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Abstract
Background  The lack of standardized protocols for isolating extracellular vesicles (EVs), especially from biobank-
stored blood plasma, translates to limitations for the study of new biomarkers. This study examines whether a 
combination of current isolation methods could enhance the specificity and purity of isolated EVs for diagnosis and 
personalized medicine purposes.

Results  EVs were isolated from healthy human plasma stored for one year by ultracentrifugation (UC), size exclusion 
chromatography (SEC), or SEC and UC combined (SEC + UC). The EV isolates were then characterized by transmission 
electron microscopy imaging, nanoparticle tracking analysis (NTA) and western blotting. Proteomic procedures were 
used to analyze protein contents. The presence of EV markers in all isolates was confirmed by western blotting yet this 
analysis revealed higher albumin expression in EVs-UC, suggesting plasma protein contamination. Proteomic analysis 
identified 542 proteins, SEC + UC yielding the most complex proteome at 364 proteins. Through gene ontology 
enrichment, we observed differences in the cellular components of EVs and plasma in that SEC + UC isolates featured 
higher proportions of EV proteins than those derived from the other two methods. Analysis of proteins unique to 
each isolation method served to identify 181 unique proteins for the combined approach, including those normally 
appearing in low concentrations in plasma. This indicates that with this combined method, it is possible to detect less 
abundant plasma proteins by proteomics in the resultant isolates.

Conclusions  Our findings reveal that the SEC + UC approach yields highly pure and diverse EVs suitable for 
comprehensive proteomic analysis with applications for the detection of new biomarkers in biobank-stored plasma 
samples.
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Background
Blood is one of the most commonly used biospecimens 
for medical research and plays a major role in the search 
for new biomarkers of metabolic disorders, infectious 
diseases and even complex diseases such as cancer. For 
biobanking purposes, blood and its fractions can be read-
ily obtained and is easily handled and stored. Plasma is 
effectively an abundant source of specific molecules 
including bioactive lipids, cell-free DNA, mRNA, non-
coding RNA and soluble proteins [1–5].

Extracellular vesicles (EVs) isolated from plasma are a 
promising source of biomarkers both for the detection of 
diseases and for therapeutic drug delivery [6–8]. How-
ever, the techniques used to isolate EVs from long-term 
biobank-stored plasma samples have not yet been stan-
dardized [4, 9, 10].

In the absence of a recommended isolation technique, 
ultracentrifugation (UC) is the classic method on which 
most protocols are based [11]. This procedure separates 
the different particles according to their density, size, and 
shape, such that the larger denser particles will firstly 
sediment out. Its main drawback is that EVs are mostly 
co-isolated as contaminant proteins may aggregate with 
the EV population [6, 12, 13].

Another isolation method especially designed for 
human clinical samples is size exclusion chromatogra-
phy (SEC). For this method, a porous stationary phase is 
packed into the column to separate the particles based 
on their size by flushing the sample through it [6, 14, 15]. 
The resultant fractions are composed of pure EV popula-
tions but yields are low as a result of their dilution [16, 
17].

Both methods have shortcomings, especially when 
handling the limited volumes of plasma stored in bio-
banks [18, 19]. Besides, the isolation of EVs from human 
plasma is particularly difficult due to its high viscosity 
and metabolite concentrations [20–23].

To overcome these limitations and improve the speci-
ficity and purity of EV isolation, recent studies have 
shown that a combination of methods, such as size-based 
purification methods like SEC and density-based enrich-
ment methods like UC, could enhance the efficiency of 
EV isolation [13, 15, 20, 24].

In the present study we compared the use of three 
methods to isolate EVs: UC, SEC and SEC + UC. The 
resultant isolates were then characterized in terms of par-
ticle size by transmission electron microscopy (TEM) and 
concentration by nanoparticle tracking analysis (NTA). 
Protein markers were detected by western blotting and 
the protein contents of the different isolates were deter-
mined by reverse phase-liquid chromatography coupled 
to high-resolution mass spectrometry (RP-LC-MS/MS).

Materials and Methods
The aim of this study was to identify an optimal method 
of isolating EVs from plasma samples long-term stored in 
biobanks for use in investigations designed to detect new 
protein biomarkers.

Plasma Samples
Samples (10 mL) of whole blood were collected from 10 
healthy donors in heparin tubes and allowed to sit over-
night at room temperature. The plasma was then trans-
ferred to a clean tube and stored for one year at -80ºC 
until use in the Collection for Leishmaniasis Research 
at the Spanish National Biobank Register, Ref. num-
ber C.0000898 (Royal Decree Act 1716/2011, 18th 
November).

Extracellular Vesicle Isolation from Human Plasma
Pre-treatment of Human Plasma Samples
500 µL from each donor were thawed on ice and then 
centrifuged at 300 xg for 10  min at 4ºC. The superna-
tant was then diluted with an equal volume of filtered 
PBS (Thermo Scientific, Waltham, MA, USA) to reduce 
viscosity and centrifuged for 30 min at 2,000 xg to pellet 
cells and cell debris followed by further centrifugation at 
12,000 xg for 30 min to pellet small debris and larger ves-
icles. Resultant supernatants (500 µL) from each donor 
(n = 10) were subjected to every EV isolation method in 
order to include inter-individual variability and further 
create reproducible pooled samples.

Ultracentrifugation (UC)
Each pre-treated plasma sample were transferred to a 4 
mL ultracentrifugation tube and centrifuged at 100,000 
xg for 2 h 15 min at 4ºC in a Beckman Coulter Optima 
XPN-100 ultracentrifuge with a SW60Ti swinging-bucket 
rotor (Beckman Coulter Inc, CA, USA). Following the 
removal of the supernatant, the pellet was resuspended 
in 4 mL of filtered PBS, and the ultracentrifugation step 
repeated. After removing the supernatant, the isolated 
EVs were resuspended in filtered PBS to give a final vol-
ume of 400 µL.

Size Exclusion Chromatography (SEC)
Following the manufacturer’s protocol, pre-treated 
plasma sample were placed on a 70 nm/qEV size exclu-
sion column (Izon Science, Christchurch, New Zea-
land) and the flow through collected in 500 µL fractions. 
According to the manufacturer, EVs are eluted in Frac-
tions 6–9 so these fractions were subjected to NTA and 
bicinchoninic acid assay (BCA) analysis for validation, 
and then combined in a final volume of 400 µL.
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Size Exclusion Chromatography + Ultracentrifugation 
(SEC + UC)
Pre-treated plasma samples were first placed on the 
70 nm/qEV size exclusion column and the flow through 
collected in 500 µL fractions. Fractions 6–9 (2 mL vol-
ume) were pelleted via two steps of ultracentrifugation 
at 100,000 xg for 2 h 15 min at 4ºC in a swinging-bucket 
rotor (SW60Ti). After ultracentrifugation, the superna-
tant was discarded, and the pellet re-suspended in fil-
tered PBS to a volume of 400 µL.

Extracellular Vesicle Characterization
Equal amounts of the 10 individual samples were com-
bined to create pool samples for each isolation method 
and were characterized in duplicate by the techniques 
described below (MISEV2023 guidelines). For proteomic 
analysis, technical duplicates were performed for each 
isolation method.

Nanoparticle Tracking Analysis (NTA)
Particles purified via UC, SEC or SEC + UC were charac-
terized using a NanoSight NS300 instrument (Malvern, 
Worcestershire, UK) equipped with NTA 3.2 software in 
terms of their concentration, mean size, and size distribu-
tion profile. For this analysis, samples were diluted 1:50 
(SEC; SEC + UC) or 1:100 (UC) in PBS and continuously 
infused through an automatic syringe pump at a flow rate 
of 50 µL/min. All samples were measured using the same 
instrument settings: camera level 12, auto background 
subtraction/blur/minimum track length acquisition time 
60 s, and detection threshold 5. Final concentrations were 
multiplied by the dilution factor.

Protein Quantification, SDS-page and Western Blotting
EV samples from each isolation method were lyophilized 
to ensure uniform protein quantity in each pool. The 
lyophilized samples were rehydrated with milliQ water to 
achieve a minimum concentration of 0.2 µg/µL for subse-
quent analysis.

Protein concentrations were determined by the BCA 
method using a Protein Assay Reagent Kit (Thermo Sci-
entific, Waltham, MA, USA) performed according to 
the manufacturer’s instructions. Briefly, 10 µL of sample 
were used in a final reaction volume of 200 µL of BCA 
Working Reagent. The reaction mixture was incubated 
for 30 min at 37ºC. Absorbance was measured at 562 nm. 
Protein concentrations were calculated using bovine 
serum albumin (BSA) standards (Thermo Scientific, 
Waltham, MA, USA) and a four-parameter logistic curve.

Equal amounts of proteins (10  µg) for each isola-
tion method were separated on a 12% SDS-PAGE gel 
(0.75  mm-thick, 4% stacking, and 12% resolving) and 
Coomasie blue stained (Merck Millipore, Billerica, MA, 
USA).

Total EV proteins were lysed in a loading buffer that 
was reducing (Tris-HCl pH 6.8 0.125  M; SDS 4%; glyc-
erol 20%; 2-mercaptoethanol 10%; EDTA pH8 15 mM 
and Bromophenol blue 0.03%) or non-reducing (compo-
nents as for the reducing buffer but lacking 2-mercapto-
ethanol) and subjected to 3 cycles of alternating hot-cold 
temperature every 5  min (5  min at 95ºC and 5  min on 
ice). Next, samples were separated on a 12% SDS-PAGE 
gel and transferred to a Protean® nitrocellulose blotting 
membrane (Amersham, GE Healthcare, Munich, Ger-
many). Membranes were blocked in 5% non-fat milk in 
PBS containing 0.05% Tween-20 (PBST) (Sigma Aldrich, 
Merck KGaA, Darmstadt, Germany) for 1 h at room tem-
perature. They were then incubated overnight at 4ºC with 
gently rocking with the primary antibodies mouse mono-
clonal anti-human CD81 (5A6) HRP-conjugated (Santa 
Cruz Biotech; sc-23,962; 1:200) and mouse monoclonal 
anti-human CD63 (HansaBiomed; HBM-CD63; 1:1000) 
for non-reducing conditions, or anti-TSG101 antibody 
(4A19) (abcam; ab83; 1:1000), anti-albumin (F-10) (Santa 
Cruz Biotech; sc-271,605; 1:500), and anti-apoA1 (Invi-
trogen; MA5-14667; 1:500) for reducing conditions. 
Membranes were washed and HRP-conjugated goat anti-
mouse IgG (H + L) antibody (G21040) (ThermoFisher 
Scientific; G-21,040; 1:10,000) added for 2  h at room 
temperature for CD63, TSG101, albumin and apoA1 
detection. Blots were washed with PBST, and the signal 
recorded using the kit ECL Pierce™ (Thermo Scientific, 
Waltham, MA, USA) in an Amersham ImageQuant 800 
instrument (Cytiva, MA, USA).

Transmission Electron Microscopy (TEM)
For TEM, EV samples were diluted 1:10 in PBS and fixed 
with a final concentration of 2% paraformaldehyde for 
5 min. Samples were then transferred to glow-discharged 
carbon-coated copper grids for 5 min and washed twice 
in MilliQ water and negatively stained with 2% aqueous 
uranyl acetate for 1  min. EV particles were visualized 
using a FEI Tecnai 12 electron microscope equipped with 
a LaB6 filament operated at 120  kV. Images were cap-
tured with an FEI Ceta digital camera at a nominal mag-
nification of 30,000×.

Proteomic Analysis
Protein In-Gel Digestion
For In-Gel digestion, the lyophilized protein extracts 
were suspended in up to 40 µL of sample buffer, and then 
transferred to the 1.2  cm-wide wells of a conventional 
SDS-PAGE gel (0.75 mm-thick, 4% stacking, 10% resolv-
ing). The run was stopped as soon as the front entered 
3 mm into the resolving gel, so that the whole proteome 
became concentrated at the stacking/resolving gel inter-
face. Unseparated protein bands were visualized by Coo-
massie staining, excised, cut into cubes (2 × 2  mm), and 
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placed in 0.5 mL microcentrifuge tubes [25]. The gel 
pieces were destained in acetonitrile: water (ACN: H2O, 
1:1), reduced and alkylated (disulfide bonds from cyste-
inyl residues were reduced with 10 mM Dithiothreitol 
(DTT) for 1 h at 56ºC, and thiol groups were then alkyl-
ated with 10 mM iodoacetamide for 30 min at room tem-
perature in the dark) and digested in situ with sequencing 
grade trypsin (Promega, Madison, WI) as described by 
Shevchenko et al. [26]. with minor modifications. The gel 
pieces were shrunk by removing all liquid using sufficient 
Acetonitrile (ACN). ACN was pipetted out and the gel 
pieces were dried in a speedvac. The dried gel pieces were 
re-swollen in 100 mM Tris-HCl pH 8, 10 mM CaCl2 with 
60 ng/µL trypsin at a 5:1 protein: enzyme (w/w) ratio. 
The tubes were kept on ice for 2 h and incubated at 37 °C 
for 12 h. Digestion was stopped by the addition of 1% tri-
fluoroacetic acid (TFA). Whole supernatants were dried 
down and then desalted onto ZipTip C18 pipette tips 
(Millipore) until mass spectrometry analysis.

Reverse Phase-liquid Chromatography RP-LC-MS/MS Analysis 
(Dynamic Exclusion mode)
The desalted protein digest was dried, resuspended 
in 10  µL of 0.1% formic acid and subjected to RP-LC-
MS/MS in an Easy-nLC 1200 system coupled to an ion 
trap LTQ-Orbitrap-Velos-Pro hybrid mass spectrom-
eter (Thermo Scientific). Peptides were concentrated (on-
line) by reverse phase chromatography using a 0.1  mm 
× 20  mm C18 RP precolumn (Thermo Scientific), and 
then separated using a 0.075 mm x 250 mm C18 RP col-
umn (Phenomenex) operating at 0.25 µL/min. Resultant 
peptides were eluted using a 90-min dual gradient. The 
gradient profile was set as follows: 5 − 25% solvent B for 
68 min, 25 − 40% solvent B for 22 min, 40 − 100% solvent 
B for 2  min and 100% solvent B for 18  min (Solvent A: 
0.1% formic acid in water, solvent B: 0.1% formic acid, 
80% ACN in water). Electrospray ionization (ESI) was 
performed using a nano-bore emitters Stainless Steel ID 
30  μm (Proxeon) interface at 2.1  kV spray voltage with 
60% S-Lens. Orbitrap resolution was set at 30,000 [27].

Peptides were detected in survey scans from 400 to 
1600 amu (1 µscan), followed by twenty data-dependent 
MS/MS scans (Top 20) using an isolation width of 2 u (in 
mass-to-charge ratio units), normalized collision energy 
of 35%, and dynamic exclusion applied at 60 s intervals. 
Charge-state screening was enabled to reject unassigned 
and singly-charged protonated ions.

Data Analysis
For peptide identification from raw data, we used a 
PEAKS Studio XPro search engine (Bioinformatics Solu-
tions Inc., Waterloo, Ontario, Canada). The database 
search was performed against uniprot-Homo sapiens 
(79,684 entries; UniProt release 06/22) (decoy-fusion 

database). The following constraints were used for the 
searches: tryptic cleavage after Arg and Lys (semispe-
cific), up to two missed cleavage sites, and tolerances of 
20 ppm for precursor ions and 0.6 Da for MS/MS frag-
ment ions. Searches were performed allowing optional 
Met oxidation and Cys carbamidomethylation. False dis-
covery rates (FDR) for peptide spectrum matches (PSM) 
and for protein were limited to 0.01. Only proteins with 
at least two unique peptides detected by RP-LC-MS/MS 
analysis were considered reliably identified.

The proteins identified by RP-LC-MS/MS in the EVs 
derived from healthy donors by different isolation meth-
ods were subjected to functional annotation with DAVID 
2021 [28, 29]. This method identifies the gene ontology 
(GO) cellular components associated with the proteins, 
assigning p-values (Fisher’s exact test) and Benjamini-
corrected p-values. Only strongly enriched annota-
tion categories (Benjamini-corrected p < 0.01) were 
considered.

Statistical Analysis
All statistical analyses were performed using the pack-
age GraphPad Prism version 9.0 (GraphPad Software 
Inc, CA, USA). Descriptive statistics were computed for 
each isolation method. Differences between groups, or 
methods, were assessed by a one-way analysis of variance 
(ANOVA) through Tukey’s honestly significant difference 
(HSD) multiple comparison post hoc test. Significance 
was set at p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001).

Results
Characterization of Isolated EVs
The three methods of isolating EVs compared are detailed 
in Fig. 1.

To confirm efficient EV isolation, particle size distribu-
tions and yields for each isolation procedure were deter-
mined by NTA (Fig. 2).

Mean particle size for the three methods was greater 
than 100  nm. The SEC + UC group showed the larg-
est mean size (172.1 ± 15.9  nm; mean ± SD), followed by 
UC (163.8 ± 9.5 nm) and Sect. (160.2 ± 25.5 nm) (Fig. 2a). 
However, differences were non-significant.

Our NTA analysis revealed that the UC method gave 
rise to a significantly greater number of isolated parti-
cles (1.28 × 1010 ± 9.31 × 109 particles/mL; data ± SD) than 
Sect.  (1.56 × 109 ± 4.08 × 108 particles/mL) or SEC + UC 
(1.47 × 109 ± 7.73 × 108 particles/mL) (p < 0.0001) (Fig. 2b), 
which failed to differ between each other.

Through TEM, we observed that all isolation proce-
dures were successful in isolated EVs within the expected 
size range. Accordingly, all three methods yielded EV-
like structures of characteristic cup-shaped appearance 
and heterogeneous sizes ranging from approximately 
100–200  nm (Fig.  3). The microscopy image of EVs-UC 
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Fig. 1  Steps of the different methods used to isolate and characterize EVs. Created with BioRender.com
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(Fig.  3a) shows a blurry background with aggregates, 
indicating the co-isolation of other products. Also, the 
EVs-SEC image reveals the presence of rounded white 
vesicles resembling EVs, but these appear too small so 
they could be lipoprotein particles (Fig.  3b). For the 
combined method (Fig. 3c), a clean background may be 

observed with different sized EVs aggregated together as 
a consequence of ultracentrifugation.

EV isolates were lysed and total protein contents (EVs 
plus soluble protein) of each sample were determined 
by BCA (Fig.  4a). Protein contents varied significantly 
according to the isolation method, with highest concen-
trations recorded for the UC group (1770.83 ± 286.4  µg/

Fig. 4  Purity of EVs isolated using different methods. (a) Protein concentrations of intact isolated EVs were determined by the bicinchoninic acid (BCA) 
assay. (b) Coomasie staining gel of proteins according to the EV isolation method used. (c) Western blotting of EVs isolated using the different methods. 
Data represent means ± SD of three independent experiments. *p < 0.05; ***p < 0.001

 

Fig. 3  Electron microscopy images of EVs yielded by the different isolation methods. (a) ultracentrifugation (UC), (b) size exclusion chromatography 
(SEC), and (c) SEC + UC. Scale bar = 200 nm

 

Fig. 2  Characterization of EVs using NTA to measure (a) particle distributions and (b) total numbers of particles isolated following ultracentrifugation 
(UC), size exclusion chromatography (SEC), or both (SEC + UC). ***p < 0.001. The presented data has been adjusted based on the dilution of samples 
utilized for NTA analysis

 



Page 7 of 13Torres et al. Biological Procedures Online           (2024) 26:18 

mL; mean ± SD) followed by SEC and SEC + UC 
(730.85 ± 4.04 and 236.77 ± 137.7  µg/mL, respectively), 
the combined approach yielding the lowest protein con-
tents (p < 0.001).

To assess isolation efficiency, equal protein amounts 
in the UC-, SEC-, and SEC + UC-derived samples were 
placed on an SDS-PAGE gel followed by a Coomasie blue 
staining. As shown in Fig. 4b, there was great qualitative 
variation in protein patterns among the different prepa-
rations. Compared to the other EV fractions, EVs-UC 
were especially rich in high molecular weight proteins 
like immunoglobulins and albumin. Also, according to 
the different pattern of protein bands observed in SEC- 
and SEC + UC-derived EVs compared with UC-derived 
EVs, these two groups may have a similar protein compo-
sition (Fig. 4b).

Western blotting of the purified EV fractions confirmed 
the presence of the EV marker proteins CD63, CD81 (tet-
raspanins) and TSG101 (cytosolic protein) in 10 µg of the 
protein sample derived from each isolation method. As 
shown in Fig. 4c, all methods recovered clean EV popu-
lations. We also assessed the expression of albumin in 
all the EV preparations, as this marker serves to detect 
impurities as it is the most abundant protein in plasma. 
The expression of this protein was higher in EVs isolated 
by UC compared to SEC or SEC + UC. Additionally, we 
assessed lipoprotein contamination through the expres-
sion of apoA1, which was higher in both SEC and UC 
methods (Fig. 4c).

MS/MS Proteomics
As plasma is a complex fluid, all MS-based proteomic 
procedures were conducted in duplicate samples to 
identify and validate as many proteins as possible. In 
total, 542 proteins were identified along with at least two 
unique peptides for all EVs derived from the different iso-
lation methods.

The protein contents recorded for each isolation pro-
tocol revealed that the SEC + UC method yielded a more 
complex proteome including 364 identified proteins, 
compared to 212 proteins for UC and 276 proteins for 
SEC. These proteins were further analysed using the 
DAVID database, mapping them only for cellular com-
ponent (CC) against the human genome as background 
to determine their associations with extracellular vesicles 
and plasma. The identification and classification of these 
proteins within the GO terms ‘extracellular exosome’ and 
‘blood microparticle’ are provided in Additional Table 1. 
This analysis revealed that the isolation method SEC + UC 
gave rise to more EV proteins (273 proteins) and fewer 
blood-related proteins (70 proteins) compared to UC, 
which showed the largest number of plasma proteins 
(153 EV proteins vs. 116 plasma proteins), or SEC.  (200 
EV proteins vs. 92 plasma proteins).

We then conducted a more thorough assessment to 
determine whether commonly enriched terms were more 
associated with EVs or plasma across the isolation meth-
ods. The terms related to EVs examined were ‘extracel-
lular exosome’ (GO: 0070062), ‘extracellular space’ (GO: 
0005615), ‘extracellular region’ (GO: 0005576), ‘vesicle’ 
(GO: 0031982) and ‘extracellular vesicle’ (GO: 1,903,561). 
The plasma related terms considered were ‘plasma 
membrane’ (GO: 0005886) and ‘blood microparticle’ 
(GO: 0072562). Out of a total of 364 proteins identified 
for SEC + UC, 276 for SEC and 212 for UC, the DAVID 
database recognized 256, 195 and 157 gene entries, 
respectively.

Table  1 lists the GO terms associated with EV and 
plasma proteins. Terms related to EVs consistently 
showed comparable percentages among the different 
EV samples for the term ‘extracellular exosome’ with 
76.2% for SEC + UC, 75.4% SEC and 75.2% UC or ‘extra-
cellular vesicle’ with 3.9% in SEC + UC, 3.6% in SEC and 
3.2% in UC. For the terms ‘extracellular space’, ‘extracel-
lular region’, and ‘vesicle’ differences in the percentages 
were found in the different sample. However, for the 
plasma-related terms, especially ‘blood microparticle’ 
a higher percentage of gene entries was recorded in the 
UC group (21.1%, 33.3%, and 52.9% of identified proteins 
in SEC + UC, SEC and UC, respectively). No differences 
among the various methods were recorded for ‘plasma 
membrane’.

Finally, we conducted a detailed analysis to validate the 
presence of proteins related to EVs and potential con-
taminants in the samples examined previously according 
to MISEV2023 guidelines from ISEV [20]. The protein 
samples shown in Fig.  5 were classified into three dis-
tinct categories of markers. Categories 1 and 2 indicate 
the detection of EVs with traditional EV markers such 
as integrins (Uniprot: ITG), actins (Uniprot: ACTB), or 
glyceraldehyde-3-phosphate dehydrogenase (Uniprot: 
GAPDH) in all samples. Additionally, heat shock pro-
tein 71KDa (Uniprot: (HSPA8), tetraspanins (Uniprot: 
CD9), guanine nucleotide (Uniprot: GNA), disintegrins 
(Uniprot: ADAM10), tubulins (Uniprot: TUB) or caveo-
lae-associated protein 2 (Uniprot: CAVIN2) were found 
in the SEC + UC and SEC sample groups. However, the 
UC sample showed the least identification of EV protein 
markers.

Category 3 indicates the presence of common con-
taminants for purity assessment. As plasma samples were 
used, protein impurities from plasma such as albumin 
(Uniprot: ALB), apolipoproteins (Uniprot: APO), immu-
noglobulins, and others were found in all isolated EVs, 
but particularly in UC-EVs. A notable observation is that 
the number of apolipoproteins, common protein con-
taminants plasma-derived EVs, found in SEC + UC-EVs 
were clearly reduced compared to single-step techniques. 
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Furthermore, proteins like 14-3-3 beta/alpha (Uni-
prot: YWHAH), heat shock protein 90 alpha (Uniprot: 
HSP90AA1) or lactate dehydrogenase (Uniprot: LDH) 
were exclusively identified in SEC and SEC + UC-EVs 
(Fig. 5).

After our initial assessment of EV and plasma proteins 
across all samples, we performed a comparative analysis 
to identify shared and unique proteins in the different 
isolation groups. Overlap in protein identification was 
visualized using a Venn Diagram generated with the Fun-
Rich tool (Fig. 6a).

In all three isolation method groups, 80 proteins were 
found to be common. Our GO enrichment CC analy-
sis revealed 5 enriched terms related to EVs or plasma 
among these shared proteins as detailed in Fig.  6b. GO 
classifications indicated 82.8% of these proteins were cat-
egorized as ‘extracellular exosomes’. Furthermore, 60.3% 
were linked to the term ‘extracellular region’, and 56.9% to 
‘extracellular space’. These percentages were higher than 
the proportion of plasma-related proteins (‘blood mic-
roparticle’) detected (44.8%).

Upon closer examination of overlapping proteins across 
groups (Fig. 6a), it becomes evident that the method pairs 
SEC + UC and SEC gave rise to a higher number of shared 
proteins (80) than SEC and UC (47) or SEC + UC and UC 
[23].

In a more detailed analysis, we examined GO terms 
related to EVs and to plasma within proteins common to 
the different isolation methods compared as pairs.

As may be observed in Fig.  6c, at the general level, 
terms related to EVs appear in greater proportions than 
the plasma-related terms in all comparisons. In effect, 
proteins common to SEC and UC showed the highest 
proportions of the terms ‘extracellular exosome’, ‘extra-
cellular region’ and ‘extracellular space’, at 81.2%, 87.5% 
and 90.6%, respectively, compared to the pairs SEC + UC 
and UC, and SEC + UC and SEC. However, it should be 
noted that all isolation methods yielding proteins com-
mon with UC (SEC + UC and UC, and SEC and UC) gave 
rise to greater proportions of the plasma-related term 
‘blood microparticle’, at 75% for SEC and UC, and 38.9% 
for SEC + UC and UC.

Once we had established proteins shared among the 
different isolation methods, we focused our next analy-
sis on identifying proteins exclusive to each isolation 
method. The Venn diagram in Fig.  6a reveals that 181 
proteins were exclusive to EVs isolated from plasma using 
the SEC + UC method, 62 proteins were exclusive to the 
single-step UC method, and 69 proteins were exclusive to 
the SEC method.

We then annotated unique proteins arising from each 
isolation method by assessing enriched GO terms for CC 
and comparing the top 5 enriched GO terms shared by 
the different isolation method groups.Ta
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Fig. 5  Characterization of EV protein contents based on MISEV2023 guidelines. Each row represents the identified protein in the samples within the dif-
ferent categories, and columns indicate the isolation method in which the protein was detected
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Remarkably, according to the data presented in Fig. 6d, 
all unique proteins showed a marked abundance of GO 
terms associated with EVs such as ‘extracellular space’, 
‘extracellular region’, and ‘extracellular exosome’. This sug-
gests that a great majority of these unique proteins can 
be attributed to EVs. Interestingly though, among pro-
teins exclusive to UC, high proportions of enrichment 
in plasma-related terms were detected (‘blood micropar-
ticle’ and ‘plasma membrane’ at 51.2% and 46.3%, respec-
tively). This pattern was not apparent for the other two 
methods.

Considering that most unique proteins could be associ-
ated with EVs, we then focused on these unique proteins 
as a measure of the sensitivity of the different isolation 

methods and also tried to determine whether any impor-
tant information could be missing according to the iso-
lation protocol used. To this end, we took as reference 
values theoretical concentrations of these unique pro-
teins in plasma as defined in the Human Protein Atlas 
database (https://www.proteinatlas.org/ accessed on 
November 23, 2023). These data are provided in Table 2 
and in Additional Table 2.

The dynamic ranges of the unique proteins identified 
for each isolation method were categorized by concentra-
tion rates (mg/L, µg/L, and ng/L). The percentages shown 
in the table indicate the proportions of proteins within 
each specified concentration range detected for each of 
the three isolation methods.

Table 2  Ranges of unique proteins identified for each isolation method
UC SEC SEC + UC
mg/L µg/L ng/L mg/L µg/L ng/L mg/L µg/L ng/L

Range 440 − 1.2 730 − 4.5 NI 45 − 1.4 840 − 6.4 870 − 7.1 300 − 1.1 830 − 1.1 940 − 150
Percentage of proteins (%) 87 12.24 0 23 58 17 9 81 9.01
UC: ultracentrifugation; SEC: size exclusion chromatography; NI: not identified.

Fig. 6  Total protein contents of EV samples yielded by the three isolation methods. (a) Venn diagram showing the proteins identified according to the 
isolation method. (b) Percentages of shared cellular component terms of EVs and plasma: among the 80 proteins common to all three methods; (c) 
among the proteins common to pairs of isolation methods; and (d) among the proteins unique to each method

 

https://www.proteinatlas.org/
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The SEC + UC method emerged more effective for the 
identification of different proteins across various concen-
tration ranges. The highest detection rate, 81% of unique 
proteins, was observed within the µg/L range, followed by 
9.01% and 9% in the ng/L and mg/L ranges respectively. 
Protein isolation using SEC followed a similar trend with 
higher detection rates of 58% and 17%, respectively for 
µg/L and ng/L concentrations compared to 23% for mg/L 
concentrations. Although SEC method was able to iden-
tify proteins with the lowest theoretical concentration in 
plasma (7.1 ng/L), SEC + UC detected a higher number 
of proteins within this concentration when compared to 
SEC (11 proteins vs. 8 proteins) (Additional Table 2).

Notably, in the isolates produced by UC, it was possible 
to identify distinct proteins present in plasma at mg/L 
concentrations (87%), whereas only six proteins detected 
were within the µg/L range.

Discussion
Extracellular vesicles (EVs) have recently gained spe-
cial attention in the field of biomarkers, mostly because 
of their possible applications for the diagnosis of vari-
ous diseases and for monitoring disease progression 
and treatment efficacy [7, 30, 31]. While plasma samples 
are useful for large-scale studies due to their availability 
in biobanks [23, 32], isolating EVs from these samples 
remains a challenge because of their limited volumes 
and long-term frozen storage. The present study was 
designed to compare the protein profiles of EVs iso-
lated using different methods in an effort to identify the 
optimal method for use with plasma samples long-term 
stored frozen at − 80 °C.

EVs isolated from biobank-stored plasma samples are 
highly stable [18, 33, 34]. In effect, we found the presence 
of cup-shaped particles indicating that long-term storage 
and the different isolation methods examined here did 
not especially affect the morphology of the resultant EVs 
[35].

When we compared the three isolation methods, par-
ticle concentrations were higher in the UC group. Ultra-
centrifugation works as a precipitation technique, leading 
to the isolation of both EVs and contaminating proteins 
like albumin, fibrinogen and lipoproteins. Effectively, the 
UC method yielded higher concentrations of total pro-
teins than SEC and SEC + UC together. As it is difficult 
to differentiate between EV particles and other similarly 
sized protein aggregates, we used several approaches to 
determine the efficiency of EVs isolated using the differ-
ent methods including NTA, western blot analysis and 
TEM [5, 24, 36]. Our results indicated that among the 
different isolation methods, the EVs-UC isolates were 
especially prone to protein aggregation and to show albu-
min expression. To improve the purity of isolated EVs, 
an albumin-depletion step is usually introduced [37, 

38]. However, this is not possible when handling limited 
plasma volumes.

The SEC method has been proposed as a possible solu-
tion for handling low sample volumes and preventing 
contamination by plasma proteins. However, this method 
has not yet been tested on long-term stored biobank 
plasma samples [39, 40]. The combined use of SEC with 
other separation methods has been recently suggested to 
overcome the limitations of UC and SEC alone [5, 13, 41]. 
Although none of the isolation methods compared here 
completely eliminated plasma proteins, SEC + UC and 
SEC preparations exhibited lower albumin expression, 
while only the combined method achieved the lowest 
apoA1 apolipoprotein expression, suggesting purer EV 
populations.

After this preliminary assessment of the three isola-
tion methods, we conducted a proteomic analysis of EV 
cargo. In an analysis of the proteins yielded by each isola-
tion method, we found that with the SEC + UC method it 
was possible identify a significantly larger number of pro-
teins in comparison to UC and SEC alone. Additionally, 
when comparing proportions of EV proteins to plasma 
proteins, and using MISEV2023 guidelines for validat-
ing the presence of EV, it emerged that the SEC + UC 
method gave rise to the highest number of EV-associ-
ated proteins and a lower identification of lipoproteins, 
which are commonly recognized as protein impurities in 
plasma-derived EVs. Conversely, in the EVs-UC isolates, 
we observed greater numbers of contaminating plasma-
related proteins, which could impair the detection of 
EV proteins. Although a similar limitation has been 
described for SEC when using low sample volumes [24, 
40], its use in combination with UC has been reported to 
improve the proteomic characterization of EVs in fresh 
plasma samples [31, 41]. Using this combined approach, 
we obtained similar results in our samples of human 
plasma stored frozen in biobanks for one year. Our find-
ings are proof of concept of the efficiency of the SEC + UC 
EV isolation method for use in proteomic studies.

Our analysis of proteins common to pairs of different 
isolation methods revealed that pairs including the UC 
group showed higher proportions of plasma proteins. 
The combination approach yielded a substantial number 
of unique proteins in comparison with the single-step 
methods. These unique proteins were predominantly 
associated with EVs based on cellular component annota-
tions. Moreover, a significant portion of these identified 
proteins were noted to be found, albeit theoretically, in 
low concentrations in human plasma. This observation 
suggests that the combined method successfully identify 
a higher number of low-abundance proteins, indicating 
increased sensitivity compared to the other methods.

A few studies have consistently shown that the use 
of a combination of two or more EV isolation methods 
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results in the enhanced identification of EVs markers. 
In these reports, EVs were successfully isolated from 
plasma, improving the proteomic profiling of extracellu-
lar vesicles [5, 35, 42]. However, in such studies, EVs were 
isolated from larger volumes of fresh plasma [13, 40, 43] 
avoiding the limitations of the use of biobank samples. 
The only literature studies centred on EV isolation from 
frozen human plasma samples did not use the SEC + UC 
combination [3, 42, 44] or did not involve proteomics 
after the use of this combined isolation method for EVs 
[35, 36].

Our findings suggest that this new approach enables 
the comprehensive detection and characterization of 
less abundant proteins that might be otherwise masked 
by plasma-derived proteins. This is particularly advanta-
geous when targeting proteins present in low concentra-
tions in plasma, as these may not be detected using the 
UC or SEC methods alone. In consequence, SEC + UC 
could be a promising tool for advances in the field of bio-
marker research [45, 46].

Our work has several limitations. As reported by oth-
ers, the yield and purity of different extracellular frac-
tions may be influenced by cell density, cell stress or drug 
exposure among other factors [8]. In addition, while we 
analysed human plasma from healthy persons stored for 
one year at -80ºC, other storage or health status condi-
tions could alter the results obtained. Further work is 
therefore needed to explore the use of this isolation 
method for the discovery of protein biomarkers.

Conclusions
The use of the combined EV isolation method (SEC + UC) 
resulted in the detection of more protein species by pro-
teomics. This approach could offer valuable insights 
into physiological and pathological processes in stud-
ies examining EV cargo loads in frozen plasma samples 
from patient cohorts stored in biobanks. In addition, pro-
tein content analysis could help discover new biomarkers 
with diagnostic and prognostic applications.
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