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Abstract 

Background  Extracellular vesicles (EVs) are amongst the most promising candidates for developing blood-based 
biomarkers. However, patient sample availability is a key barrier to translational research whilst most biobanks store 
samples of 1.5mL volume or less. To date, there is no consensus on the most suitable method of EV separation 
and current techniques frequently require large volumes of biofluids, complicated technology, technical expertise, 
or significant operating costs, which prevents their widespread adoption by less EV-focussed laboratories. Therefore, 
there is a need for an easy and reproducible method that separates representative EVs from clinically relevant 1mL 
volumes of plasma prior to subsequent biomarker identification.

Methods  In this study, EVs were separated from a clinically relevant 1mL volume of human plasma using four dif-
ferent separation techniques: size exclusion chromatography (SEC), differential ultracentrifugation, precipitation, 
and immunoaffinity magnetic bead capture. The EVs were characterised using several orthogonal techniques (protein 
quantification, nanoparticle tracking analysis, transmission electron microscopy, Western blot, single particle inter-
ferometric reflectance imaging sensing, and mass spectrometry-based proteomics) to comprehensively compare 
the separated samples.

Results  We provide examples of anticipated results highlighting that SEC-processed samples have greater protein 
quantification yield, greater particle yield of the expected size for EVs, and sufficient EV purity, which facilitates effec-
tive EV cargo assessment by proteomics. Moreover, we confirm significant overlap with known EV-related proteins 
within the Vesiclepedia database. Additionally, using single particle interferometric reflectance imaging sensing 
(Leprechaun®), we identify that SEC has the most representative surface tetraspanin distribution of the separated EV 
population compared to unprocessed plasma.
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Discussion  Given that SEC requires minimal expertise, no complicated technology and can separate EVs within 90 
min, this comparison reinforces SEC as a clinically relevant EV separation method from 1mL of plasma making it suit-
able for widespread implementation.

Keywords  Size exclusion chromatography, Extracellular vesicles, Liquid biopsy, Biomarkers

Introduction
The development of less invasive blood-based “liquid 
biopsy” tests is being pursued for diverse applications 
[1] including oncology [2], neurology [3], cardiovascular 
disease [4], and obstetrics [5]. These liquid biopsies are 
looking to identify novel biomarkers to improve early 
detection [6], patient stratification [7], and treatment 
monitoring [8], with the hope of improving patients’ out-
comes. One source of blood-based biomarkers, extracel-
lular vesicles (EVs), has several distinct advantages over 
other analytes [9], including blood proteins, circulating 
nucleic acids, and circulating cells, due to the stability 
and relative abundance of EVs in the peripheral circula-
tion [10].

EVs are lipid bilayer enclosed particles that are released 
by all living cells as a form of intercellular communica-
tion. Several EV subtypes have been identified, includ-
ing exosomes (50-150 nm) and microvesicles (50-500 
nm), that are differentiated based on their biogenesis 
[11]. However, the overlapping size, morphology, and 
composition makes it difficult to clearly differentiate EV 
subtypes and therefore it is recommended to report the 
isolated EVs by size [12, 13]. Small EVs (sEVs), normally 
defined as EVs < 100-200 nm, have the most evidence for 
their use as a liquid biopsy biomarker, however their size 
and density overlaps with lipoproteins which are present 
at six orders of magnitude higher concentration than 
EVs in plasma [14, 15] and requires effective depletion to 
optimise sEV-based biomarker identification.

Despite their potential and some promising early 
results [16], blood-based sEV biomarkers have yet to be 
translated into clinical practice. One challenge to clinical 
translation is the lack of standardisation in the methods 
used to separate EVs from other circulating proteins and 
particles, with several different techniques in frequent 
use in the scientific literature [17]. To fill this gap, several 
publications have sought to compare different EV sepa-
ration techniques; however they typically (i) compared 
only a few methods [18], (ii) assessed multiple variations 
within a single EV separation methodological class [19], 
(iii) used less clinically relevant starting volumes [20], (iv) 
utilized serum as a starting biofluid [21] which is now 
thought to be a less useful source of EVs for biomarker 
investigation due to the increased co-separation of plate-
let-derived EVs [22, 23], (v) compared separation meth-
ods using conditioned cell culture media as the starting 

biofluid [24, 25], or (vi) a combination of all of these 
factors.

Traditionally, separation has been based on the physi-
cal characteristics of EVs. Ultracentrifugation-based 
techniques, which separate EVs based on density, have 
historically been the most frequently used EV separa-
tion methods [26]. Despite this familiarity, significant 
variation remains in the implementation of this proce-
dure. Previous work [27] has demonstrated the need for 
an intermediate centrifugation of ~ 10,000 × g to remove 
cellular debris and larger apoptotic bodies, followed by a 
faster centrifugation of ~ 100,000 × g for > 70 min but < 4 h 
duration [28] to optimise EV pelleting and minimise the 
inclusion of soluble proteins, primarily albumin when 
starting with plasma. The addition of a washing step, 
involving resuspension in PBS and repeat ultracentrifu-
gation at 100,000 × g to re-pellet EVs, can significantly 
reduce soluble protein contamination [29]. However, the 
inclusion of a filtration step remains contentious with 
advocates describing increased sample purity.

More recently, precipitation reagents using commer-
cial kits are frequently employed when investigating 
small volume clinical samples. Precipitation reagents are 
extremely simple and work by binding water molecules 
thereby pushing EVs and other less soluble molecules out 
of solution to be pelleted by centrifugation. There are sev-
eral proprietary kits available with similar effectiveness in 
separating EVs [19], and they frequently recommend the 
inclusion of proteinase K to remove the bulk of plasma 
proteins prior to EV separation. Compared to this untar-
geted approach, a more targeted separation of EVs can be 
achieved through immunoaffinity capture [30], although 
this has previously been limited by separation of specific 
EV subpopulations. The development of a phosphatidyl-
serine binding protein TIM4 targeted antibody attached 
to a magnetic bead EV capture assay [31], has the benefit 
of targeting a marker that has been proposed as a near 
universal marker on all subpopulations of EVs [32] which 
would facilitate the separation of a purer sEV sample. 
However, the real situation is likely to be more complex, 
with evidence that phosphatidylserine negative-EVs are 
present and detectable in peripheral blood [33, 34].

In comparison to other EV separation techniques, size 
exclusion chromatography (SEC) is highly reproducible, 
requires minimal technical expertise, and is now one of 
the most frequently utilised methods to separate EVs, 



Page 3 of 17Robinson et al. BMC Methods             (2024) 1:7 	

especially when using clinical samples [35]. SEC uses col-
umns packed with a porous resin to separate EVs based 
on their size, with larger particles eluted first and smaller 
soluble proteins eluted later. A variety of column sizes, 
resin material, and pore sizes are available to optimise the 
SEC column for the separation of different sized particles 
[36, 37]. Whilst homemade columns are frequently used 
[38], commercial columns are now widely available, of 
which the IZON range is frequently used, and the 35 nm 
range is optimised for the separation of sEVs > 30 nm.

Given this variety of readily useable techniques, there 
is therefore a pressing need to identify appropriate EV 
separation methodologies from clinically relevant start-
ing volumes of plasma as a necessary step for the subse-
quent clinical translation of any identified biomarkers. A 
standard blood test collects 4 mL of blood which results 
in 1–2 mL of plasma on average, whilst biobanks includ-
ing the UK Biobank [39] typically store samples of 1.5 mL 
volume or less. Given the requirement to fully character-
ise the separated sample, as recommended by the Inter-
national Society for Extracellular Vesicles [12, 13, 40–42], 
to demonstrate the enrichment of EVs and the depletion 
of common co-separated contaminants, a sufficient yield 
and purity from a limited volume is needed for down-
stream biomarker identification studies.

To highlight the suitability of SEC for EV separation 
from clinically relevant volumes of plasma and present 

representative data, we compare the simplicity, yield, 
purity, representativeness, and protein cargo of different 
EV separation methods from a clinically relevant starting 
sample of 1 mL of human plasma (Fig. 1). We also pre-
sent the key methodological steps for all EV separation 
methods used in the comparison and the key EV charac-
terisation steps.

Methods
Ethical approval and consent to participate
All experimental protocols were approved by the Uni-
versity of Sussex Research Ethics Committee (reference: 
ER/BSMS2229/1). Each participant provided written 
informed consent to take part in this research.

Plasma isolation ‑ Timing: 45‑60 minutes
The blood collection and processing protocol has been 
reported as per MIBlood-EV recommendations [41]. 
Venous plasma was obtained from three healthy non-
fasting adult male volunteers (aged 25–35 years old) 
on three separate occasions. On each occasion, up to 
40mL blood was drawn from the antecubital fossa using 
a 23-gauge butterfly needle (Prosum Medical Limited, 
Uxbridge, UK) into 4 mL K2EDTA spray tubes (Vacuette) 
and pooled for a total of nine distinct pooled samples (3 
individuals, n = 3 repeats).

Fig. 1  Schematic summary of EV separation and downstream analyses. Following EV separation using five different methods, a comprehensive 
characterisation was performed by nanoparticle tracking analysis, Western blot, transmission electron microscopy, single particle interferometric 
reflectance imaging sensing (Leprechaun® analysis) and proteomics (mass spectrometry). Leprechaun® image reproduced with the permission 
of Unchained Labs (Pleasanton, Ca, USA)
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Processing was performed within 30 min using a vali-
dated method to reduce platelet activation [43]. Briefly, 
blood samples underwent sequential centrifugations at 
room temperature, first at 120 × g for 20 min to prepare 
platelet rich plasma and subsequently at 360 × g for 20 
min, using a benchtop centrifuge with no brake applied 
(Universal 320R, Hettich). The resulting platelet depleted 
plasma samples were stored at -80 °C in 1  mL aliquots 
(Eppendorf ).

EV separation
For all experiments, 1 mL starting volume of plasma was 
used and replicates were performed on separate days.

Differential ultracentrifugation (dUC) ± 0.22 μm filtration 
(dUC + f ) ‑ Timing: 4 hours
Samples were thawed on ice and centrifuged at 2000 × g 
for 5 min at 4 °C. The supernatant was collected and 
transferred to a clean ultracentrifuge tube (Beckman 
polypropylene centrifuge 25 × 89 mm tubes, Beckman 
Coulter Ltd., High Wycombe, UK) and diluted 1:9 with 
sterile-filtered PBS (Sigma-Aldrich). A 10,000 × g ultra-
centrifugation step was then performed for 30 min at 4 °C 
to remove cellular debris and larger EVs (Beckman optima 
LE 80-k ultracentrifuge, Beckman Type 70 Ti rotor, full 
dynamic braking,  kadj = 15,638, Beckman Coulter Ltd., 
High Wycombe, UK). The supernatant was collected 
using a sterile 20 ml syringe (Fisher scientific) and trans-
ferred to a new ultracentrifuge tube directly or through a 
0.22 μm filter (Sarstedt AG & Co. KG). To separate small 
EVs, a 100,000 × g ultracentrifugation step was performed 
for 90 min at 4 °C (Beckman optima LE 80-k ultracen-
trifuge, Beckman Type 70 Ti rotor, full dynamic brak-
ing,  kadj = 494, Beckman Coulter Ltd., High Wycombe, 
UK). The EV pellet was washed with 10 mL sterile-filtered 
PBS and ultracentrifuged again at 100,000 × g for 90 min 
at 4 °C. The final pellet was resuspended in 100 μL sterile-
filtered PBS and stored at -80 °C.

Precipitation (TEIR) ‑ Timing: <90 minutes
Precipitation was performed using the Total Exosome 
Isolation Reagent (TEIR) (Invitrogen) as per the manu-
facturer’s instructions. Briefly, samples were thawed on 
ice and then centrifuged at 2000 × g for 20 min and the 
supernatant centrifuged at 10,000 × g for 20 min both 
at room temperature. The cleared supernatant was col-
lected, diluted with sterile-filtered PBS (1:2) and, as per 
the manufacturers recommendations, proteinase K solu-
tion was added (1:20) and incubated at 37 °C for 10 min. 
Exosome precipitation reagent was added (1:5) and incu-
bated at 8 °C for 30 min. The sample was centrifuged 
twice at 10,000 × g for 5 min at room temperature to pel-
let the EVs and the supernatant removed. The final pellet 

was resuspended in 100 μL sterile-filtered PBS and stored 
at -80 °C.

Size Exclusion Chromatography (SEC) ‑ Timing: <90 
minutes
Samples were defrosted on ice and then underwent cen-
trifugation at 1500 × g for 10 min at room temperature 
and the supernatant was centrifuged at 10,000 × g for 10 
min at room temperature to remove cellular debris. The 
cleared supernatant was collected and topped up to 1000 
μL with sterile-filtered PBS. New SEC columns (IZON 
qEV1/35 nm) were drained and then flushed with sterile-
filtered PBS. The sample was loaded followed by layering 
3mL sterile-filtered PBS and the first 4mL buffer volume 
was collected. Further sterile-filtered PBS was added to 
the column (700 μL) and seven × 700 μL SEC fractions 
were collected. Samples were stored at -80 °C.

As per the manufacturer’s recommendations, and fol-
lowing initial characterisation (Supplementary Fig. 1), SEC 
fractions 2–5 were combined to obtain a sample balancing 
EV recovery with sample purity. The combined sample was 
concentrated to 100 μL using a 100kDa molecular weight 
ultrafiltration filter (Vivaspin 6, Sartorius) and centrifuga-
tion at 4000 × g (Mega Star 1.6R, VWR). Combined SEC 
fraction samples were stored at -80 °C.

Magnetic bead separation (Mag) ‑ Timing 24 hours
Magnetic bead based EV separation was performed using 
the MagCapture™ Exosome Isolation Kit PS Ver.2 (Fuji-
film Wako Pure Chemical Corporation) and a magnetic 
rack (MagnaRack, Invitrogen) as per the manufacture’’s 
instructions. Briefly, the magnetic beads were prepared 
by incubation with the biotin labelled exosome capture 
reagent. Samples were defrosted on ice and then under-
went centrifugation at 1200 × g for 10 min at 4 °C and the 
supernatant was centrifuged at 10,000 × g for 30 min at 4 
°C to remove cellular debris. Heparin (5 U/mL) to main-
tain anticoagulation and binding enhancer were added 
to the sample. The sample was subsequently added to 
the magnetic beads and incubated for 1 h at room tem-
perature or overnight at 8 °C. The sample was washed 
three times with washing buffer and all the supernatant 
removed. EVs were eluted from the beads using 100 μL 
2X elution buffer and stored at -80 °C.

Nanoparticle Tracking Analysis (NTA) ‑ Timing: 20 minutes 
/ sample
Particle concentration and size distribution were deter-
mined using a NanoSight NS300 with a blue laser (488 
nm) and analysed using the Nanosight NTA 3.2 soft-
ware (Malvern Technologies, Malvern, UK) as previously 
described [44]. Samples were diluted 1:100-1:1000 in 
sterile-filtered PBS and five videos of 30 s were captured 
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per sample using a camera level set close to maximum 
(15 or 16) and a threshold of 5 was used for analysis.

Transmission Electron Microscopy (TEM) ‑ Timing: <15 
minutes
Particle morphology and size were visualised by Trans-
mission Electron Microscopy as previously described 
[29]. Samples were diluted in particle free PBS to a par-
ticle concentration of 1 × 1010–8 × 1010/ml and 4μL was 
applied to a formvar/carbon film coated 200 mesh cop-
per EM grid (Agar Scientific cat no. S162H) that had 
been previously treated with a glow discharger (PELCO 
easiGlow) for 1 min. The samples were incubated for 30 s 
then washed with PBS and stained with filtered 1% Ura-
nyl Acetate for 30 s and allowed to dry. The grids were 
visualised using a JEOL JEM1400-Plus (120 kV, LaB6) 
microscope (JEOL Ltd., Welwyn Garden City, UK) 
equipped with a Gatan OneView 4K camera at × 10 k 
and × 30 k magnification. In total, 10–15 representative 
images per grid were taken.

Protein quantification ‑ Timing: <3 hours
Protein quantification was performed using the micro 
BCA™ Protein Assay Kit (Thermo scientific). Briefly, 2 μL 
of EVs were lysed in 5 × RIPA buffer for 10 min in techni-
cal duplicate in a 96-well microplate. Subsequently, 100 
μL of BCA™ reagent was added to each sample. Addition-
ally, a standard BSA curve (serial dilutions from 10 μg to 
0.078125 μg) and a RIPA control sample were incubated 
with 100 μL of BCA™ reagent. The plate was incubated 
at 37 °C in the dark for 2 h. Absorbance was measured at 
560 nm (GloMax, Promega). Protein concentration was 
determined from the BSA standard curve and incorpo-
rated the influence of the RIPA buffer on the measured 
absorbance.

Western blot ‑ Timing: 2 days
Protein expression of known EV markers and common 
contaminants were performed by Western Blot using 
standard protocols as described previously [29]. Briefly, 
equal amounts of EVs (5 μg or 40 μL) were lysed in 
5 × Laemmli sample buffer (containing 1.5M Tris–HCl, 
Glycerol, 20% sodium dodecyl sulphate (SDS), 0.25% 
bromophenol blue and 1M dithiothreitol), boiled at 95 
°C for 10 min, and resolved on SDS/PAGE gradient gels 
(4–12%). Transfer was performed using the iBlot 2 sys-
tem (Invitrogen). Primary antibodies: anti-CD9 (1:1000, 
System Biosciences EXOAB-KIT-1), anti-CD63 (1:1000, 
System Biosciences EXOAB-KIT-1), anti-CD81 (1:1000, 
System Biosciences EXOAB-KIT-1), HSP70 (1:1000, Sys-
tem Biosciences EXOAB-KIT-1), anti-syntenin (1:1000, 
St John’s Laboratory STJ98556), anti-TSG101 (1:1000, 
St John’s Laboratory STJ96125), anti-GM130 (1:1000, 

Cell Signalling Technology #12480), anti-BSA (1:1000, 
Sigma 07-248-25UG), anti-apolipoprotein A1 (1:1000, 
St John’s Laboratory STJ96804), anti-apolipoprotein B 
(1:1000, St John’s Laboratory STJ22648), anti-apolipo-
protein E (1:1000, St John’s Laboratory STJ91638). Sec-
ondary antibodies: Anti-rabbit IgG HRP linked (1:5000, 
Cell Signalling #7074) and Anti-mouse IgG HRP linked 
(1:5000, Cell Signalling #7072). Membranes were incu-
bated with SuperSignal West Pico PLUS Chemilumines-
cent Substrate (Thermo scientific) and imaged with a UVP 
Chemstudio instrument (Analytik Jena, London, UK) and 
VisionWorks software.

Single Particle Interferometric Reflectance Imaging 
Sensing (SP‑IRIS) ‑ Timing: 24 hours
Leprechaun® Exosome Human Plasma Kit were used 
with the Leprechaun® machine for surface marker 
analysis according to the manufacturer’s instructions 
(Unchained Laboratories, Pleasanton, Ca, USA). Briefly, 
chips were background scanned and incubated overnight 
at room temperature with 50 μL of sample diluted to a 
particle concentration of ~ 1 × 109/ml using 1X incuba-
tion solution (Mag required 0.5 × 109/ml whilst plasma 
required 10 × 109/ml for accurate particle quantification). 
Chips were washed, incubated with fluorescently labelled 
antibodies for 1 h (1:500 each of anti-CD9 CF488A, anti-
CD81 CF555 and anti-CD63 CF647), and dried using 
the Luni Washer (Unchained Laboratories, Pleasanton, 
Ca, USA). Chips were scanned immediately after dry-
ing and analysed using Leprechaun® Analyser 1.0 soft-
ware (Unchained Laboratories, Pleasanton, Ca, USA) and 
gated to the isotype control.

Proteomics ‑ Timing: 2 days
The separated EV samples (10 μg) from each separation 
method were processed using in solution digestion in 
triplicate from individual repeats. Briefly, samples were 
lysed in 5X RIPA buffer and 50X protease inhibitor for 
30 min, and concentration by Speedvac. The samples 
were reduced with 8 M Urea, 50 mM ammonium bicar-
bonate (pH 7.8) and 5 mM dithiothreitol at 37 °C for 1 h 
and subsequently alkylated with 15 mM iodoacetamide 
in the dark at room temperature for 30 min. The samples 
were diluted with three volumes of 50 mM ammonium 
bicarbonate (pH 7.8) and digested with trypsin (1:50) 
at 37 °C for 3 h. Proteins were further digested with a 
second round of trypsin (1:50) at 37 °C overnight. The 
peptides were acidified with 1% TFA, extracted using 
Pierce™ Peptide Desalting Spin Columns (Thermo Sci-
entific) as per the manufacturer’s instructions, and dried 
by Speedvac. Samples were further purified by strong 
cation exchange using a Ziptip pipette tip (Millipore, 
Merck) as per the manufacturer’s instructions. Samples 
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were processed through a Q Exactive hybrid Quadru-
pole-Orbitrap mass spectrometer coupled to a Dionex 
UltiMate 3000 RSLCnano system (Thermo Fisher Scientific, 
Waltham, MA, USA).

Proteomic data analysis ‑ Timing: NA
Protein identification and label-free quantitation of pro-
teins from mass spectrometry (MS) and MS/MS raw data 
were performed using the MaxQuant software (version 
2.2.0.0) (Max Planck Institute of Biochemistry, Planegg, 
Germany) against a reference proteome database of 
Homo sapiens (Uniprot ID: UP000005640, accessed 
12/01/2024). The following settings were used: trypsin 
digestion and oxidation (M) and acetyl (Protein N-term) 
set as fixed modifications. The minimum peptide length 
and minimum and maximum peptide length for unspeci-
fied search was 7, 8 and 25 amino acids respectively, 
maximum peptide mass was 4600 Da. The peptide and 
protein false discovery rate were both set at 0.01, whilst 
minimum razor and unique peptide was set to 1. The 
results were exported to Microsoft Office Excel for fur-
ther processing. Obvious contaminants (e.g. keratins) 
were removed from the identified protein groups list. 
Protein groups were subsequently filtered and included 
only if they were present in at least 2 of the 3 replicates. 
In addition, the proteomic data were further deciphered 
by analysing the gene names identified from the MS data 
using the Functional Enrichment Analysis Tool platform 
(FunRich, accessed 15/01/2024) [45] for gene-enrichment 
analysis and comparison with Vesiclepedia [46]. The 
InteractiVenn (http://​www.​inter​activ​enn.​net) online soft-
ware was used to make the Venn diagram [47].

Statistical analysis
Results are reported as the mean ± standard error of the 
mean (SEM). Welch’s unpaired t test was used to deter-
mine the significance of the observed differences between 
different techniques. Differences were considered statisti-
cally significant at p < 0.05 (ns not significant, * p < 0.05; 
** p < 0.01; *** p < 0.001; **** p < 0.0001).

EV‑track
We have submitted all relevant data of our experiments 
to the EV-TRACK knowledgebase [48] (EV-TRACK ID: 
EV231013).

Results
The protein and particle yield from 1ml human plasma 
samples differs between separation techniques
The ability to perform subsequent investigations depends 
on the availability of sufficient quantity of separated EVs. 
However, without directly labelling of EVs prior to sepa-
ration, the assessment of yield relies on the calculation of 

several surrogate markers, namely protein concentration 
as assessed by BCA™ assay and particle concentration as 
assessed by nanoparticle tracking analysis.

The total concentration of protein within the samples 
from the same starting volume (1mL) of human plasma 
was significantly less for all the samples compared to 
unprocessed plasma (Fig.  2a). There is a clear practical 
and statistically significant difference in the amount of 
protein obtained using different techniques. Precipita-
tion produces the sample with greatest amount of protein 
from a 1mL plasma sample (384.6 μg) which was statis-
tically greater than all other techniques, closely followed 
by SEC (184.1 μg), whilst magnetic bead capture (6.721 
μg), dUC + 0.22 μm filtration (9.626 μg) and dUC (14.05 
μg) obtain the smallest amount of protein with no statis-
tical difference between methods.

There is also a clear numeric and statistically signifi-
cant difference in the particle concentration of the sam-
ples between the various separation methods as well as 
with unprocessed plasma (Fig. 2b). Similar to the differ-
ences seen in protein concentration yield, the precipita-
tion samples had significantly more particles from 1mL 
plasma (3.18 × 1011) than the other separation techniques, 
followed by SEC (4.95 × 1010), whilst magnetic bead cap-
ture (1.92 × 109), dUC (1.50 × 109) and dUC + 0.22 μm fil-
tration (1.15 × 109) samples had the fewest particles with 
no statistically significant difference between techniques. 
Unprocessed plasma had the highest particle count 
(9.87 × 1011), which is likely elevated due to the pres-
ence of lipoproteins and large protein complexes that are 
present in plasma at much greater concentrations than 
within the EVs [15].

By comparing the ratio of particle count to protein 
concentration (Fig.  2c), a measure of non-EV protein 
contamination described by Webber and Clayton [49], it 
is clear that all the different separation techniques sam-
ples are significantly enriched for particles compared to 
unprocessed plasma. Ultracentrifugation based techniques 
demonstrate the smallest enrichment, whilst precipita-
tion demonstrated significantly greater enrichment.

EV enrichment and contaminant depletion varies 
between different separation techniques
Comparison of the ability of the different separation 
methods to enrich the sample for EVs and deplete con-
taminants was performed using multiple assays. Firstly, 
TEM was performed to allow visualisation of the EVs 
within the samples s. Clearly identified particles, high-
lighted by the white arrows (Fig. 3a), can be seen in the 
images from each of the EV separation techniques. The 
precipitation and SEC samples have a much larger con-
centration of particles compared to the other EV separa-
tion methods, and the particles are generally smaller in 

http://www.interactivenn.net
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the SEC and precipitation samples in keeping with the 
findings from the NTA. In addition, both TEIR and SEC 
have particles which seem to demonstrate lipoprotein-
like morphology in addition to particles with EV-like 
morphology.

Additionally, analysis of common EV surface and cargo 
proteins, as well as common contaminant proteins was 
performed by Western blot. From the Ponceau stain anal-
ysis (Fig. 3c), there is a clear difference in the global pro-
tein expression despite loading equal amounts of protein 
highlighting the differential enrichment and depletion of 
proteins by distinct separation methods.

The most frequently used markers to assess for EV 
enrichment are the surface tetraspanins (CD9, CD63, 
and CD81) and cargo proteins such as HSP70, TSG101 
and syntenin. As shown in Fig.  3d, CD9 is significantly 
enriched in ultracentrifugation-based techniques and 
magnetic bead capture compared to SEC. CD81 and 
CD63 are identified in both ultracentrifugation-based 
techniques and SEC separated sampled, although differ-
ent isoforms of CD63 seem to be more prevalent between 
SEC and ultracentrifugation-based techniques. Interest-
ingly, neither CD81 nor CD63 are identified following 

magnetic bead capture suggesting that this technique 
may not facilitate an unbiased enrichment of all EVs.

When loading a greater volume of sample for SEC 
(Fig. 3f,g), all three commonly assessed tetraspanins are 
identified demonstrating the effective separation of EVs. 
The inclusion of proteinase K, as recommended by the 
manufacturer, significantly reduces the overall protein 
content of the sample as expected and facilitates the 
identification of CD9 and CD81 in comparison to pre-
cipitation without proteinase K.

Similarly, the presence of EV cargo proteins differs 
between separation techniques. All three of the com-
monly used EV cargo markers are enriched in the dUC, 
dUC + 0.22 μm filtration and SEC samples, with reduc-
ing intensities respectively. The magnetic bead sample 
is clearly enriched for HSP70 but neither TSG101 nor 
syntenin are identified, again suggesting that a particular 
subgroup of EVs is separated when using this technique.

Through comparing commonly co-separated proteins 
(Fig. 3c) a measure of sample purity can be inferred. As 
expected, GM130, a marker of cellular debris, is either 
not identified or identified with much lower intensity 
in all the samples compared to plasma. This is expected 

Fig. 2  Comparison of the yield from the five different plasma EV separation methods from a starting sample of 1mL plasma. A BCA™ assay 
identified the total protein level of the samples from the five different separation methods. b Nanoparticle tracking analysis identified the number 
of particles separated from the samples. c Sample purity as assessed by the particle to protein ratio. Data presented as mean ± SEM; n = 9 (3 
per individual, individuals mean highlighted by symbol), p-values ns not significant, * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001



Page 8 of 17Robinson et al. BMC Methods             (2024) 1:7 

given that the processing for all the separation methods 
includes performing a centrifugation step at 10,000 × g 
which is known to deplete cellular debris.

Albumin is the most abundant protein in plasma and a 
frequent co-separated protein in EV samples. As antici-
pated, there is an extremely strong band in the unpro-
cessed plasma sample, whilst there is also a visible band 

for magnetic capture and ultracentrifugation-based tech-
niques, and a fainter band just visible for SEC.

Lipoproteins are some of the most challenging contam-
inants to deplete when separating EVs from plasma due 
to their overlapping density (high density lipoproteins 
1.063–1.210 g/mL) or size (chylomicrons 75-1200nm 
and very low density lipoproteins ~ 30-80nm) compared 

Fig. 3  Assessment of EV enrichment and purity. Transmission electron microscopy (TEM) visualisation of the EVs separated from human plasma 
at a 10,000 × magnification (scale bar 500nm) and b 30,000 × magnification (scale bar 100nm), white arrow identifying a representative EV. c 
Ponceau and Western blot analysis of d EV surface markers (CD63, CD9 and CD81) and cargo markers (HSP70, TSG101 and syntenin), and e 
the most commonly co-separated contaminants (GM130, albumin, Apolipoprotein A1, Apolipoprotein B and Apolipoprotein E) following loading 
of 5 μg of sample from each separation method and unprocessed plasma. f Ponceau and g Western blot analysis of EV surface markers (CD63, 
CD9 and CD81) and lipoproteins (Apolipoprotein B and Apolipoprotein E) following loading of 40 μL of sample from precipitation (both 
with and without proteinase K (pK)) and size exclusion chromatrography plus unprocessed plasma (4 μL diluted 1:10). Representative images are 
shown
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to extracellular vesicles (1.08–1.21g/ml and 30-1000nm 
respectively) [15]. Therefore, the relative lipoprotein 
contamination was also identified by the assessment of 
apolipoprotein A1 (APO A1, present primarily in high 
density lipoproteins), apolipoprotein B (APO B, present 
with different isoforms in chylomicrons, very low-den-
sity lipoproteins, intermediate-density lipoproteins, and 
low-density lipoproteins) and apolipoprotein E (APO 
E, present in chylomicrons, very low-density lipopro-
teins, intermediate-density lipoproteins and high density 
lipoproteins) levels present in the samples (Fig. 3c). The 
only technique which had detectable APO A1 presence 
was precipitation, whilst ultracentrifugation-based tech-
niques identified the presence of APO E, albeit with low 
signal intensity. APO B is identified in ultracentrifuga-
tion and SEC based technique samples, although with 
greater intensity in SEC and with different isoforms. As 
expected, magnetic capture effectively depletes each of 
the apolipoproteins from the sample.

Different separation techniques affect the EV particle size 
distribution
EVs are known to have various sizes, with different size 
EVs associated with different subpopulations. The mean 
(Fig. 4a,d) and median (Fig. 4b) particle size was therefore 

assessed using several orthogonal methods to identify 
any size differences based on separation method.

By NTA, Plasma has the smallest mean and median 
particle size at 76 nm and 66 nm respectively, likely due 
to the presence of lipoproteins, cell debris, or protein 
aggregates. Of the samples, the precipitation reagent had 
the smallest mean particle size at 92 nm, then the SEC 
sample at 103 nm, followed by dUC + 0.22 μm filtration 
and dUC at 128 nm and 136 nm respectively, and then 
finally magnetic bead capture with the largest mean par-
ticle size at 150 nm. These findings were similar but with 
slightly smaller values when comparing median particle 
size by NTA with precipitation separating particles with 
a median size of 82 nm, followed by SEC with 95 nm, 
dUC + 0.22 μm filtration and dUC at 113.6 nm and 122.7 
nm respectively, and magnetic bead capture with the 
largest median particle size at 132 nm.

This pattern was recapitulated in the mean size as 
assessed by the Leprechaun®, albeit at a lower mean size 
possibly due to the Leprechaun’s® improved resolution 
at smaller sizes compared to the Nanosight300. Interest-
ingly, the mean particle size for plasma is now most simi-
lar to ultracentrifugation-based techniques, whilst there 
is also a smaller degree of variance between techniques. 
This finding is likely due to the exclusion of particles 

Fig. 4  a The mean and b the median particle size, and c size distribution of the separated particles as assessed by nanoparticle tracking analysis 
(NTA), and d the mean particle size as assessed by single particle interferometric reflectance imaging sensing (Leprechaun® analysis). Data 
presented as mean ± SEM; n = 9 (3 per individual, individuals mean highlighted by symbol) for NTA, n = 1 for Leprechaun® analysis, p-values ns 
not significant, * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001



Page 10 of 17Robinson et al. BMC Methods             (2024) 1:7 

without tetraspanin surface markers when using the Lep-
rechaun® and therefore may represent a more accurate 
picture of the true EV size distribution.

Additionally, the distribution of particle size as assessed 
by NTA (Fig.  4c) and by the Leprechaun® (Supplemen-
tary Fig. 2a,b) was compared between separation meth-
ods. For NTA, this identified a more prominent second 
peak of particles at ~ 150nm in size in the ultracentrifu-
gation and magnetic bead capture samples compared to 
the precipitation reagent and SEC and likely explains the 
increase in mean and median particle size with these sep-
aration methods. Whilst for the Leprechaun®, ultracen-
trifugation-based techniques and SEC have the closest 
similarity to the EV size distribution from unprocessed 
plasma.

The representativeness of surface tetraspanin distribution 
differs amongst different techniques
Different subpopulations of EVs have different tetraspa-
nin surface markers. Using the Leprechaun®, the propor-
tion of EVs with specific tetraspanin marker positivity, 
including co-localisation of multiple tetraspanins on a 
single EV, can be analysed and compared to EVs captured 
directly from unprocessed plasma (Fig.  5 and Supple-
mentary Fig. 3).

Our results demonstrated that precipitation and mag-
netic bead capture have the least representative pattern 
of tetraspanin positivity, which is surprising given their 

supposed less targeted mechanism of separation. Con-
sistent with the Western blot results, magnetic bead 
capture has clearly separated an enriched population of 
CD9 positive EVs with less CD81 an CD63 positive EVs 
compared to plasma, suggesting that phosphatidylserine 
may not be equally distributed among different tetras-
panin positive EV subtypes. Precipitation on the other 
hand seems to be enriching for single marker positive 
EVs at the expense of double or triple marker co-localised 
EVs. Whilst separating EVs with two or three co-local-
ised markers is infrequent with all separation meth-
ods, and in unprocessed plasma, their omission clearly 
reduces the representativeness of the EVs separated using 
precipitation.

Both SEC and ultracentrifugation-based techniques 
have good representativeness of tetraspanin distribu-
tion on their separated EV population compared to 
plasma suggesting that they may be more suitable for 
downstream biomarker investigations. Similar to the 
previously highlighted findings, the addition of a 0.22 
μm filtration step to differential ultracentrifugation has 
minimal impact on the tetraspanin distribution of the 
separated EVs. The ultracentrifugation-based techniques 
have the most similar tetraspanin distribution to unpro-
cessed plasma when investigating the CD63 capture spot 
(Fig. 5a), whilst SEC has the most representative distribu-
tion when investigating the CD81 capture spot (Fig. 5b), 
with similar levels of representativeness using the CD9 

Fig. 5  Comparison of the tetraspanin EV surface markers by single particle interferometric reflectance imaging sensing (Leprechaun® analysis) 
of particles captured on a CD63, b CD81, and c CD9 antibody chips and d the summed difference in values between plasma tetraspanin 
distribution and tetraspanin distribution using different EV separation techniques for the different capture spots and the mean difference of all 
capture spots
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capture spot (Fig. 5c). To identify the most indicative sep-
aration method, we compared the sum of the differences 
between the proportion of specific tetraspanin marker 
positivity using an individual separation method to that 
of unprocessed plasma (Fig.  5d), which favoured SEC 
closely followed by ultracentrifugation-based techniques.

Proteomic analysis of EV cargo
To further characterise the separated EVs and their cargo, 
MS based proteomic analysis was performed. A total of 
379 unique proteins were identified with high confidence. 
Of the identified proteins, 105 (27.7%) were common to 
all EV separation techniques, 311 (82.0%) were identified 
in samples from at least two separation techniques, and 
68 (17.9%) were unique to a single separation technique 
(Fig. 6a).

Bioinformatic analysis using FunRich [45] and the 
Vesiclepedia [46] database confirmed the presence of 
304 known EV-related proteins out of all the identified 
proteins (80.2%) (Fig.  6b), whilst cellular component 
analysis identified ‘exosomes’ as the origin of ≥ 70% of 

the identified proteins for all the separation techniques 
(range: 70.0-75.8%) (Fig. 6c). When analysing the known 
EV-related proteins by EV separation method, the great-
est number of known EV-related proteins was identified 
by UC (263) and then SEC (214), whilst TEIR (92) iden-
tified the lowest number of known EV related proteins 
(Fig.  6d), although this is impacted by the lower total 
number of proteins identified with precipitation-based 
separation.

Our results (Fig. 6d) demonstrate that the TEIR sepa-
rated has the greatest difference in identified protein 
species compared to the other separation methods (32.1-
42.5% protein species overlap), whilst SEC and ultra-
centrifugation-based techniques are the most similar 
separation methods (69.3-71.6% protein species overlap), 
in keeping with their similarities from the Leprechaun® 
analysis.

However, Vesiclepedia is an open-source repository 
containing results from studies employing different tech-
niques with varying stringency in EV separation and char-
acterisation. This increases the likely non-EV co-separated 

Fig. 6  Mass spectrometry (MS) and bioinformatics-based proteomic analysis of EV cargo. a Venn diagram based on the proteins identified 
by MS hits. b Venn diagram of all proteins identified compared with proteins annotated in the Vesiclepedia database. c Gene enrichment analysis 
for ‘Cellular component’ was performed based on the MS hits identified from each EV separation method. d Pairwise comparison diagram showing 
the similarity between the proteome contents of the different EV separation methods and the identified EV-related proteins from the Vesiclepedia 
database
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proteins in the database. Therefore, we also compared 
the common EV-associated proteins identified using the 
different separation methodology to those identified by 
Karimi et  al. [50] who employed a stringent protocol of 
density gradient ultracentrifugation to separate EVs from 
40-80 mL of healthy volunteer plasma (Table  1). Whilst 
comparison of the results from different MS protocols is 
challenging, this demonstrates that dUC has identified a 
greater number of common EV-associated proteins than 
the other methods, followed by SEC and magnetic bead 
capture, whilst precipitation identified the fewest num-
ber of common EV-associated proteins. This is in keeping 
with the findings when comparing to the full Vesiclepedia 
database.

The proteins identified by MS from the different sepa-
ration methods can be used to assess the relative abun-
dance of known EV associated proteins as well as residual 
lipoproteins and albumin. A panel of six proteins identi-
fied from both the Exocarta [51] and Vesiclepedia [46] 
top 20 EV-associated proteins, and strongly linked with 
the EV proteome [50, 52], were chosen to investigate dif-
ferences in EV enrichment between the different separa-
tion methods. There is significant variation in whether 
individual methods enrich for EV-associated proteins 
(Fig.  7a), although consistently the dUC and to a lesser 
extent the SEC samples were able to identify all five EV-
associated proteins.

Magnetic bead capture results in significantly greater 
residual albumin abundance than the other separation 
methods from the equivalent starting protein concentra-
tion used for MS analysis, whilst SEC and precipitation 
has the lowest abundance numerically (Fig. 7b). However, 
due to the lower protein quantification yield with mag-
netic bead capture, the MS experiment utilised almost 
the entire eluted sample volume to facilitate loading 10 
μg of protein compared to lower requirements for the 
other separation methods.

As would be expected, the pattern of residual apolipo-
proteins abundance reflects the separation methodology. 
Ultracentrifugation based techniques have the great-
est relative residual abundance of apolipoprotein A1 
(Fig. 7b), the major component of HDL cholesterol that 
is most similar in density to EVs, whilst SEC has signifi-
cantly greater residual abundance of apolipoprotein B 
and apolipoprotein E (Fig. 7b), the major component of 
chylomicrons and LDL cholesterol both of which overlap 
in size with EVs.

Discussion
The ability to reliably separate representative EVs is a key 
requirement in the development of clinically validated 
blood-based EV liquid biopsy biomarkers [53]. To fur-
ther advance the reproducibility and quality of EV related 

research, the International Society of Extracellular Vesi-
cles has published [12] and recently updated guidelines 
[13] which further emphasised the key reporting require-
ments for EV related research. However, there is still 
no consensus regarding an optimal separation method, 
and they therefore recommended using an appropriate 
method for the planned downstream application.

Ultracentrifugation based techniques are frequently 
utilised [26], however the role of an additional filtration 
step is still uncertain. From our results presented above, 
we conclude that the addition of a 0.22 μm filtration step 
does not significantly improve the quality of the EV sam-
ple but does reduce the yield of the sample as assessed by 
multiple methods as described above. Given the low yield 
of differential ultracentrifugation already limits the num-
ber of downstream investigations that can be performed, 
the addition of an extra filtration step would not be rec-
ommended based on these results.

In this study, precipitation led to the greatest yield as 
assessed by protein quantification assay and nanopar-
ticle tracking analysis, and both precipitation and SEC 
resulted in yields that would be sufficient for multiple 
downstream applications. Despite this much greater 
yield, the benefits of these techniques may be partially 
offset by a lower degree of EV enrichment as evidenced 
by the Western blot findings related to residual free pro-
tein and lipoprotein co-separation respectively. Addi-
tionally, when analysing the MS proteomics data, the 
greater protein quantification yield with precipitation is 
not translated into a greater number of identified pro-
tein sequences. This result is likely explained by the pres-
ence of residual co-isolating proteins, primarily albumin, 
within the separated sample despite the inclusion of pro-
teinase K which substantially reduces the protein content 
of the precipitation sample. Whereas SEC-based separa-
tion seems to result in good yield of EV-related proteins 
and a representative tetraspanin distribution as demon-
strated by the MS and Leprechaun® analysis respectively. 
The proteomic yield could potentially be optimised fur-
ther if a greater starting protein concentration is used for 
MS analysis.

The SEC protocol used in this analysis does seem to co-
separate a greater degree of apolipoproteins than other 
methods, particularly apolipoprotein B and apolipopro-
tein E. Given its size-based separation methodology it is 
expected that this is related to the co-separation of lipo-
proteins given that this column has a pore size of 35 nm 
to effectively separates particles which are larger than 
30 nm and therefore overlaps with the size range of very 
low density lipoproteins and chylomicrons. A column 
with a larger pore size is commercially available, how-
ever this will separate particles larger than 70 nm, but not 
the smallest EVs, and so a balance between purity and 
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completeness of EV separation must be struck. Addition-
ally, the full interpretation of lipoprotein co-separation is 
further complicated by the identification of apolipopro-
teins as a significant component of the EV corona, pro-
teins and particles which directly interact with the surface 
of EVs [52, 54, 55], and therefore further lipid focussed 
analyses such as enzyme linked immunosorbent assays 
would be useful to fully characterise the differences in co-
separated lipoprotein for the various methods.

SEC also has the added benefit of scalability, with differ-
ent sized columns available for different starting volumes. 
Whilst other separation methods can accommodate 
a range of starting volumes, they are typically limited 
either due to their lower yield with smaller volumes in 
the case of differential ultracentrifugation and magnetic 
bead capture or cost of reagents with larger volumes in 
the case of precipitation kits or magnetic bead capture. 
Meanwhile SEC columns can be purchased or designed 
for the required starting volume with no loss of yield and 
no excessive costs. Several groups are also investigating 
further optimisations to improve EV separation by SEC 
with dual- [56] and tri-mode [57] chromatography meth-
ods being described. However, these techniques are not 

widely practiced and remain the preserve of specialised 
laboratories.

As highlighted above, immunoaffinity capture can dis-
tinguish a highly pure EV sample; however, the yield was 
the lowest of all the techniques compared, thus limiting 
the number of downstream investigations that can be 
performed when a small volume of starting biofluid is 
present as in clinical samples. Additionally, the finding 
of CD9 enrichment in the EV samples, as demonstrated 
by the Western blot and Leprechaun® analyses, adds 
further evidence to the finding that phosphatidylserine 
is not ubiquitously expressed across all EVs but may be 
enriched in particular subgroups [33, 34]. Further work 
to define the lipid composition including phosphatidyl-
serine of different EV subgroups would help elucidate 
this. Despite this clear enrichment of CD9 in the West-
ern blot and Leprechaun results, CD9 expression was not 
identified in the MS data. This has been reported previ-
ously with prior publications [58] failing to identify CD9 
via MS despite enrichment identified by Western blot 
due to intrinsic difficulties identifying tetraspanins by 
MS [59]. However, CD9 was identified in samples sepa-
rated using other methodologies in this study, with less 

Fig. 7  Mass spectrometry label free quantification intensity comparing the relative expression of a proteins frequently associated with EVs (CD9, 
HSC70, HSP90AA1, β-actin, Cofilin 1, 14-3-3 proteinζ/δ) and b common co-separated proteins (albumin, apolipoprotein A1, apolipoprotein B, 
apolipoprotein E). Data presented as mean ± SEM; n = 3, p-values ns not significant, * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001
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enrichment identified by Western blot, which raises the 
possibility that there may be some interference between 
the separation methodology and protein identification by 
MS.

One significant advancement of this study compared 
to previous studies is the ability to compare the sepa-
rated EV population to the ‘ground truth’ EV popula-
tion from unprocessed plasma using the Leprechaun®. 
This has demonstrated unexpected findings whereby the 
‘non-targeted’ precipitation reagent and the magnetic 
bead capture targeting phosphatidylserine have the least 
representative pattern of tetraspanin marker positivity 
on their separated EVs suggestive of enrichment of sub-
populations of EVs compared to those present in unpro-
cessed plasma.

In this comparison, we have limited the separation 
methods to those that are frequently employed, without 
the requirement of complicated and expensive equip-
ment, and therefore would be more easily adopted in 
clinical settings. Whilst novel methods to separate EVs 
continue to be developed, including asymmetric flow field 
flow fractionation [60], microfluidic based approaches 
[61] and advanced size exclusion chromatography tech-
niques [57], they remain restricted to individual labs with 
significant expertise in their use. These techniques have 
shown promise for improving EV separation, but they 
are not currently suitable for widespread adoption due 
to high set up costs and the requirement for specialised 
equipment. Additionally, the samples all underwent dif-
ferent pre-processing steps, based on the different manu-
facturer’s instructions or standard practice for UC-based 
methods, with different initial centrifugation speeds and 
length of spins. The specific impact that this may have 
had on the results is unknown but could explain some 
of the variation. Finally, due to the limited protein quan-
tification yield from some of the assays, only 10 μg of 

protein was used for MS analysis and so the sensitivity of 
protein identification from methods with greater protein 
quantification yield (precipitation- and SEC-based sepa-
ration methods) has not been fully assessed.

Conclusion
In conclusion, the enrichment of EVs and depletion of 
different contaminants clearly varies according to sepa-
ration method used. The suitability of the resulting EV 
enriched sample for downstream analyses is dependent 
on the separation method yielding enough EVs for the 
required analysis. Therefore, the optimal choice of sepa-
ration method will be dependent on the requirement 
for different degrees of purity for the desired applica-
tion. In this study, we have characterised the differences 
in EV enriched samples after using different EV separa-
tion techniques from a clinically relevant 1mL sample 
of human plasma. We have demonstrated differences 
in yield, required to allow multiple characterisation and 
investigative experiments, purity, and the representative-
ness of the separated EV population (Table 2).

From the results presented above, we highlight that 
SEC-based separation is a suitable EV separation tech-
nique from a clinically relevant 1mL plasma sample. 
The SEC-based separation sample results in a greater 
yield, that is sufficient to allow for both EV characterisa-
tion and biomarker identification analyses, whilst it also 
retains enough purity to be confident that the sample is 
EV enriched and has an EV tetraspanin distribution that 
is representative of EVs contained within unprocessed 
plasma. For these reasons, it is our preferred method 
and would be suitable for widespread adoption in less 
EV-specialised labs for clinical biomarker identification 
studies.
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dUC dUC + f TEIR SEC Mag

Yield 3 4 1 =  1 =  5
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Representability of Tet‑
raspanin distribution

2 3 4 1 5

Proteomics 1 3 =  5 2 3 = 
Ease of use 4 =  4 =  1 =  1 =  3
Overall rank 2 3 =  3 =  1 5
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