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Abstract
Blood extracellular vesicles (EVs) play essential roles in cell–cell communication and their molecular cargo is a promising 
source of disease biomarkers. However, proteomic characterization of plasma-derived EVs is challenged by the presence 
of highly abundant plasma proteins, which limits the detection of less abundant proteins, and by the low number of EVs in 
biological fluids. The aim of this study was to investigate if the removal of abundant plasma proteins prior to EV isolation 
could improve plasma-derived EV characterization by LC–MS/MS and expand the proteome coverage. Plasma depletion 
was performed using a single-use spin column and EVs were isolated from only 100 µL of non-depleted and depleted 
plasma by size exclusion chromatography. Afterwards, EVs were characterized by nanoparticle tracking analysis and mass 
spectrometry–based proteomics using a data-independent acquisition approach. Depleted plasma-derived EVs had higher 
particle concentrations and particle-to-protein ratios. Depletion did increase the protein coverage with a higher number of 
identifications in EVs from depleted plasma (474 proteins) than from non-depleted (386 proteins). However, EVs derived 
from non-depleted plasma carried a slightly higher number of common EV markers. Overall, our findings suggest that plasma 
depletion prior to EV isolation by size exclusion chromatography provides higher yield and protein coverage, but slightly 
lower identification of EV markers. This study also showed the possibility to characterize the proteome of EVs derived from 
small plasma volumes, encouraging the clinical feasibility of the discovery of EV biomarkers.
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Introduction

Extracellular vesicles (EVs) are membrane-enclosed 
structures, which are secreted by prokaryote and, presum-
ably, all eukaryote cells [1]. They have been shown to be 
involved in cell–cell communication and in many physi-
ological and pathological processes [2, 3]. They form a 
heterogenous group associated to the diversity of possible 
cargoes, physical characteristics, and biogenesis [4]. EVs’ 
cargo is composed of proteins, lipids, nucleic acids, and 
metabolites [5]. Their composition is modified depending 

on pathophysiological conditions in order to deliver specific 
molecular messages to recipient cells [6].

In the last two decades, the number of publications on 
EVs has drastically increased and this is also true for studies 
using mass spectrometry (MS)–based protein analysis [7, 8]. 
Indeed, high-throughput proteomics is used to investigate 
the complex protein content of EVs originated from different 
body fluids and cell types. Moreover, this protein cargo rep-
resents a promising source of biomarkers for disease diagno-
sis and monitoring [5]. Plasma is currently the most studied 
fluid for EV disease biomarkers, as it allows their detection 
in the form of a liquid biopsy and can be used in studies 
utilizing large cohorts and biobanks [5]. However, the low 
number of EVs makes difficult their investigation in plasma 
[9]. As a result, EV isolation prior to molecular analysis is 
key, especially for biomarker discovery using proteomics 
[10]. However, there is a large variety of methods for EV 
isolation (ultracentrifugation, polymer-based precipitation, 
or affinity-based isolation), which all have some advantages 
and disadvantages regarding yield and purity. Therefore, the 
choice depends on the planned downstream analysis.
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Additionally, the high dynamic range of protein abundance 
in plasma limits the detection of less abundant proteins in 
proteomics studies [11]. Indeed, around 55% of the total pro-
tein mass in plasma is albumin, while 85% corresponds to 
the seven most abundant proteins together [12]. High-abun-
dant plasma protein depletion is commonly used to increase 
proteome coverage in global plasma proteomics studies, by 
allowing the detection of proteins present in lower abundance 
[12]. Depletion is commonly performed using immunoaffinity 
with multiple- or single-use depletion columns removing up 
to 20 abundant plasma proteins [13]. Therefore, the removal 
of abundant plasma proteins could reduce their interference 
with the proteomic characterization of EVs [9].

In this study, we aimed to investigate if the removal of 
abundant plasma proteins prior to EV isolation could improve 
plasma-derived EV characterization by LC–MS/MS and 
expand the proteome coverage. To do so, plasma depletion was 
performed using a single-use spin column prior to size exclu-
sion chromatography (SEC)–based EV isolation. SEC has been 
shown to reach a higher yield than ultracentrifugation and to 
perform better in limiting the co-isolation of soluble plasma 
proteins in comparison to polymer-based precipitation methods 
[14–17]. In addition, SEC is suitable for small volumes, allow-
ing us to isolate EVs from 100 µL, which is highly relevant 
regarding clinical samples stored in biobanks. Afterwards, EVs 
derived from non-depleted and depleted plasma were character-
ized by nanoparticle tracking analysis (NTA) and mass spec-
trometry (MS)–based proteomics using a data-independent 
acquisition (DIA) approach. Improvement of proteomic analy-
ses of EVs is an essential step to promote biomarker discovery.

Materials and methods

Plasma collection and preparation

Blood samples were collected from two healthy and fasting 
laboratory workers at the University of Geneva in  K2EDTA 
tubes and were anonymized. To obtain plasma, blood was cen-
trifugated twice at 2500 × g for 10 min at room temperature 
within the hour following blood collection. Plasma supernatant 
was recovered, pooled, aliquoted, and frozen at − 80 °C. Plasma 
aliquots (100 µL) were thawed on ice. Depletion was performed 
on plasma aliquots (100 µL) using High Select™ Top14 Abun-
dant Protein Depletion Midi Spin Columns (Thermo Scientific, 
Waltham, MA, USA) according to the manufacturer’s instruc-
tions. Filtrate was recovered and concentrated using Amicon 
Ultra-2 Centrifugal Filter 100 kDa MWCO (Millipore).

EV isolation using size exclusion chromatography

Depletion was performed on three plasma aliquots (100 
µL) and the filtrate was recovered and concentrated until 

a volume of 100 µL was reached. Afterwards, the three 
depleted plasma samples and three additional non-depleted 
plasma (100 µL) were centrifuged at 10,000 × g for 10 min. 
EVs from depleted and non-depleted plasma were isolated 
by size exclusion chromatography (SEC) on qEV single 
70 nm columns (iZON Science, Christchurch, New Zea-
land) according to the manufacturer’s instructions. Briefly, 
SEC columns were equilibrated at room temperature and 
flushed with 6 mL of phosphate buffer saline (PBS) before 
use. Plasma was loaded onto the column. Fifteen to sixteen 
200 µL fractions were collected and kept at 4 °C overnight.

Nanoparticle tracking analysis

Particle concentration and size distribution were determined 
by nanoparticle tracking analysis (NTA), using a Particle 
Metrix ZetaView® instrument (Particle Metrix GmbH, 
Inning, Germany). EVs were diluted with 0.2 μm-filtered 
PBS prior to analysis to reach optimal particle concentration 
(20–200-fold dilution). Data acquisition in scatter mode was 
performed using a laser wavelength of 520 nm and standard 
instrument settings (sensitivity: 80; shutter: 100; minimum 
brightness: 30; minimum area: 10; maximum area: 1000). 
Data acquisition in fluorescent mode was performed using 
a laser wavelength of 660 nm and standard instrument set-
tings (sensitivity: 94; shutter: 100; minimum brightness: 20; 
minimum area: 10; maximum area: 1000). For fluorescent 
mode, EVs were stained with CellMask™ Deep Red plasma 
membrane stain (Invitrogen, Waltham, MA, USA). Data 
were analyzed with ZetaView® software version 8.05.12 
SP1 (Particle Metrix GmbH, Inning, Germany). Afterwards, 
EVs were dry-stored at − 80 °C.

Protein preparation and quantification

EV pellets were resuspended in 80 µL of 0.1% Rapigest SF 
Surfactant (Waters, Milford, MA, USA) 100 mM TEAB 
(Sigma-Aldrich, St. Louis, MO, USA). EV samples and 
crude plasma (1:100 dilution) were incubated for 10 min at 
80 °C and sonicated for 5 cycles of 20 s with breaks on ice. 
After centrifugation at 14,000 × g for 10 min at 4 °C, the 
supernatant was recovered. Protein content was measured 
using the Bradford assay (Bio-Rad, Hercules, CA, USA).

Sample preparation for LC–MS/MS

Each sample (plasma samples (1 µg) and EV samples (70 
µL)) was reduced using TCEP 0.1 M (final concentra-
tion 5 mM, 30 min, 37 °C) (Sigma-Aldrich), alkylated 
using iodoacetamide 150 mM (final concentration 15 mM, 
60  min, RT, in dark condition) (Sigma-Aldrich), and 
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digested by an overnight tryptic digestion (w/w ratio 
1:50, 37  °C) (Promega). The RapiGest surfactant was 
cleaved by incubating samples with 0.5% trifluoacetic acid 
(45 min, 37 °C) (Sigma-Aldrich). Samples were desalted 
on a C18 reverse phase column (Harvard Apparatus) and 
the remaining peptides were dried in Savant SPD111V 
SpeedVac Concentrator (Thermo Fisher). They were 
stored at − 80 °C and, prior to MS injection, they were 
resuspended in 5% ACN 0.1% FA with the addition of iRT 
peptides (ratio 1:20) (Biognosys).

Data‑independent acquisition mass spectrometry 
(DIA MS) and data analysis

Plasma samples to assess the efficacy of plasma depletion 
were diluted in 10 μL of loading buffer (5%  CH3CN, 0.1% 
FA) and 4 μL were injected on-column. LC–ESI–MS/MS 
was performed on a Q-Exactive HF Hybrid Quadrupole-
Orbitrap Mass Spectrometer (Thermo Fisher Scientific) 
equipped with an Easy nLC 1000 liquid chromatography 
system (Thermo Fisher Scientific). Peptides were trapped on 
an Acclaim pepmap100, C18, 3 μm, 75 μm × 20 mm nano 
trap-column (Thermo Fisher Scientific) and separated on 
a 75 μm × 250 mm, C18, 2 μm, 100 Å Easy-Spray column 
(Thermo Fisher Scientific). The analytical separation was 
run for 125 min using a gradient of H2O/FA 99.9%/0.1% 
(solvent A) and CH3CN/FA 99.9%/0.1% (solvent B). The 
gradient was run from 8% B to 28% B in 105 min, then to 
42% B in 20 min, then to 95% B in 5 min with a final stay of 
20 min at 95% B. The flow rate was 250 nL/min and the total 
run time was 150 min. Data-independent acquisition (DIA) 
was performed with MS1 full scan at a resolution of 60,000 
(FWHM) followed by 30 DIA MS2 scan at a resolution of 
30 (FWHM) with 28 m/z isolation width within an m/z range 
of 400 to 12,400. MS1 was performed with an AGC target of 
3 ×  106 and a maximum injection time of 60 ms. DIA MS2 
was performed using higher-energy collisional dissociation 
(HCD) at 27%, an AGC target of 1 ×  106, and a maximum 
injection time of 50 ms.

EV and plasma samples were diluted in 10 μL of load-
ing buffer (5%  CH3CN, 0.1% FA) and 4 μL were injected 
on-column. LC–ESI–MS/MS was performed on Orbitrap 
Fusion Lumos Tribrid Mass Spectrometer (Thermo Fisher 
Scientific). Settings were identical to those used for MS 
acquisitions in [18]. Data-independent acquisition (DIA) 
was performed with MS1 full scan at a resolution of 60,000 
(FWHM) followed by 30 DIA MS2 scans with 28 m/z iso-
lation width within an m/z range of 400 to 1240. MS1 was 
performed with an AGC target of 1 ×  106 and a maximum 
injection time of 50 ms. DIA MS2 was performed using 
higher-energy collisional dissociation (HCD) at 27%. Iso-
lation windows were set to 28 m/z with an AGC target of 
1 ×  106 and a maximum injection time of 54 ms.

DirectDIA analysis workflow was used in Spectronaut™ 
(Biognosys AG, Zurich, Switzerland) to match DIA MS 
raw data. Carbamidomethyl was defined as a fixed modifi-
cation and oxidation of methionine as a variable modifica-
tion. Protein and PSM false discovery rate were set to 0.01 
and data filtering was set to Q-value. For the analysis of 
plasma and EVs, protein identifications were exported from 
Spectronaut™. The mass spectrometry proteomics data have 
been deposited to the ProteomeXchange Consortium via the 
PRIDE [19] partner repository with the dataset identifier 
PXD039240.

EV protein database searches

The list of top 100 proteins identified in EVs according 
to Vesiclepedia was obtained through FunRich 3.1.3 and 
according to ExoCarta on the website (http:// exoca rta. org/).

Gene ontology analysis

Gene ontology (GO) enrichment analysis for cellular com-
ponents and biological processes was performed using Meta-
core™ (Clarivate Analytics, Philadelphia, PA, USA).

Statistics

Statistical analysis was performed with Student’s unpaired 
t-test. A p-value < 0.05 was considered statistically signifi-
cant. Venny 2.1 was used to compare datasets (BioinfoGP, 
CNB-CSIC). Hierarchical clustering analysis and heatmap 
were generated in R (version 4.2.1) with functions kmeans 
and pheatmap respectively. Graphical representations were 
prepared using GraphPad Prism version 9.4.1 for Windows 
(GraphPad Software, San Diego, CA USA), GIMP version 
2.10.30 (https:// www. gimp. org/), and BioRender (https:// 
biore nder. com/).

Results

Depletion of abundant plasma proteins

In this study, we aimed to investigate if the removal of 
abundant plasma proteins prior to EV isolation using SEC 
could improve the molecular coverage of plasma-derived EV 
proteome. Fasting plasma was obtained from two healthy 
donors. In order to deplete rapidly and in a single step 100 
µL of plasma, we selected the High Select™ Top14 Abun-
dant Protein Depletion Midi Spin Columns (Thermo Scien-
tific). Then, the recovered filtrate was concentrated by Ami-
con Ultra-2 Centrifugal Filter 100 kDa MWCO (Millipore).

To assess the efficiency of the depletion, mass spectrom-
etry analysis was performed on plasma before and after 

http://exocarta.org/
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depletion. We examined the top 20 most abundant proteins 
in both depleted and non-depleted plasma samples (see 
Electronic Supplementary Material (EMS) 1, Fig. S1). In 
comparison to the top 20 of non-depleted plasma, alpha-
1-antitrypsin (SERPINA1), alpha-2-macroglobulin (A2M), 
fibrinogen (FGA, FGB, FGG), haptoglobin (HP), serotrans-
ferrin (TF), and several immunoglobulins (IGHA1, IGHG1, 
IGHG2, IGKC and IGHM) were removed from the top 20 
of depleted plasma, while apolipoprotein A-I (APOA1) 
and albumin (ALB) were partially removed, demonstrating 
that the depletion for these abundant plasma proteins was 
efficient.

Characterization of SEC‑isolated EVs derived 
from non‑depleted and depleted plasma

Before EV isolation, depletion was performed on three 
plasma aliquots (100 µL) and the filtrate was recovered and 
concentrated up to 100 µL. Afterwards, EV isolation was 
performed on the three depleted plasma samples and three 
additional non-depleted plasma (100 µL) using SEC, and 
fractions of 200 µL were collected (Fig. 1).

To evaluate the EV elution profile, particle concentration 
and size were measured by nanoparticle tracking analysis 
(NTA) in scatter mode (s-NTA) for each individual SEC 
fraction. For both EV samples, the elution profile showed 
peaks in particle concentrations in fractions 6–8, suggest-
ing that these fractions contained the EVs (EMS1, Fig. S2).

Afterwards, protein and particle concentration of pooled 
SEC fractions (F1–F5, F6–F8, and two-by-two for F9 to 
F15) were analyzed to determine which fractions had the 
highest number of particles and the least amount of pro-
tein (EMS1, Fig. S3). Particle concentrations peaked in the 
pooled fraction F6–F8, corresponding to the elution of EVs. 
On the contrary, protein amount rose in later fractions (from 
F13 onwards), demonstrating that most plasma proteins 
eluted later. Interestingly, the protein amount was lower in 
later fractions from depleted plasma than in non-depleted 
plasma, supporting the removal of abundant plasma proteins 
during depletion. Moreover, the particle-to-protein ratio was 
the highest for the presumed EV-containing fractions 6–8 
corresponding to a high particle and low protein content 
(data not shown). These results indicated that SEC was 
able to effectively separate EVs from a high proportion of 
soluble plasma proteins. For all further analyses, these frac-
tions were collected, pooled, and referred to as N EVs for 
EVs derived from non-depleted plasma and D EVs for EVs 
derived from depleted plasma. In addition, the particle-to-
protein ratio of D EVs was statistically higher than the ratio 
of N EVs (6.67 ×  1010 ± 2.89 ×  109 and 4.4 ×  109 ± 2.02 ×  108, 
respectively, p-value < 0.0001), suggesting a higher enrich-
ment with a reduced non-EV protein presence [10].

To analyze particle concentration and size of N and D 
EVs, a combination of NTA in scatter and fluorescent modes 
was used. As s-NTA measures the total particle count, 
without differentiating EVs from other light-scattering 

Fig. 1  Schematic diagram of 
the protocol used to isolate and 
characterize plasma-derived 
EVs. Figure created using 
BioRender
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components, such as lipoproteins and protein aggregates, 
measurements were also performed in fluorescent mode 
(f-NTA) after staining of N and D EVs with a membrane 
dye [20]. S-NTA displayed a slightly increased particle size 
for D EVs in comparison to N EVs (D EVs: 160.53 ± 1.16; 
N EVs: 146.28 ± 4.20; p = 0.0114), which was not con-
firmed by f-NTA particle size (D EVs: 150.33 ± 1.76; 
N EVs: 150.2 ± 2.14; p = 0.9376). On the other hand, 
s-NTA revealed higher particle counts in D EVs (D EVs: 
5.27 ×  109 ± 4.60 ×  108; N EVs: 1.62 ×  108 ± 3.85 ×  108; 
p < 0.001) (Fig. 2a and b), which was validated by f-NTA 
measurements (D EVs: 2.62 ×  109 ± 1.51 ×  108; N EVs: 
1.02 ×  108 ± 3.12 ×  107; p = 0.015), suggesting an enhanced 
recovery of EVs with SEC isolation from depleted plasma 
(Fig. 2c and d). Of all particles measured in scatter mode, 
29.31% and 29.77% were measured in the fluorescent mode 
for N EVs and D EVs, respectively.

Proteomics characterization of EV enrichment 
from non‑ and depleted plasma

To investigate the impact of plasma depletion on the EV 
proteome, we performed a DIA-based proteomics analysis 
for EVs derived from non-depleted and depleted plasma. 
It resulted in the identification of 386 proteins for N EVs 
(359 present in all replicates) and 474 proteins for D EVs 

(440 present in all replicates) (EMS2, Table S1). The num-
ber of identified proteins was significantly higher in D EVs 
than in N EVs, demonstrating an increased protein coverage 
(Fig. 3a). In addition, both EV samples statistically con-
tained an increased number of identified proteins in compari-
son to plasma samples, in which 224 proteins were identified 
(EMS1, Fig. S4). Interestingly, 261 proteins were identified 
in both EV samples, while 98 proteins were uniquely identi-
fied in N EVs and 179 only in D EVs (Fig. 3b).

To observe how depletion impacted the highly abundant 
plasma proteins in EVs, we looked at the top 20 quantified 
proteins in N and D EVs (EMS1, Fig. S5). Among the pro-
teins that should be depleted by the top 14 columns, several 
presented a significative lower abundance in D EVs than in 
N EVs, as shown above.

Then, we further investigated the proteomic profiling of 
both EV samples. To do so, only proteins identified in all 
replicates of each EV sample were conserved for analysis. 
First, a gene ontology (GO) cellular component enrichment 
analysis was conducted with the software MetaCore. The 
top 10 enriched terms included extracellular region, extra-
cellular space, and extracellular membrane-bounded orga-
nelle (Fig. 3c), indicating an enrichment of EVs from non-
depleted and depleted plasma.

Then, the EVs enrichment was evaluated through their 
protein composition. First, we compared the proteins 

Fig. 2  Size distribution (a) and 
particles count (b) characteriza-
tion of extracellular vesicles 
isolated from non-depleted 
plasma (N EVs) and depleted 
plasma (D EVs) by nanoparti-
cle tracking analysis in scatter 
mode (s-NTA). Size distribu-
tion (c) and particles count 
(d) of extracellular vesicles 
isolated from non-depleted 
plasma (N EVs) and depleted 
plasma (D EVs), after staining 
with CellMask Deep Red, 
by fluorescent nanoparticle 
tracking analysis (f-NTA). 
Bars represent mean ± SD. (a) 
n = 9; (b, c, d) n = 3. Differ-
ences with **p-value < 0.05 and 
****p-value < 0.0001 were con-
sidered statistically significant 
by t-test. Figure created with 
GIMP
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identified in N and D EVs to EV-associated proteins and 
non-EV co-isolated components, reported in the Minimal 
Information for Studies of EVs (MISEV2018) [21] (EMS1, 
Fig. S6). Interestingly, N EVs carried a slightly higher num-
ber of EV-associated proteins in comparison to D EVs (28 
and 24 proteins respectively, p-value = 0.013). Regarding 
the co-isolation of non-EV structures, there was no differ-
ence between both EV samples in the number of proteins 
(14 for both), suggesting that plasma depletion prior to EV 
isolation does not affect the co-isolation of common non-
EV components. In addition, we compared the identified 
proteins in N and D EVs to the top 100 of the most often 
identified proteins in ExoCarta and Vesiclepedia [22, 23] 
(Fig. 4). N EVs contained a higher number of “top 100” EV 
proteins from both databases than D EVs (p-value = 0.0042 
and p-value = 0.0085, respectively). Nonetheless, more than 
70% of these proteins were shared by N and D EVs, demon-
strating a high overlap between both EV samples.

Our results were also compared to two other studies, 
which identified more than 1000 proteins from plasma EVs 
and were relevant regarding their methodology. The study of 
Karimi et al. [24] investigated the combination of ultracen-
trifugation, iodixanol density cushion, and SEC to isolate 
plasma-derived EVs while limiting the co-isolation of lipo-
proteins and plasma proteins. Even if the initial volume of 
plasma was very large (40–80 mL), it provided a dataset of 

highly purified plasma-derived EVs. Secondly, Vanderboom 
et al. [25] evaluated the performance of SEC coupled to high-
resolution MS for comprehensive proteomic analysis of 
plasma-derived EVs. Among the several experiments of this 
study, we selected the dataset of EVs isolated from 2 mL of 
platelet-poor plasma, as it fitted best our experimental design.

Comparing our data to these two studies, we observed 
that the majority of proteins in N and D EVs had been 

Fig. 3  (a) Number of identified 
proteins by mass spectrom-
etry for extracellular vesicles 
isolated from non-depleted 
plasma (N EVs) and depleted 
plasma (D EVs). Bars represent 
mean ± SD; n = 3. Unpaired 
t-test, **p-value = 0.0076. (b) 
Venn diagram of identified 
proteins for N and D EVs in all 
replicates (n = 3). (c) Top 10 
enriched GO terms for cellular 
components after GO analysis 
with MetaCore software on 
quantified proteins in N and D 
EVs. Cellular component GO 
terms are represented in y-axis, 
while x-axis corresponds to 
-log10(p-value). The p-value 
cut-off was set at 0.05. Figure 
created with GIMP

Fig. 4  Venn diagrams of identified proteins for (a) N EVs and (b) D 
EVs and proteins from top 100 of most often identified proteins in 
ExoCarta and Vesiclepedia. Figure created with BioRender
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identified in at least one of the datasets (N EVs: 75.8%; D 
EVs: 62.5%) (Fig. 5). This high similarity to these studies, 
which were performed with different and meticulous EV 
isolation methods, confirmed the quality of our EV enrich-
ment and proteomic results. Nonetheless, a proportion of 
proteins in N and D EVs were not identified in the previous 
studies. These subsets of proteins contained only 3 proteins 
from the top 100 EV proteins and were mainly blood pro-
teins, keratins, and adhesion proteins. In fact, even if the 
datasets of Karimi et al. [24] and Vanderboom et al. [25] 
shared more than half of the identified proteins (53.3% and 
58.8%, respectively), an important proportion of proteins 
was unique to each study (42.7% and 37.6%, respectively) 
suggesting heterogeneity of EV proteome due to the study 
design.

To further characterize and compare the cargo of EVs 
obtained from non-depleted and depleted plasma, we per-
formed a hierarchical clustering analysis. Each cluster was 
mapped to biological process GO terms using MetaCore 
software (EMS2, Table  S2). All replicates of each EV 
type clustered together, demonstrating good inter-replicate 
reproducibility (Fig. 6). The majority of proteins exhibited 
similar abundance between N and D EVs (clusters 1 to 3). 
Cluster 1, which mainly contained highly abundant plasma 
proteins, was associated to terms such as “humoral immune 
response” and “defense response” and cluster 2 to terms like 
“cell adhesion,” “response to stress” (e.g., due to an injury 
or infection), and “coagulation.” Such GO terms are com-
mon in blood-derived EVs, as they have been described to 
be involved in coagulation regulation [26, 27] and immune 
response [3]. Cluster 3 regrouped low-abundance proteins, 
which were enriched for “keratinization,” resulting from the 
presence of keratin proteins from an exogenous source, and 
“intermediate filament cytoskeleton organization,” which 
mediates vesicle secretion [28].

Interestingly, two subsets of proteins presented differen-
tial abundance for N and D EVs. Cluster 4 was composed 
of proteins enriched in N EVs and which were associated to 
GO process terms related to the actin cytoskeleton. On the 
other hand, proteins enriched in D EVs and forming cluster 5 
revealed terms linked to the immune response, such as “pro-
teolysis” (which relates to microbial response), “humoral 
immune response,” and “complement activation.” These 
results suggested that the proteome of EVs derived from 
depleted and non-depleted plasma was in the high majority 
similar with some differences in subsets of proteins (12% 
and 15% for clusters 4 and 5 respectively).

Discussion

Plasma-derived EVs are considered a promising source 
of biomarkers. Despite being a popular biofluid for EV 
research, plasma and its high dynamic range of protein abun-
dance is a challenging matrix for proteomics studies and the 
discovery of novel biomarkers.

Therefore, we investigated whether plasma depletion 
of abundant proteins prior to EV isolation could increase 
the protein coverage by LC–MS/MS analysis, allowing an 
improved characterization of EVs. To do so, we compared 
SEC-isolated EVs derived from only 100 µL of non-depleted 
and depleted plasma. As a matter of fact, a volume as small 
as 100µL represents a technical challenge for EV research 
in terms of volume, but is highly relevant regarding clinical 
feasibility and biobanks.

Fig. 6  Hierarchical clustering analysis of plasma-derived EVs based 
on protein abundance and performed with the function kmeans in R. 
Resulting kmeans values were then represented in an intensity heat-
map using the function pheatmap. Rows correspond to proteins and 
columns to EV sample replicates. The colors represent kmeans values

Fig. 5  Venn diagrams of identified proteins for (a) N EVs and (b) 
D EVs and plasma-derived EV proteomes from the study of Karimi 
et al. [24] and Vanderboom et al. [25]. Figure created with BioRender
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To be able to deplete 100 µL of plasma in a single step, we 
chose the High Select™ Top14 Abundant Protein Depletion 
Midi Spin Columns (Thermo Scientific). We were encour-
aged in this choice by the study of Cao et al. [12] which 
demonstrated that the proteome coverage of these single-
use spin columns is comparable to traditional multiple-use 
HPLC columns and that they provide a simple, reproducible, 
and cost-effective alternative. Nonetheless, we verified and 
confirmed by MS analysis that the removal of targeted abun-
dant plasma proteins was successful, as they were among the 
20 most abundant proteins in crude plasma, but were mainly 
absent from the top 20 of depleted plasma. This was also 
supported by the lower protein content measured in later 
SEC fractions from depleted plasma.

Regarding EVs, we also observed a higher particle-to-
protein ratio for D EVs than N EVs, suggesting an enhanced 
particle enrichment and lower soluble protein content. As the 
same number of common co-isolated non-EV structures was 
identified in N and D EVs, we could conclude that plasma 
depletion prior to EV isolation led to the partial removal of 
abundant plasma proteins and did not add non-EV proteins.

Moreover, regarding our initial hypothesis, we dem-
onstrated that plasma depletion prior to EV isolation did 
increase the protein coverage with a statistically signifi-
cant increase of identification in D EVs in comparison to 
N EVs. To the best of our knowledge, few studies explored 
the effect of depletion on plasma-derived EVs. Interestingly, 
the study of Diaz Lozano et al. [29] investigated the impact 
of the removal of three high-abundant plasma proteins (albu-
min, serotransferrin, and IgG) on the proteome profiling of 
plasma-derived EVs in a non-obese diabetic mouse. They 
concluded that plasma depletion of these three proteins 
enhanced the protein coverage in crude plasma, but not in 
plasma-derived EVs. This difference may come from the 
reduced number of targeted proteins for depletion or that 
depletion was performed directly on plasma-derived EVs, 
after their isolation with SEC. Similarly, in the study of Pal-
viainen et al. [5], human plasma-derived EVs were depleted 
of albumin in view of LC–MS/MS analysis. In their case, 
albumin depletion led to the identification and quantifica-
tion of 138 proteins instead of 91, showing a higher protein 
coverage. Therefore, the performance of plasma depletion 
might depend on the workflow of the study.

Furthermore, we observed the highest particle concentra-
tion in D EVs than in N EVs, which was first measured in 
s-NTA and confirmed in f-NTA for membrane-dyed particles. 
This suggested that this increase was not caused by non-EV 
light-scattering components, such as lipoproteins and protein 
aggregates, which are not differentiated from EVs in scatter 
mode. This may indicate that the removal of soluble plasma 
proteins could modify the interaction that EVs have with the 
SEC matrix, giving rise to an improved enrichment. On the 
contrary, the increased size measured in s-NTA for D EVs 

in comparison to N EVs was not confirmed by f-NTA, sug-
gesting a bias from non-EV light-scattering components. In 
addition, in our study, the particle concentration measured 
in s-NTA was largely overestimated with only 30% being 
also measured in fluorescent mode. These findings highlight 
the importance of the differential use of NTA in scatter and 
fluorescent mode within samples like plasma.

To assess the EV enrichment in both samples, we 
explored several strategies to characterize EVs by their pro-
tein content based on MS analysis. Interestingly, the number 
of classical EV markers from ISEV, as well as of the two top 
100 most often identified proteins, was slightly higher in N 
EVs than in D EVs. This suggests that the NTA-measured 
increase of particle concentration in D EVs did not result in a 
higher number of EV markers. This finding is a drawback for 
the use of plasma depletion and challenges the NTA results. 
To confirm these results, particle concentrations should be 
analyzed using alternative methods, such as resistive pulse 
sensing (RPS) or high-resolution flow cytometry, even if 
each platform has its own concentration and size range for 
accurate quantitation [21]. Alternatively, antibody-based 
assays could assess if EV isolation from non-depleted and 
depleted plasma resulted in differences in EV populations, 
which could explain the presence of different common EV 
markers. However, the lack of specific markers of EV sub-
types limits these analyses [21].

Additionally, the hierarchical clustering analysis high-
lighted subsets of proteins with differential abundance 
between N and D EVs, which were related to different 
biological processes. Therefore, even if EVs derived from 
non-depleted and depleted plasma mainly shared the same 
proteome, the additional step of depletion resulted in some 
differences in subsets of proteins. Replication of these find-
ings would be required to verify if this is indeed a reproduc-
ible and significant modification of the plasma EV proteome 
due to depletion. Actually, heterogeneity of plasma EV pro-
teomes among different studies has already been reported 
[24, 30]. Indeed, de Menezes-Neto et al. [30] compared the 
proteome of human plasma EVs identified in their research 
to three other studies and noted that of all combined pro-
teins, 49.6% were detected only once. In our study, the pro-
portion of proteins in N and D EVs which were not shared by 
the datasets of Vanderboom and colleagues [25] and Karimi 
et al. [24] was 24.2% and 37.5%, respectively. In addition, an 
important proportion of proteins was also unique to either 
Vanderboom et al. [25] or Karimi et al. [24] (42.7% and 
37.6%, respectively), supporting the report of high hetero-
geneity. This variability most likely results from the variety 
of methods for EV isolation, sample preparation, and mass 
spectrometry techniques, as well as pre-analytics [31–33].

Regarding the technological progress of LC–MS/MS 
analysis, in the past decade, proteomics studies of plasma-
derived EVs struggled to identify more than 250 proteins 
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from initial plasma volumes ranging from one to several 
dozen of mL [5, 30, 34]. As mentioned previously, in 2018, 
Karimi et al. [24] reached the identification of 1187 proteins 
through a combination of three isolation methods. How-
ever, it required an initial volume of plasma equivalent to 
40–80 mL, as the MS analysis of EVs isolated from 1 mL 
resulted in only 88 proteins. These last two years, several 
papers increased the coverage of plasma EV proteome. Of 
note, Vanderboom and colleagues [25] developed a SEC-
MS approach, which identified almost 1300 proteins in EVs 
derived from 2 mL of plasma and more than 2700 proteins 
when participants performed aerobic exercise. In 2022, a 
novel study by Karimi et al. [35] identified 2395 proteins 
in EVs derived from 7 mL of plasma using immunoaffin-
ity-based isolation. In our study, we successfully identified 
almost 500 proteins in EVs derived from only 100µL of 
plasma. We believe that these findings represent a promise 
for the clinical feasibility of the research of EV biomarkers. 
Indeed, biomarker discovery and validation are most of the 
time performed using samples from biobanks and are usually 
stored in 300 to 500 µL volumes. This would allow perform-
ing quantitative biomarker research on a large number of 
individual samples.

In summary, our study demonstrated that the removal 
of highly abundant plasma proteins prior to EV isolation 
resulted in an increase in protein coverage in LC–MS/MS 
analysis. Interestingly, plasma depletion led to an increased 
number of particles derived from depleted plasma according 
to s- and f-NTA, without resulting in an enhanced identifica-
tion of common EV markers. If it is confirmed by alterna-
tive quantification methods, this complexifies the decision 
to use plasma depletion for proteomics EV characterization 
and would require deeper analysis to understand the cause 
of this divergence in common EV markers. Moreover, our 
research presented several limitations. Firstly, only one 
method for plasma depletion and EV isolation was tested. 
Indeed, it has been reported that the chosen EV isolation 
method will impact the investigated EV subpopulation and 
its cargo, thus influencing the omics findings [6]. In addition, 
as pre-analytical conditions also have an impact on the EV 
composition and amount, our findings should be replicated 
in different sample types [5, 9, 31]. Secondly, additional 
orthogonal techniques, such as flow cytometry, could have 
been used to characterize more thoroughly the EV samples. 
Nonetheless, the opportunity to improve protein coverage, 
especially from low plasma volumes, is a great prospect 
for the discovery of biomarkers in EVs. In addition to the 
clinical feasibility thanks to low volume, it could allow the 
detection of low-abundance biomarkers which are otherwise 
masked by abundant plasma proteins [29].
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