1 has been shown to be overexpressed in
human cancers. In breast cancer, gremlin-1 has been shown to promote
the metastasis to the lungs [18]. Specifically, gremlin-1 was present in
EVs from both patients’ and controls’ sera, but at significantly higher
levels for patients. Although there is data to suggest that gremlin-1 is
mechanistically involved in cancer development and metastasis, this is
the first study to investigate it as a blood-based biomarker and even
more specifically associated with EVs.

In conclusion, a few methods evaluated may have relevance in
separating EVs from sera of cancer patients and individuals who have a
benign breast growth/mass. However, due to their complexity, speci-
alised equipment needed, and length of time to perform, some of those
could never be advanced to clinical utility. Considering all 6 methods
and 8 characteristics evaluated, when aiming to select one method, the
Stemcell CD63/CD81/CD9 immunobeads seems the most optimal.
Arguably with any EV separation technique there is a compromise be-
tween separating pure EVs and having a method that is clinically rele-
vant. However, this does not detract from EVs’ potential clinical
relevance. Although independent validation studies are needed, our
application of this immunobead approach followed by ELISA for
gremlin-1 suggests that EVs carrying gremlin-1 may have relevance as a
breast cancer biomarker. Maybe even more relevant, we believe we have
identified a method that has potential for advancing other blood-based
biomarkers studies.
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