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Abstract

Aim: Liquid biopsies hold significant potential for the minimally invasive diagnosis of tumors and other diseases.
While the clinical application of cell-free DNA (cfDNA) methodologies is emerging, the implementation of tumor-
derived extracellular vesicles (EVs) as validated biomarkers is hindered by substantial preanalytical variations. In
this work, we standardized the preanalytical procedures of blood collection for subsequent serial isolation of
plasma cfDNA and EVs from a single blood collection tube.
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Methods: We compared the impact of blood preservation tubes and storage to enable proteomic profiling of
resulting EVs in addition to cfDNA extraction and sequencing. Following a stringent method of large EV (IEV) and
small EV (sEV) isolation, consisting of differential ultracentrifugation and size exclusion chromatography, we
evaluated the protein concentration, particle number, quality and integrity of the isolated EVs. Subsequent
proteomic analyses of EV isolates revealed the complexity of the respective tube-biased proteomes, allowing the
interpretation of EV origins as well as contamination sources.

Results: While ACD-A and Citrate tubes yield satisfactory results in the preservation of EV proteomes, only Streck
RNA, Norgen, and PAX tubes can maintain high cfDNA purity for up to 7 days. When aiming for multiomics
analyses, Streck RNA tubes showed the most stable performance across the tested parameters for both
bioanalytes. Furthermore, we detected greater variability in protein composition in sEVs than in I[EVs after 7 days of
storage; thus, sEVs might be more susceptible to storage effects.

Conclusion: Our clinically applicable workflow provides the basis for informed choice of liquid biopsy tubes along
with a ready-to-use protocol to retrieve both genomic and EV proteomic biomarker information for multiomics
biomarker-based liquid biopsy studies.

Keywords: EV preservation, liquid biopsy, extracellular vesicles, cfDNA, human plasma, translation, isolation
protocol, preanalytics

INTRODUCTION

The use of liquid biopsy, as an alternative to conventional and interventional biopsy, has recently started to
revolutionize the diagnostic fields of diseases such as cancer, diabetes, and conditions detected through
prenatal screening"”. While liquid biopsies can be performed on any body fluid, such as urine, blood,
cerebrospinal fluid, or breast milk, they are most commonly analyzed from peripheral venous blood'.

The technical term liquid biopsy comprises the analysis of various biomarkers, such as circulating tumor
cells (CTCs), cell-free DNA (cfDNA), and extracellular vesicles (EVs), as well as circulating (mi)RNA or
proteins®. While the preanalytical parameters for the analysis of nucleic acids have been studied
extensively'™, the analysis of proteins from EVs is still in its infancy. In addition, the purification of EVs
poses significant technical challenges”, which hinder their easy application in clinical practice.

EVs can be subdivided into different categories, the functions of which are, however, still subject to
study"’. While apoptotic bodies (100-5,000 nm) arise from dying and dissolving cells, large EVs (also
termed microvesicles, appr. 150-1,000 nm, IEVs) and small EV's (also termed exosomes, appr. 30-120 nm,
sEVs) are thought to be vital for the intercellular communication of living cells, particularly tumor cells"".
In their cells of origin, EVs are loaded with cargo consisting of RNA, DNA, proteins, and metabolites. They
are either secreted as SEVs through the release of multivesicular body (MVB) or formed as sEVs via direct
budding from the plasma membrane (IEVs)!". EVs can be taken up by different target cells and therefore
serve as communication hubs"?. Under specific physiological or pathological conditions, such as systemic

13-15]

inflammation, pregnancy, or cancer, the quantity of plasma EVs is significantly increased"**".

While the field of EV research has greatly expanded owing to its diagnostic and therapeutic potential, some
practical questions of standardization must be addressed before routine clinical application. One key issue is
the choice of anticoagulants for blood sampling and storage before downstream analysis.
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After blood draws, blood cells undergo hemolysis or cell death in a time- and temperature-dependent
manner"®. The choice of anticoagulants or preserving reagents can help reduce these processes’”".
Previous studies focusing on plasma and serum proteomes have highlighted the significant impact of
sampling and processing variables on biomarker discovery. Moreover, standardized preanalytical protocols
have been developed to facilitate the combined analysis of proteomes and metabolomes from plasma and
serum samples and provide reference data sets. However, these studies did not incorporate the isolation or
analysis of EVs""**\. Physiologic EV populations in the peripheral blood are contaminated after sampling by
EVs from other cellular components of full blood, mainly leukocytes, erythrocytes, and platelets, as the
latter continue to shed extracellular vesicles ex vivo®'. If not considered carefully, these processes could lead
to a change in the EV population and, therefore, EV protein content, ultimately resulting in the dilution of
physiological EVs, which in turn impedes the accuracy and interpretability of biomarker studies. Awareness
of preanalytical biases is fundamental for the interpretation of liquid biopsy sample composition. One
crucial preanalytical factor is the choice of blood collection tube and the impact of anticoagulants or
preservation chemistry on EV composition during storage before processing and analysis. The most
commonly used tubes for liquid biopsy in routine clinical diagnostics are EDTA- or Citrate-supplemented
tubes"””.. However, these tubes necessitate immediate processing of the blood sample through centrifugation
for plasma separation at the site of patient care, which is often not feasible in clinical practice owing to
limited time, personnel, and equipment. Alternatively, preserving formulations stabilize peripheral blood
cells to facilitate subsequent liquid biopsy analysis and can, according to the manufacturer’s instructions, be
left at room temperature (RT) for several days before processing'””. However, thus far, they have mostly
been used for cfDNA and have not been thoroughly tested for other applications, such as EV analyses. More
recently, specialized tubes for EV research have entered the market and claim their compatibility with EV
research.

To this end, our study aimed to compare five different preservation tubes (ACD-A, Norgen, PAX, Streck
RNA, Streck DNA) and EDTA tubes as a reference 0-day baseline to minimize potential confounding
factors. Furthermore, we included citrate-supplemented tubes (Citrate) in our study, as they are frequently
used in EV studies, are readily available in clinical practice, and are comparably cost-efficient. We assessed
EV quantity, quality and EV-associated protein content as well as cfDNA quantity and quality from blood
plasma after sampling and storage in different preservation tubes. We detected significant differences in EV
and cfDNA quality among the tested preservation tubes, even when they were processed immediately.
Although incubation at RT for several days generally reduced the quality of EV-derived proteomes, this
effect was markedly attenuated in certain preservation tubes.

Among these, Streck RNA tubes exhibited the most consistent performance across all tested parameters for
multiomics applications. Notably, protein composition variability was greater in sEV's than in IEVs after 7
days of storage, indicating that sEV's are more vulnerable to storage-induced changes. To facilitate rapid
clinical adoption, we provide a streamlined workflow that supports the selection of optimal liquid biopsy
tubes and includes a practical protocol for extracting genomic and EV proteomic biomarkers, paving the
way for comprehensive multiomics liquid biopsy-based clinical studies.

In summary, this study lays the basis for an informed choice of liquid biopsy tube and interpretation of EV-
derived data for clinical studies in EV and ¢fDNA research.
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METHODS

Sample population

To evaluate the performance of the six tube candidates compared with 0-day baseline EDTA tubes, we
collected blood from 10 healthy individuals, 8 women and 2 men aged between 23 and 48 years. Mass
spectrometric and Western blot analyses were performed on time-matched samples from three healthy
volunteers (two females and one male). Healthy volunteers were of Caucasian ethnicity due to availability.
Each sample had a matched EDTA sample that was processed immediately and served as the 0-day baseline
for normalization [Figures 1 and 2]. For analyses of protein amount via Qubit protein measurements
[Figure 3] as well as particle amount and size measurements via NTA and EM images [Figure 4], data from
the entire sample cohort were included [Figure 1B].

For further proteomic analyses via Western blot [Figure 3] and mass spectrometry [Figure 5], samples from
both time points (0 and 7 days) were collected simultaneously to ensure physiological comparability and to
minimize confounding factors, such as stress or metabolic effects.

Informed consent was obtained from all participants, with protocols approved by Heidelberg University
(ethics approval ID: §795/2020), and the procedures were performed in accordance with the Declaration of
Helsinki.

Plasma isolation

Peripheral whole blood was collected via standard venipuncture via a 21 G safety-multifly needle (Sarstedt,
Niimbrecht, Germany). Blood was drawn directly into three anticoagulation tubes without cell-stabilizing
additives, namely 9 mL K3EDTA S-monovettes® (Sarstedt, Nimbrecht, Germany), 3 x 3 mL S-Monovette®
Citrate 3.2% (Sarstedt, Nimbrecht, Germany) and Vacuette® tube 9 mL Trinatriumcitrat 3.2% (Greiner Bio
One, Frickenhausen, Germany), and into cell-stabilizing tubes, namely 8.7 mL cf-DNA/cf-RNA Preservative
Tubes from Norgen (Norgen Biotek, Thorold, ON, Canada), 10 mL PAXgene Blood ccfDNA Tube (CE-
IVD, PreAnalytiX, Qiagen, Hilden, Germany), 10 mL cell-free DNA BCT tubes (Streck, La Vista, NE, USA),
10 mL RNA Complete BCT® tubes (Streck, La Vista, NE, USA), and Vacuette® Réhrchen 9 mL ACD-A
(Greiner Bio One, Frickenhausen, Germany) [Supplementary Table 1].

All the tubes were filled until the vacuum was exhausted. The tubes were inverted immediately after blood
collection according to the manufacturer’s recommendations. The EDTA tubes were centrifuged within 1 h
of blood collection. Blood drawn into the tested tube candidates was centrifuged either within 1 h or left at
RT for 7 days. The blood was centrifuged according to the manufacturer’s instructions to produce platelet-
poor plasma (PPP). After centrifugation, the plasma was collected to at least 0.5 cm above the buffy coat.
The PPP volume was measured, and the samples were aliquoted into 15 mL TPP™ tubes (Merck SA,
Germany) and stored at -20 °C until further use.

Differential centrifugation

Before further processing, the plasma was thawed slowly on ice and centrifuged at 2,000 x g for 20 min at
4°C in a Heareus™ Varifuge 3.0 R (Heraeus, Hanau, Germany) to remove larger apoptotic bodies and
cellular debris. Prior to use, ultracentrifugation tubes (Beranek, USA, 326819) were incubated with 70%
ethanol for 10 min, which was removed before further use. 2,000 x g supernatants were directly transferred
into ethanol-pretreated and air-dried ultracentrifugation tubes and centrifuged at 10,000 x g for 20 min at
4 °C in a Beckman Optima L8-70 M ultracentrifuge (Beckman Coulter GmbH, Krefeld, Germany) using a
55 Ti swing-bucket rotor with breaks activated. The resulting 10,000 x g (10 K) pellets were resuspended in
100 uL of 0.22 um-filtered PBS to obtain the IEV fraction. The supernatants were transferred into freshly
ethanol-treated ultracentrifugation tubes, followed by ultracentrifugation at 100,000 x g for 2 h. The
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Figure 1. Overview of the tube comparison study design. (A) Outline of the experimental workflow comprising isolation of large EVs
(IEVs) and small EVs (sEVs) via centrifugation, ultracentrifugation, size exclusion chromatography (SEC) and isolation of cell-free DNA
(cfDNA). Evaluation of EDTA, Norgen, PAX, Streck DNA, Streck RNA, ACD, and Citrate tube performance after immediate processing
(< 1h) and long-term storage (7 days) via protein quantification, Western blot, nanoparticle tracking analysis (NTA), liquid
chromatography-tandem mass spectrometry (LC-MS/MS), transmission electron microscopy (TEM), DNA quantification, and DNA
fragment length analyses; (B) Summary of the study cohort illustrating the number of plasma samples collected from healthy
individuals immediately after processing and after long-term storage in EDTA, Norgen, PAX, Streck DNA, Streck RNA, ACD, and Citrate
for comparison of tube performances with hemolysis measurements (red), EV characterization (blue and green), and cfDNA analysis
(yellow), including concentration and cfDNA purity. The numbers indicate replicates per condition. EVs: Extracellular vesicles.

resulting 100,000 x g (100 k) pellets were resuspended in 100 uL of 0.22 pm-filtered PBS to obtain the SEV
fraction. The supernatant from the 100 K ultracentrifugation was subjected to cfDNA isolation and stored at
-20 °C until further use. Both 10 K pellets containing the IEV fraction and 100 K pellets containing the sEV
fraction were stored at -20 °C in protein low-binding tubes (Sarstedt, Nimbrecht, Germany) [Figure 1].
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Figure 2. Comparative analysis of blood plasma collected from tube candidates. (A) Representative images of blood collection tubes,
namely EDTA, Norgen, PAX, Streck DNA, Streck RNA, ACD-A, and Citrate, from one healthy donor for a direct comparison of tube
appearance. Pictures were taken immediately after blood drawing (O d, left), after 7 days of storage at RT (middle), and after plasma
processing by centrifugation on day O (right); (B) Hemolysis levels determined by the relative levels of free hemoglobin measured as
blood plasma absorbance at 414 nm; (C) Mean plasma volume obtained from the indicated blood tubes recovered after centrifugation.
Statistical significance for (B) and (C) was determined for all tube candidates via the Kruskal-Wallis test, followed by Dunn’'s multiple
comparisons test. P < 0.05, P < 0.001. Only statistically significant differences compared with EDTA are shown in the graphs;
nonsignificant results are not labeled. RT: Room temperature.

Hemolysis measurements

Hemolysis was quantified from plasma aliquots via a NanoDrop One Microvolume UV-Vis
Spectrophotometer (Thermo Fischer Scientific, Waltham, MA, USA) by measuring the absorbance at
414 nm. A standard curve was generated starting from a fully lysed red blood cell sample, and serial
dilutions ranging from 100% to 0.025% were prepared. Standard curve and sample measurements were
performed using a 2 pL volume. The degree of hemolysis was calculated within the linear range of the
standard curve [Figure 2, Supplementary Figure 1].

Size exclusion chromatography

Single gEV Legacy 35 nm columns (Izon, Christchurch, New Zealand) were allowed to reach RT for 30 min.
First, the columns were flushed with at least one column volume of 0.22 um-filtered PBS. Resuspended 10
and 100 K pellets (100 uL each) were added to individual columns. As soon as the sample volume had
entered the column, 0.22 pm-filtered PBS was added to the top of the column, and collection of the first
void volume fraction (Fo, 900 uL = void volume of the column) was started. The F1 to Fo fractions (100 uL
each) were collected in 1.5 mL Eppendorf tubes (Eppendorf, Hamburg, Germany) according to the
manufacturer’s instructions.
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Figure 3. Quantitative analysis of IEVs and sEVs. (A) IEV and (B) sEV amounts quantified as the total amount of protein in the three
peak SEC fractions combined, allowing for direct comparison; (C) Protein amounts of IEV and sEV peak fractions, normalized and
internally scaled per vesicle type, in the indicated tubes after immediate processing; (D and E) Western blot analyses of pooled IEV and



Page 633 Simon et al. Extracell Vesicles Circ Nucleic Acids. 2025;6:626-50 | https://dx.doi.org/10.20517/evcna.2025.44

sEV peak fractions. EVs isolated from three healthy individuals were pooled in equal volumes prior to Western blotting to ensure
representability. Representative blots of classical EV markers, lipoprotein contaminants, and blood-derived EV markers, which serve as
qualitative indicators of EV identity and purity, are shown; (F and G) Western blot quantification of protein bands. Signal intensities
were normalized to the corresponding ACD 7 d band to account for variations in protein loading and transfer. Norgen was excluded
from the Western blot analyses [Figure 3D-G] because of the limited amount of protein. Statistical significance in (A) and (B) was
determined for all tube candidates via the Kruskal-Wallis test, followed by Dunn’s multiple comparisons test. 'P<0.05 P<0.01, P<
0.001. Statistically significant differences compared with EDTA are shown in the graphs; nonsignificant results are not labeled. EVs:
Extracellular vesicles; IEVs: large EV's; sEVs: small EVs.

Protein quantification

The protein concentration of each SEC fraction (Fo-F9) was measured via a Qubit protein assay kit
(Thermo Fisher Scientific, Waltham, MA, USA). Briefly, a working solution containing the provided
Qubit™ protein buffer and Qubit protein reagent was prepared, and a standard curve was generated
following the manufacturer’s protocol. All the samples were vortexed with 0.1% SDS for at least 1 min to
ensure lysis of the EVs and release of luminal EV proteins. The sample measurement was performed using a
sample input of 8 and 192 pL of Qubit working solution. For each round, the buffer threshold of the
negative controls was defined. After an incubation time of 15 min at RT, all the fractions were measured on
a Qubit 3.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) with a detection range between
12.5 pg/mL and 5 mg/mL. The protein peak fractions were combined or analyzed separately (as indicated in
the respective figures), and the total protein yield was calculated.

For the protein quantification of apoptotic bodies (2,000 x g pellet), we used BCA measurements instead of
Qubit measurements because of the high protein concentration in these samples. The samples were lysed in
0.1% SDS (w/v) and subjected to protein quantification via the Pierce™ BCA Protein Assay Kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions. Depending on the expected protein yield,
samples were diluted either 1:10 or 1:100 in PBS prior to measurement. The absorbance was recorded at
562 nm via a plate reader (e.g., SpectraMax or equivalent), and protein concentrations were calculated on
the basis of a BSA standard curve. Each time point and tube was measured in three biological duplicates.

Western blotting

Three replicates of SEV samples from each of the two different time points were stored in Laemmli buffer
for immunoblotting analysis. Owing to the limited protein yield from Norgen tube samples, these samples
were excluded from Western blot analysis. To obtain comparable and representative data, as shown in
Figure 3, EV protein lysates from three volunteers were pooled into a single composite sample per time
point. In Supplementary Figure 2, peak fractions were pooled and subjected to ultrafiltration via Amicon
Ultra15 Centrifugal filter 10 kDa (Merck Millipore, Darmstadt, Germany) and centrifugation at 3,683 x g at
4 °C for 20 min. Equal sample volumes were then loaded on custom-made SDS-PAGE gels and transferred
to a 0.45 pm PVDF membrane (Immobilion-P, Merck Millipore, Germany). After Ponceau staining, the
membranes were incubated in 5% skim milk PBST (PBS containing 1% Tween-20) for 20-60 min, briefly
rinsed with PBST, and then incubated with primary antibody solution (5% skim milk PBST) overnight at
4 °C. The membranes were then washed three times, 15 min each, in PBST before incubation in secondary
antibody solution [1:10,000 in 5% skim milk (PBST)] for one hour at RT. Afterwards, the secondary
antibodies were removed by washing three times for 5-15 min each. Finally, chemiluminescence was
detected via the use of Supersignal West Pico & Femto ECL reagents (Thermo Fischer Scientific, Life
Technologies, USA) and a Bio-Rad ChemiDoc Imaging System (Bio-Rad Laboratories, Feldkirchen,
Germany) [Figure 3, Supplementary Figure 2].
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Figure 4. Methodological comparison of the size and integrity of sEVs. (A) NTA quantification of particle numbers in three pooled sEV
peak fractions; (B) sEV particle diameter measured via negative EM staining; (C) Negative-staining electron microscopy (TEM) image
of sEVs after immediate processing (< 1h) and after long-term storage for 7 days (scale bar = 200 nm); (D) The mean size of sEVs was
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measured via negative EM staining (top) and NTA (bottom); (E) Correlations of protein contents and estimated sEV sizes measured via
EM images (dark orange, O d; light orange, 7 d) and NTA images (dark blue, O d; light blue, 7 d) for all the tube candidates; (F) Changes
in the protein-to-size ratio of sEVs plotted for immediately processed samples and after 7 days of storage in the indicated tubes.
Norgen did not meet the threshold and was therefore excluded from the EM analysis [Figure 3B and F1. The color code in (F) applies to
all the graphs in this figure. Statistical significance for (A) was determined for all tube candidates via the Kruskal-Wallis test, followed
by Dunn’s multiple comparisons test. P < 0.05; (B) ANOVA was used for multiple comparisons, followed by the Sidak test. P < 0.01,
"'P<0.001, P <0.0001. Only statistically significant differences compared with EDTA are shown in the graphs; nonsignificant results
are not marked; (E) The linear regression line is shown with 95% confidence intervals, R? as depicted, P = 0.0106 for NTA and P =
0.0003 for EM. EVs: Extracellular vesicles; sEVs: small EVs; NTA: nanoparticle tracking analysis.

Antibodies

For Western blotting, the following primary antibodies were used: CD9 (Cell Signaling Technology, 13403,
1:1,000), GAPDH (Proteintech, 60004-1, 1:1,000), ALIX (Abcam, ab275377, 1:1,000), ApoA1 (R&D Systems,
MAB36641, 1:2,500), ApoB (R&D Systems, MAB41242, 1:1,000), CD235a (Invitrogen, JC159, 1:500), CD41
(Abcam, ab83961, 1:1,000), and CD45 (Abcam, ab281586, 1:1,000). The following secondary antibodies were
used: peroxidase-conjugated AffiniPure goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, 115-
035-003, 1:10,000) and peroxidase-conjugated AffiniPure goat anti-rabbit IgG (Jackson ImmunoResearch
Laboratories, 111-035-003, 1:10,000).

Particle quantification

Particle quantification of SEV samples was performed via NTA via a NanoSight LM 10 instrument equipped
with a 405 nm laser (Malvern Instruments, Malvern, UK). The samples were adjusted to protein
concentrations and diluted 1:500 to 1:1,000 in 0.22 pum-filtered PBS for NTA. The camera level and
detection threshold were set to 13 and 5, respectively. The background was assessed by measuring 0.22 pm-
filtered PBS. For each sample, three videos of 30 s each were recorded and analyzed via NTA version 3.0
software (Malvern Instruments, Malvern, UK) [Figure 4].

Transmission electron microscopy

The sEV-containing SEC peak fraction, identified via the Qubit protein measurements, was adsorbed onto
glow-discharged carbon-coated grids (Electron Microscopy Science), washed in aqua bidest, and negatively
stained with 2% aqueous uranyl acetate (Merck, Darmstadt). Micrographs were taken with a Zeiss EM 910
at 80 kV (Carl Zeiss, Oberkochen, Germany) via a slow-scan CCD camera (TRS, Moorenweis, Germany).

For transmission electron microscopy (TEM) image analyses, we first applied segmentation of
representative TEM images via pixel classification via ilastik version 1.4.0 software®. Subsequently,
probability maps were generated from five technical replicates each, which were measured (cutoff at 35 nm
diameter) and further analyzed via Image]J [Figure 4, Supplementary Figure 3].

Liquid chromatography-tandem mass spectrometry
Isolated EV's dissolved in PBS were lysed via the above-described lysis protocol.

Proteins (2 pg) were digested (trypsin) via an AssayMAP Bravo liquid handling system (Agilent
Technologies) running the autoSP3 protocol according to Miiller et al.”.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis was carried out on a Vanquish
Neo system (Thermo Fisher Scientific) directly connected to an Orbitrap Exploris 480 mass spectrometer
for a total of 60 min. Peptides were desalted online on a trapping cartridge (Acclaim PepMap300 C18, 5 pm,
300 A wide pore; Thermo Fisher Scientific) for 3 min with a 30 uL/min flow of 0.05% TFA in water. An
analytical multistep gradient (300 nL/min) was applied via a nanoEase MZ Peptide analytical column
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Figure 5. Comprehensive characterization of the IEV and sEV proteomes. (A) Venn diagram illustrating the overlap of mass
spectrometry-identified proteins per tube. Norgen was excluded because it did not meet the threshold due to insufficient sample
quantity; (B) Increase in standard O-day baseline EV protein iBAQ values over time; (C) t-SNE clustering with participant individual
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color codes. Each dot represents the iBAQ proteome values of individual EV samples, with each participant indicated by different colors
or (D) with processing time (0 d or 7 d) and blood tube (EDTA, Norgen, PAX, Streck DNA, Streck RNA, ACD, and Citrate) indicated. (E
and F) Tissue origin predictions for (E) IEV and (F) sEV iBAQ protein values; (G) iBAQ log fold change of plasma proteins (defined as
bone marrow-cell proliferation, liver-plasma proteins and the bone marrow-inorganic immune response) during storage for 7 vs. O d.
Norgen was excluded from Figure 5A and B because it fell below the threshold due to the limited protein amount isolated. EV:
Extracellular vesicle; IEVs: large EV; sEVs: small EV; t-SNE: t-distributed stochastic neighbor embedding; iBAQ: intensity-based absolute
quantification.

(300 A, 1.7 pm, 75 pm x 200 mm; Waters) with solvent A (0.1% formic acid in water) and solvent B (0.1%
formic acid in acetonitrile). For 46 min, the concentration of B was linearly increased from 2% to 30%,
followed by a quick increase to 80%. After 4 min, the concentration of B was decreased to 2%, and an
equilibration step (three column volumes) was applied. Eluting peptides were analyzed via mass
spectrometry in data-independent acquisition (DIA) mode®®. A full scan at 120 k resolution (380-1,400 m/z,
300% AGC target, 45 ms maxIT) was followed by 20 windows of variable masses for fragment spectra
acquisition covering the mass range of 400-1,000 m/z with 1 Da overlap (30 k resolution, AGC target
1,000%, maxIT 54 ms, collision energy 28%). To minimize the risk of cross-sample contamination, each
sample was subjected to a wash run (40 min). Instrument performance throughout the course of the
measurement was monitored by regular (approximately one per 48 h) injections of a standard sample and
an in-house bioinformatic application.

Analysis of DIA RAW files was performed with Spectronaut (Biognosys, version 17.1.221229.55965) in
directDIA+ (deep) library-free mode™’. Default settings were applied with the following adaptations.
Within the Pulsar Search in Peptides, the Max Peptide Length was set to 35. In the results filters, the peptide
charge was enabled, the maximum charge was set to 6, and the minimum charge was set to 2. For DIA
analysis under identification, the precursor PEP cutoff was set to 0.01, the protein Q value cutoft (Run) was
set to 0.01, and the protein PEP cutoff was set to 0.05. For quantification, the proteomics filter was set to
only protein group-specific, cross-run normalization was disabled, the quantification window was set to
“not synchronized”, and the major group quantity was defined as the sum of peptide quantities. The data
were searched against the human proteome from UniProt” (a human reference database with one protein
sequence per gene, containing 20,591 unique entries from March 1, 2023) and the contaminant FASTA
from MaxQuant™ (246 unique entries from December 22, 2022). Fractions were set to enable separate
normalization for small and large EVs.

All bioinformatic analyses were performed via R version 4.1.3"". To ensure the reliability and relevance of
the results, contaminants, including trypsin (used for protein digestion in mass spectrometry), keratins, and
proteins identified as Bos taurus, were excluded from subsequent analyses. Protein quantification was
carried out via intensity-based absolute quantification (iBAQ)"". The iBAQ method quantifies protein
abundance by summing the intensities of all identified peptides for each protein and then normalizing them
based on the number of theoretically observable tryptic peptides [Figure 5, Supplementary Figures 4 and 5,
Supplementary Tables 2-11]. For downstream analysis, either the full list of identified proteins (excluding
contaminants, Supplementary Table 9, Figure 5A, E and F, Supplementary Figure 4A, B and E-M,
Supplementary Figure 5A) or the following specific subsets were utilized: the common 0-day baseline
protein list [Figure 5B-D, Supplementary Table 2], the top EV protein list [Supplementary Figure 4C and
D], the novel EV protein list [Supplementary Figure 4N], and the plasma-derived EV protein list
[Supplementary Figure 5B and C, Supplementary Table 5]. An overview of all the Supplementary Tables
and the corresponding figures is provided in Supplementary Table 11.
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The common 0-day baseline protein list represents the overlap of all mass spectrometry-identified proteins
across the different tubes on day 0, i.e., proteins that were detected in at least one of the three replicates per
tube on day 0, excluding the Norgen tube, which was omitted owing to insufficient protein quantity. A total
of 1,830 proteins were included in this list.

The top EV protein list consisted of 51 proteins from our full list of proteins that were listed in the top 100
EV-associated proteins according to the Vesiclepedia® database [Supplementary Table 4], whereas the
novel EV protein list contained all proteins in our full analyses that had not already been described in either
the Exocarta®™ or the GO database.

Finally, the plasma-derived EV protein list was created by cross-referencing the proteins identified in our
study with those reported in the literature, specifically by Vallejo et al.” and Dhondst et al.*”, resulting in a
total of 1,346 proteins. The specific protein list used for each analysis can be found in the corresponding
Supplementary Table 5. To visualize the composition of the lists, a Venn diagram was constructed via the
eulerr R package". Additionally, dimensionality reduction was performed via t-SNE, implemented through
the Rtsne package™*’, to visualize the clustering of the samples. Heatmaps were generated via the
ComplexHeatmap package!*! to visualize the top 100 EV proteins, as reported in the Vesiclepedia*”
database.

To assess the change in the abundance of common 0-day baseline proteins over the course of the study
(from day 0 to day 7) and to analyze the origin of the proteins, iBAQ values for each gene were averaged
across the replicates per tube to obtain a mean value per tube. The tissue origin of EV proteins was
determined by referencing the Human Protein Atlas!***.

Data visualization throughout the analysis was carried out via the ggplot2“ and ggbreak R packages'*”.

cfDNA isolation

cfDNA was coisolated from 100 K supernatants of the corresponding EV isolation process. The
supernatants were thawed on ice, and cfDNA was isolated via the NucleoSnap cfDNA Kit (Macherey-Nagel,
Diiren, Germany) following the manufacturer’s protocol. The final elution step was performed in 50 uL of
nuclease-free water (nf-H,O; Thermo Fisher Scientific, Waltham, MA, USA) after 5 min of membrane
incubation. 6 L cfDNA eluate was aliquoted for quality control measurements. The samples were stored at
-20 °C until further analysis.

cfDNA quantification and quality control

The DNA concentration was assessed via a Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA) on a Qubit 3.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). The
detection range of the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) is 0.1-
120 ng/mL.

To assess the amount of cfDNA as well as gDNA contamination, the Bioanalyzer High-Sensitivity DNA Kit
(Agilent, Santa Clara, CA, USA) was used according to the manufacturer’s instructions, with 1 pL per
sample. Samples with a concentration of > 1.0 ng/uL were diluted to a final concentration of 1.0 ng/uL to
match the optimal performance range of the Bioanalyzer Chips. The results were analyzed via the 2100
Bioanalyzer Expert software (Agilent Technologies, Santa Clara, CA, USA). Fragments between 150 and
500 bp in length were considered cfDNA, and the remaining fragments within the range of 50-7,000 bp
were considered contaminants with gDNA.
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Statistical analysis

Data management and calculations were performed via GraphPad Prism 9 (GraphPad Software, Inc., La
Jolla, CA, USA). Comparisons between two groups were performed via the Wilcoxon matched-pairs
signed-rank test and the unpaired ¢-test. For comparisons of more than two groups, the Kruskal-Wallis test,
followed by Dunn’s multiple comparisons test or ANOVA followed by the Sidak test, was performed. The
statistical significance of the performance of blood preservation tubes was always tested against EDTA
values. p values of < 0.05 were considered statistically significant, with P values represented as follows: P <
0.05, "P < 0.01, "P < 0.001, P < 0.0001. “ns” denotes differences in means that were not significant. All
error bars shown represent standard deviations unless otherwise stated.

EV TRACK

We have submitted all the relevant data from our experiments to the EV-TRACK knowledgebase (EV-
TRACK ID: EV250048) (Van Deun J, et al. EV-TRACK: transparent reporting and centralizing knowledge
in extracellular vesicle research. Nature methods. 2017;14(3):228-32)"¢,

You may access and check the submission of experimental parameters to the EV-TRACK knowledgebase
via the following URL: http://evtrack.org/review.php. Please use the EV-TRACK ID (EV250048) and the last
name of the first author (Simon, Volz) to access our submission.

RESULTS

Study design

To advance multiomics liquid biopsy, specifically combinatorial analyses of EVs and cfDNA, toward clinical
application, we aimed to compare different blood preservation tubes. We tested two conventional (EDTA,
Citrate) and five specialized liquid biopsy tubes (Norgen, PAX, Streck DNA, Streck RNA, ACD-A)
[Figure 1A, Supplementary Table 1]. EDTA tubes were always processed within one hour from the blood
draw as a reference for normalization, whereas for all other tubes, one was processed immediately, and one
was left at RT for seven days before processing.

To recover PPP, we performed centrifugation following the manufacturer’s instructions for each tube. To
simulate a real-world clinical-translational scenario in which EV isolation cannot be performed within the
same day as sample collection, the PPP was stored at -20 or -80 °C. EV isolation was subsequently
performed as described in the methods section, including thorough quality control assessment of both EV's
and cfDNA, as graphically illustrated [Figure 1A]. All the purifications were performed from three to 28
samples per condition [Figure 1B], as indicated in the Methods Sample Population.

The preservation tube and storage time affect hemolysis and the plasma volume

Ex vivo hemolysis in blood collection tubes has been described previously to affect the distribution and
content of isolated EVs"*”. Therefore, we assessed the effects of the respective tube chemistries on hemolysis
levels. Following visual inspection [Figure 2A], the plasma absorbance at 414 nm was used to quantify
hemolysis. On day 0, the degree of baseline hemolysis on the collection day was greater in the EDTA tubes
than in all the other preservation tubes [Figure 2A and B]. After storage for seven days at RT, we detected a
tendency toward increased hemolysis levels in Norgen and PAX tubes [Figure 2A and B]. In contrast, the
Streck RNA, ACD-A, and Citrate tubes presented significantly lower hemolysis levels than did the EDTA
tubes [Figure 2B]. Significantly increased plasma volumes were observed in Norgen and PAX tubes, whereas
significantly lower plasma volumes were recovered from Streck DNA after 7 days [Figure 2C]. Interestingly,
the observed differences in plasma volume did not correlate with hemolysis levels [Supplementary Figure
1A], indicating that the changes in plasma recovery are unlikely to be solely explained by hemolysis-induced
fluid shifts.
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Preservation tubes and storage time affect EV protein yields and contamination

Protein measurements from SEC fractions can aid in the discrimination of EV-enriched and soluble protein
samples'*”. Therefore, we quantified the protein amounts of the EV peak fractions recovered from the tested
tubes [Figure 3A-C, Supplementary Figure 2A]. To ensure that soluble, non-EV proteins were excluded
from the analysis, only the EV-enriched peak fractions were selected based on their known elution profile.
Prior to quantification, EVs were lysed with 0.1% SDS to release intravesicular proteins, allowing total EV-
associated protein content to be measured. For quantification and further downstream analyses, the three
peak fractions of sEVs and IEVs were combined [Figure 3A-C]. Exemplary SEC fraction protein profiles
from PAX tubes on day 0 and after 7 days of preservation illustrate the selection process [Supplementary
Figure 2B]. On day 0, we observed significantly lower protein yields in sEVs and IEVs isolated from Norgen
tubes [Figure 3A-C, Supplementary Figure 2A]. Additionally, IEV fractions isolated from PAX tubes on day
0 yielded significantly less protein than did those isolated from EDTA tubes [Supplementary Figure 2A].
With the exception of Norgen tubes, on day 0, all other tubes presented EV quantities ranging from 14 to 24
ug per tube for both IEVs and sEVs. However, after 7 days, the overall protein yields of IEVs and sEV's
increased in all the tested tubes. While this effect was observed for all the tubes, the smallest differences were
detected in the Streck RNA and Citrate tubes. These results were consistent between IEVs [Figure 3A] and
sEVs [Figure 3B], with the fewest alterations in Citrate IEVs. Remarkably, the EV-derived protein yield from
Norgen tubes was consistently low around the limit of detection [Figure 3A and B, Supplementary Figure
2A].

As displayed in the normalized heatmap on day o0 for the indicated vesicle type [Figure 3C], the EDTA-,
Streck RNA-, and ACD-A-derived samples presented the highest protein yields for IEVs, whereas the
highest amount of SEV protein was obtained from the EDTA- and Citrate tubes [Figure 3C].

One major challenge in the identification of proteomic biomarkers from EVs is the copurification of soluble
plasma proteins, especially lipoproteins. The observed increase in protein content after storage suggests that
additional contaminants, such as lipoproteins or non-physiologic EVs, are generated ex vivo after blood
collection. In accordance with MISEV guidelines"*”, we therefore proceeded to evaluate the presence and
abundance of classical EV markers in EV peak fractions from the six different tube candidates. To mitigate
technical variability, we pooled isolated IEVs and sEVs from three healthy individuals per condition
[Figure 3D-G, Supplementary Figure 2C-F]. Many markers were not detectable in the 0-day baseline
samples but were detectable only after 7 days of storage, suggesting an extra-physiological origin rather than
a physiological EV origin [Figure 3D-G]. Markers derived from peripheral blood, which are likely generated
ex vivo, were particularly pronounced in sEVs after 7 days, with strong increases observed for CD235, a red
blood cell marker; CD41, a platelet marker; and CD45, a white blood cell marker [Figure 3E and G]. The
high signals of these markers in IEV's from Streck DNA and ACD-A tubes, as well as in sEVs from all the
tested tubes, confirmed that the isolated EVs were blood cell-derived and were released ex vivo during
storage at RT.

On day 7, we observed a clear increase in copurified lipoproteins, particularly in ACD-A lEVs, and in all
sEVs, with the smallest effect in Streck RNA sEVs [Figure 3D-G]. This can be explained through cell lysis
and the release of lipoproteins ex vivo. Alternatively, storage at RT could induce changes within the EV
corona that impair the separation of EVs and lipoproteins'®.

By quantifying EV yield over copurified lipoproteins by calculating the ratio of CD9 to ApoA1, ACD-A
achieved the best purification score for IEVs and Citrate for sEVs, whereas only Streck RNA tubes
performed well in both IEVs and sEVs [Supplementary Figure 2E and F].
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In addition to lipoprotein contamination, we assessed the amount of apoptotic bodies and cellular debris
after 7 days of storage by quantifying the 2,000 x g pellets obtained during initial plasma processing
[Figure 1A]. While PAX and Streck DNA tubes increased in this fraction over time, ACD-A, Citrate
Norgen, and Streck RNA decreased, with Streck RNA showing the lowest overall levels [Supplementary
Figure 2G].

We implemented ultrafiltration as an additional quality control step for baseline samples to increase the
protein concentration and enable more reliable detection of common EV markers (CD9, GAPDH, and
ALIX) and contamination markers (ApoA1, ApoB, CD235a, CD41, and CD45) in all tubes at baseline
[Supplementary Figure 2H and IJ.

Temporal and methodological variations in sV size and integrity

Next, we further investigated the number and size of sEVs via nanoparticle tracking analysis (NTA)
following MISEV guidelines™. We applied this method to verify the results of the protein quantification
experiments and to assess the particle size and number over time. Indeed, the particle concentration
increased dramatically after 7 days of storage in all the tubes, corresponding to the observed changes in
protein yield, ranging from a 7-fold (Norgen) to an 87-fold increase (ACD-A; Figure 4A). The limitations of
NTA in quantifying particles in solution, irrespective of integrity, and the lack of information about particle
identity prompted us to explore TEM quantification in parallel. We developed an image-based workflow to
analyze the size of intact sEVs via transmission electron microscopy (TEM) [Figure 4, Supplementary
Figure 3]. This EM-based workflow allowed us to include EV measurements down to 35 nm while enabling
visual selection of intact EVs. However, the limitations include poor representation due to the limited
number of TEM images and, therefore, a lower overall number of EVs per sample to be analyzed.
Assessment of 0-day baseline samples (day 0) revealed that the mean TEM size of SEVs ranged from 51 nm
(Streck RNA), 54 nm (EDTA), 55 nm (PAX), and 56 nm (ACD-A) to 72 nm (Streck DNA) and 75 nm
(Citrate) [Figure 4B-D, Supplementary Figure 3A and B]. Furthermore, after 7 days of storage at RT, the
mean TEM size of the isolated sEV's increased significantly across all the tubes [Figure 4B, Supplementary
Figure 3C], which was particularly pronounced in the Streck RNA (light brown) and ACD-A (light green)
tubes, with up to 3-fold larger particles [Figure 4B]. The number of detected EVs in the TEM images of
Norgen tubes was too low for reliable quantification. Therefore, we excluded Norgen from subsequent
analyses.

A direct comparison of NTA- and TEM-measured absolute particle sizes revealed incongruencies with
overall smaller sizes in TEM than in NTA [Figure 4D], resulting in a method-dependent EV size difference
of 100 nm larger in NTA [Figure 4E], independent of storage time and tube type. The low correlation
coefficients between protein and particle size (R* = 0.7854, R*(, = 0.4619; Figure 4E) indicated that,
especially when measured by NTA, protein cargo did not closely correlate with sEV size [Figure 4E].
Remarkably, after 7 days of storage, in all but the Streck RNA tubes, and most significantly in the PAX and
Streck DNA tubes, sEV isolation was accompanied by increased protein yields [Supplementary Figure 3D],
as already observed by Western blot [Figure 3D-G]. This finding suggested that the increased amount of
protein isolated after seven days of storage reflected a greater degree of coisolated (lipo-)protein rather than
isolation of larger EV's carrying increased protein cargo [Supplementary Figure 3E]. In summary, when
sEVs were quantified via different approaches, we not only detected an increase in EV number [Figure 4A]
but also in size [Figure 4B-D] and the amount of copurified (lipo-)protein [Supplementary Figure 3D]
during storage in all preservation tubes. These findings may be explained by ex vivo vesicle swelling or
additional vesicle release. However, we cannot exclude the possibility that the selective degradation of
smaller sEVs may have contributed to the observed increase in size.
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Preservation tube choice impacts the EV proteome

A key to identifying EV-based protein biomarkers is understanding how the quality and representation of
isolated EVs affect the proteome. To this end, we performed mass spectrometry on IEVs and sEVs from
three healthy individuals, each of which were isolated from different preservation tubes after various storage
times. To ensure comparability of EV proteomes after preservation, blood was collected in all tubes at the
same time point and either processed immediately or left at RT for 7 days before subsequent isolation.

Assuming that the increase in protein amounts after storage is likely due to non-physiologic EVs generated
ex vivo and to copurified (lipo-)proteins, we focused the initial analyses of the LC-MS/MS-based proteomics
data that were detected on day 0 in any tested tube [Figure 5A]. On day 0, we identified an average of 309-
2,205 proteins per tube in IEVs [Supplementary Figure 4A] and 28-1,110 proteins per tube in sEVs
[Supplementary Figure 4B], with the lowest counts in Norgen (IEV, n = 309; sEV, n = 28) and the highest in
ACD-A (IEV, n = 2,205; sEV, n = 1,110). Combining all the tested conditions, we found that 47% of the
proteins identified in any tube overlapped across all the tubes in at least one replicate (n = 1,830; Figure 5A),
with ACD-A tubes containing an exceptionally high number of tube-specific proteins (14%, n = 534;
Figure 5A). To allow for biological interpretations in the following analyses, we henceforth based our
analyses on the iBAQ (intensity-based absolute quantification) values™, which describe protein quantity
adjusted to the size of each identified protein rather than only considering the peptide count [Figure 5B-G,
Supplementary Figure 4C-N, Supplementary Figure 5A-C, Supplementary Tables 2-5]. For each iBAQ
value, we combined the values of the three individuals as the sum of iBAQ for the indicated condition.
Remarkably, after 7 days, we observed an increase in the identified proteins and in the iBAQ values
[Figure 5B, Supplementary Figure 4A]. However, this increase in identified proteins and iBAQ values over
time was substantially more pronounced in sEVs than in IEVs [Figure 5B, Supplementary Figure 4A].
Opverall, the mass spectrometry data were concordant with the protein quantification data obtained with a
Qubit instrument [Figure 3A and B, Figure 5B, Supplementary Figure 4A and B].

Owing to the lipoprotein contamination detected by Western blot in the EV samples after 7 days
[Figure 3D-G, Supplementary Figure 2C and D], we sought to assign the detected proteins to previously
identified EV proteins. We found that of the proteins present in our identified protein list, comprising all
proteins detected across the different tubes, 51 were also listed among the top 100 EV proteins from the
Vesiclepedia database'™”. We plotted the iBAQ values of these 51 EV-annotated proteins with the top 100
EV proteins as an intensity heatmap. Like the identified proteins and protein concentration measurements
by Qubit, we observed higher EV protein assignment values in tubes stored for 7 days, with the exception of
Norgen, which consistently presented lower values after 7 days [Supplementary Figure 4C and D]. Notably,
on day 0, compared with the other samples, the EDTA-derived lIEV samples were enriched for EV-
associated proteins [Supplementary Figure 4C]. When four selected and well-characterized EV proteins,
ALIX, CD9, CDe63, and CD81, were examined, we observed the same trend after 7 days. The selected EV
proteins were highly represented in IEV samples isolated from EDTA (CD81) and Citrate (CD9 and CD63)
on day 0 [Supplementary Figure 4E-L].

In light of the many proteins identified in our analysis not being covered by the top 100 EVs, we next
attempted to assess the EV representativeness of our full protein list. We aligned our complete protein list to
two more EV databases: proteins of EV origin according to Gene Ontology analysis and those cataloged in
the ExoCarta database [Supplementary Figure 4M]. Proteins from our analysis not covered in either of
those two databases were further analyzed via the STRING platform® and found to localize mainly to the
mitochondria [Supplementary Figure 4N]. The reasons for the discrepant detection of mitochondrial
proteins in our EV proteomes, in contrast to those in public databases, can be both technical and
physiological. One possible explanation is the high sensitivity of our mass spectrometry analysis, as
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mitochondrial proteins are expressed at low levels in EVs"*. Furthermore, the ExoCarta database is an sEV
database, and mitochondrial proteins might be located predominantly in IEVs. This highlights the need for
technically well-annotated, comprehensive EV protein databases covering various biological sources and
physiological states to improve the baseline framework for future plasma-derived liquid biopsy proteome
analyses.

However, assignment to EV databases does not consider whether EVs are generated ex vivo or from a
physiological source. Therefore, we performed a comprehensive literature search and selected two studies
providing comprehensive lists of proteins previously described in blood plasma-derived EVs®™ *. The
systematic review of Vallejo et al. provided data from a proteomic meta-analysis®, whereas the recently
published original work by Dhondt ef al. described proteome data of EVs isolated from different blood
preservation tubes"”. First, we investigated the overlap between the previously published protein lists and
our proteomic data. For this comparison, we used the complete list of identified proteins in any tested
preservation tube (4,395 proteins). Remarkably, there was an overlap of 75% with Vallejo ef al. (i.e., 1,290 of
1,717 EV-specific proteins identified by Vallejo ef al. are present in our analysis) and an overlap of 16% with
Dhondt et al. (i.e., 114 of 710 EV-specific proteins) [Supplementary Figure 5A]. Using the most stringent
plasma-derived EV protein list, which was defined as overlap between our study and at least one other study
(n = 1,346 proteins, Supplementary Figure 5A), we performed t-distributed stochastic neighbor embedding
(t-SNE) from this consensus protein list [Supplementary Figure 5B]. The distribution of all samples,
independent of individual participants, suggested comparable physiological conditions [Supplementary
Figure 5B]. Instead, the main factor of clustering was the preservation tube with Streck RNA for 7 days, and
ACD-A and Citrate at both time points formed a separate cluster that included both IEVs and sEVs
[Supplementary Figure 5C].

Nevertheless, given the minimal overlap between the protein lists of Vallejo et al. and Dhondt et al., we
aimed to investigate the complete list of proteins identified in our study for unbiased exploration. To this
end, we clustered the iBAQ values of the detected proteins for all tested conditions (tube, storage time, and
EV size) and participants via t-SNE [Figure 5C and D]. The samples clustered irrespective of the individual
participant [Figure 5C] and Streck RNA (7 days), and Citrate and ACD-A formed separate clusters at both
time points [Figure 5D]. Furthermore, this analysis enabled the distinction between IEV and sEV protein
cargo across tubes [Figure 5D].

The t-SNE is limited to the observation of distinct clusters without allowing performance assessment.
Therefore, we investigated the tissue and functional origins of the respective EVs to uncover potential
contamination and preanalytical biases introduced after sample collection in each of the tested tubes
[Figure 5E-G, Supplementary Figure 5D-F]. To evaluate the impact of anticoagulants, we directly compared
the representations of the tissue proteomes [Figure 5E and F, Supplementary Table 3]. The most prominent
and consistent pattern in all tubes was the dramatic, time-dependent increase in peripheral blood-derived
proteins, with varying ratios assigned to the bone marrow (cell proliferation, innate immune response;
Figure 5E and F; blue) and liver (plasma proteins; Figure 5E and F; green). Owing to the low number of
proteins isolated from Norgen tubes, these samples were exempt from this observation. On a smaller scale,
sEVs tended to present more spleen- and liver-derived proteins, while IEVs appeared to exhibit more brain-
neuronal signaling signatures [Supplementary Figure 5D and E]. The tissue origin of EV proteins was more
dependent on EV size, preservation tube, and storage time than on individual participant differences
[Supplementary Figure 5D-F].
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Direct comparison of the logarithmic-fold changes in contaminating ex vivo-generated peripheral blood-
derived signatures revealed that the acquisition of non-physiological EV-derived proteins with extended
storage times was more pronounced in sEVs than in IEVs, confirming previous findings [Figure 5G]. Streck
RNA (sEVs) and Citrate (IEVs) showed the lowest alterations after storage [Figure 5G]. Overall, following
the ranking for IEVs and sEVs, Streck RNA, ACD-A, and Citrate, which clustered together in the t-SNE,
were characterized by the lowest increase in contamination, followed by PAX and Streck DNA [Figure 5GJ.
After 7 days of storage, both IEVs and sEVs gained proteins that accounted for bone marrow cell
proliferation [Figure 5E-G]. Compared with IEVs, sEVs presented a greater increase in the bone marrow
immune response signature [Figure 5G].

To further investigate whether cell death contributes to the observed increase, we analyzed a curated list of
apoptosis-associated proteins [Supplementary Figure 5G, Supplementary Table 6]. While apoptotic marker
proteins were detectable in both EV types, their increase with storage was considerably weaker than the
general increase in iBAQ, as shown in Figure 5B. Overall, IEVs contained higher levels of apoptotic markers
than sEVs did, and both EV types presented the greatest increase in apoptotic proteins in ACD-A tubes
after 7 days of storage [Supplementary Figure 5G].

We aimed to categorize the proteins detected under each condition based on MISEV protein
characterization™ [Supplementary Figure sH, Supplementary Tables 7 and 8]. In terms of quantity, we
observed the same patterns as previously described [Figure 5]. Interestingly, functional annotation revealed
that IEVs presented higher iBAQ values for integrins than sEVs did. Additionally, when the membrane
topology of IEVs was analyzed, the presence of single-pass transmembrane proteins was greater than that of
sEVs. When we directly compared the storage-related increase in membrane-associated and cytosolic EV
proteins, we found that the number of cytosolic proteins in sEVs was greater than the number of membrane
proteins in IEVs. This trend was consistent across most tube types, except for Streck DNA, where
membrane-associated proteins in IEVs showed a relatively greater increase [Supplementary Figure 5I,
Supplementary Table 10].

EV isolation protocol for serial isolation of cfDNA

One of the advantages of EV isolation via differential ultracentrifugation is the possibility of coisolating
cfDNA as a complementary genetic biomarker. To assess the effects of ultracentrifugation on cfDNA yield
and quality, we investigated how the initial ultracentrifugation steps impacted the quantity of isolated
cfDNA [Figure 6A and B]. After the ultracentrifugation steps (10 and 100 K) required for IEV and sEV
separation, we observed a marginal decrease in the amount of cfDNA isolated from the EDTA plasma of
three healthy individuals [Figure 6A]. In contrast to previous reports™, 10 K and 100 K pellets recovered
only dismal amounts of DNA from healthy individuals [Figure 6A]. In contrast to the findings of previous
miRNA studies, fragment length analyses of isolated DNA with and without ultracentrifugation revealed no
apparent changes in the size profiles and confirmed minor reductions in the amount of cfDNA [Figure

6B]™". An analysis of total DNA and ¢fDNA amounts isolated from 100 K supernatants from the different
tubes revealed that EDTA resulted in the highest yield, but no major differences between the other tubes
were observed on day 0 [Figure 6C and D]. While storage at RT for 7 days did not significantly change the
amount of cfDNA isolated from PAX tubes, the amount of cfDNA increased slightly in Norgen and Streck
DNA tubes over time [Figure 6C and D]. In contrast, the amount of ¢fDNA in Streck RNA tubes decreased
after seven days of preservation. The most dramatic increase in the amount of cfDNA was observed in the
plasma from the ACD-A and Citrate tubes after 7 days [Figure 6C and D].
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Figure 6. Serial isolation of cfDNA and EVs from tube candidates. (A) Absolute cfDNA amounts measured with Qubit DNA
quantification for three individuals; (B) Bioanalyzer (BA) profiles of representative individuals in the indicated plasma fractions from
EDTA tubes, e.g., in plasma before ultracentrifugation (dark red), in plasma supernatant after 100 K ultracentrifugation (red), in the 10
K pellet (pink), and in the 100 K pellet (light pink); (C) Absolute amounts of total DNA and (D) cfDNA per tube recovered from 100 K
supernatants from the indicated tubes. DNA was isolated via NucleoSnap, and cfDNA was quantified via BA profiles. The size of cfDNA
wrapped around one nucleosome can range from approximately 146 to 176 bp and is represented by the first peak at approximately 160
bp; the second and third peaks are represented by multiples thereof; (E) Exemplary BA profiles for DNA isolated from ACD tubes after
immediate processing (dark green) and after 7 days (light green), highlighting the increase in genomic DNA contamination over time.
The black box indicates the expected size of cfDNA; (F) cfDNA purity of DNA isolations defined as the ratio of cfDNA (first
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nucleosomal peak) to total DNA (50-7,000 bp) measured by BA. Statistical significance in (C) and (D) was determined for all tube
candidates via the Kruskal-Wallis test, followed by Dunn’s multiple comparisons test. P < 0.05, P < 0.01. Only statistically significant
differences compared with EDTA are shown in the graphs; nonsignificant results are not marked. cfDNA: Cell-free DNA; EVs:
extracellular vesicles; IEVs: large EV's; sEVs: small EVs.

Highlighting an exemplary fragment length profile of ACD-A-derived DNA on day 0 and after 7 days of
storage revealed an increase in fragments not only at the size expected for cfDNA (approximately 160 bp
and 320 bp) but also longer than 1,000 bp, indicating an increase in genomic DNA contamination, most
likely due to a leukocyte burst [Figure 6E], as described previously”®. Finally, we employed the proportion
of cfDNA relative to total DNA as a surrogate for cfDNA purity [Figure 6F]. When processed immediately,
the highest cfDNA purity was achieved from Norgen tubes, followed closely by Streck DNA tubes
[Figure 6F]. Overall, only minor differences in purity were observed for the 0-day baseline samples.
However, when blood was stored at RT for 7 days, dramatic differences in cfDNA purity were observed
depending on the preservation tube. The purity of cfDNA in Streck RNA tubes was greater than that in
immediate processing tubes, whereas the purities in Norgen and PAX tubes were moderately lower and
dramatically lower for ACD-A, Citrate, and, to some extent, Streck DNA [Figure 6F].

DISCUSSION

In this work, we compared the performance of seven commercially available blood preservation tubes for
comprehensive liquid biopsy studies, including proteome analyses of IEVs and sEVs coisolated along with
cfDNA. Although our study was limited by sample size and the specific study population (ten healthy
individuals, eight women and two men aged between 23 and 48 years), the results were consistent enough to
draw conclusions regarding the performance of different tubes for EV preservation.

Hemolysis levels are a key parameter of quality control, with the highest degrees of hemolysis observed in
Norgen and PAX tubes and, to some extent, in Streck DNA. Hemolysis was much exacerbated with
extended storage time at RT. However, one must keep in mind that our hemolysis assessment was solely
based on photometric properties at 414 nm, which is a valid and sensitive method of detecting hemolysis via
free hemoglobin but might lack some specificity.

Another limitation of our study is the exclusive use of a single EV purification method, potentially
introducing bias related to ultracentrifugation or size exclusion chromatography using IZON columns.
However, our findings align with recent studies that have evaluated preservation tube performance via
alternative EV isolation and analysis approaches"””. However, the proper choice of sampling tubes and
timely downstream processing are crucial for ensuring the integrity of the results.

By assessing the quality and quantity of the EV isolates, we observed an increase in total protein levels after
7 days of storage at RT across all the tested tubes. This increase was attributed primarily to ex vivo-generated
EVs, which we found in our EV isolates. Furthermore, the protein quantification results clearly indicated
that Norgen tubes are unsuitable for EV analysis, as they yielded notably low protein amounts
even on day 0.

We performed systematic size analysis of the isolated vesicles via two independent methods, namely NTA
and TEM. First, while the trends were comparable, our data suggest an overestimation of vesicle size by
NTA. Possible explanations are the overestimation of EVs by detection of larger protein complexes, the
higher detection limit of NTA excluding very small vesicles less than 100 nm, and the fact that NTA
measures the hydrodynamic diameter rather than the geometric size of the vesicles”™. In contrast, TEM
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preparation can influence the integrity of EVs and image quality®. However, there are no data supporting
vesicle shrinkage upon negative transmission electron microscopy (TEM) or size modulation based on
imaging when instrument calibration is frequently performed. However, we observed a significant increase
in particle size with increasing storage time with both methods. This increase could be explained by an
unspecific fusion or swelling of EVs that has been described to occur over time, even under conditions of
freezing to -20 or -80 °C*". Second, EVs released by blood cells ex vivo are described to be larger than
physiological EVs, thereby shifting the mean size to higher values'*”..

Compared with PAX and Streck DNA tubes, MS-based proteomic data suggested superior performance of
Streck RNA, ACD-A, and Citrate tubes at both time points and for both EV subtypes. This method also
revealed a high overlap of detected proteins in our samples with EV databases, validating our EV isolation
workflow. On this basis, we discovered many novel EV-associated proteins, many of which have not been
previously described, highlighting the comprehensive nature of our data set. In the future, our data,
especially the differential hits observed between the 0-day baseline and 7-day samples, might therefore
become the basis for a database of ex vivo-generated EV-derived proteins. This database could function as a
reference resource for proteomic EV biomarker studies, enabling the preparation of more clinical EV
diagnostic tools, such as the ExoDx prostate test'”. This EV test showed improved risk stratification for
prostate cancer compared with the standard of care, reducing unnecessary biopsies and detecting more
high-grade cancers.

Additionally, we demonstrated that cfDNA can be coisolated along with EVs and that the
ultracentrifugation steps required for EV purification do not compromise the cfDNA vyield or integrity.
Despite their strong performance in preserving EVs with minimal hemolysis and low contamination, the
ACD-A and Citrate tubes presented substantial genomic DNA contamination. As a result, they are less
suitable for cfDNA or multiomics studies but remain viable options for proteomic EV analyses. Notably,
Citrate tubes offer practical advantages over ACD-A tubes, including greater cost-effectiveness and broader
availability in clinical practice.

The key strength of our study lies in the comprehensive assessment of tube performance for the isolation of
IEVs, sEVs, and cfDNA, thereby providing insights into their suitability for multiomics applications in
clinical settings.

Taken together, for multiomics liquid biopsy diagnostics, Streck RNA tubes achieved the highest quality
score, despite increased amounts of ex vivo-generated EV-derived proteins after 7 days. Compared with the
other tube candidates, these candidates exhibited a low degree of hemolysis and good EV quality, with only
minor contamination with lipoproteins or red blood cell-/platelet-derived material, while at the same time
conserving high-purity ¢fDNA. In conclusion, Streck RNA tubes are the preferred option for the
simultaneous isolation of cfDNA and EV-derived proteins.

CONCLUSION

In this study, concurrent cfDNA- and EV-based liquid biopsies from seven different types of blood
preservation tubes were compared. As a consequence, upcoming clinical studies can make well-informed
sampling choices depending on clinical questions, logistics, and preferred biomarkers, with Streck RNA
tubes providing the most universal biomarker conservation.



Simon et al. Extracell Vesicles Circ Nucleic Acids. 2025;6:626-50 | https://dx.doi.org/10.20517/evcna.2025.44 Page 648

DECLARATIONS
Acknowledgments
The authors thank Benedikt Kirchner for his critical review and valuable input on the manuscript.

Authors’ contributions

Performed the experiments, interpreted the data, and designed the figures: Simon NK
Performed the data curation, data analysis, figure design, and statistical analyses: Volz S
Wrote the manuscript: Simon NK, Volz S, Maa KK, Clemm von Hohenberg K, Berker ]
Performed the Western blot experiments: Russeck S, Zielske L, Rios de los Rios Resendiz ]
Performed EV isolation and analysis: Wedig T, Simon NK, Schwarz N

Performed serial isolations of cfDNA and EVs via ultracentrifugation: Montigel SH
Performed mass spectrometric analyses: Helm D

Helped with the acquisition of the TEM images: NeBling M, Richter K

Performed the BCA experiments: Mauermann M

Processed the Western blot samples: Zielske L

Supervised the project and proofread the manuscript: Hofmann WK, Pfister SM, Pajtler KW
Initiated the project, supervised the experiments, interpreted the data, and wrote the manuscript: Maas KK,
Clemm von Hohenberg K

Availability of data and materials
All the raw mass spectrometry data were uploaded to the PRIDE server under the accession code
PXD062837.

Financial support and sponsorship

Simon NK was supported by the Kind-Philipp-Stiftung (No. T0020/42196/2023). MaaB KK was supported
by the Connor Dawes and CERN Foundation as well as the Stiftung fiir Krebs- und Scharlachforschung
(No. AZ 3542.2).

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Informed consent was obtained from each participant, with protocols approved by the Ethics Committee I
of the Medical Faculty, Heidelberg University (S795/2020).

Consent for publication
Not Applicable

Copyright
© Author(s) 2025.

REFERENCES
1. Alix-Panabiéres C, Pantel K. Liquid biopsy: from discovery to clinical implementation. Mol Oncol. 2021;15:1617-21. DOI PubMed
PMC

2. LiN,GuY, Tang J, Li Y, Chen D, Xu Z. Circulating non-coding RNAs and exosomes: liquid biopsies for monitoring preeclampsia.
In: Huang T, Yang J, Tian G, Editors. Liquid Biopsies. New York: Springer US; 2023. pp. 263-77.

3. Karaglani M, Panagopoulou M, Cheimonidi C, et al. Liquid biopsy in type 2 diabetes mellitus management: building specific
biosignatures via machine learning. J Clin Med. 2022;11:1045. DOI PubMed PMC

4. Siravegna G, Marsoni S, Siena S, Bardelli A. Integrating liquid biopsies into the management of cancer. Nat Rev Clin Oncol.
2017;14:531-48. DOI PubMed


https://dx.doi.org/10.1002/1878-0261.12997
http://www.ncbi.nlm.nih.gov/pubmed/34075709
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8169443
https://dx.doi.org/10.3390/jcm11041045
http://www.ncbi.nlm.nih.gov/pubmed/35207316
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8876363
https://dx.doi.org/10.1038/nrclinonc.2017.14
http://www.ncbi.nlm.nih.gov/pubmed/28252003

Page 649 Simon et al. Extracell Vesicles Circ Nucleic Acids. 2025;6:626-50 | https://dx.doi.org/10.20517/evcna.2025.44

10.
11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

Ignatiadis M, Sledge GW, Jeffrey SS. Liquid biopsy enters the clinic - implementation issues and future challenges. Nat Rev Clin
Oncol. 2021;18:297-312. DOI PubMed

Bronkhorst AJ, Holdenrieder S. A pocket companion to cell-free DNA (cfDNA) preanalytics. Tumour Biol. 2024;46:S297-308. DOI
PubMed

Diaz IM, Nocon A, Held SAE, et al. Pre-analytical evaluation of streck cell-free DNA blood collection tubes for liquid profiling in
oncology. Diagnostics. 2023;13:1288. DOI PubMed PMC

Jordaens S, Zwaenepoel K, Tjalma W, et al. Urine biomarkers in cancer detection: a systematic review of preanalytical parameters and
applied methods. /nt J Cancer. 2023;152:2186-205. DOI PubMed

Dorpe S, Tummers P, Denys H, Hendrix A. Towards the clinical implementation of extracellular vesicle-based biomarker assays for
cancer. Clin Chem. 2024;70:165-78. DOI PubMed

Kalluri R, LeBleu VS. The biology, function, and biomedical applications of exosomes. Science. 2020:367. DOI PubMed PMC
Jeppesen DK, Zhang Q, Franklin JL, Coffey RJ. Extracellular vesicles and nanoparticles: emerging complexities. Trends Cell Biol.
2023;33:667-81. DOI PubMed PMC

Petroni D, Fabbri C, Babboni S, Menichetti L, Basta G, Del Turco S. Extracellular vesicles and intercellular communication:
challenges for in vivo molecular imaging and tracking. Pharmaceutics. 2023;15:1639. DOI PubMed PMC

Burbano C, Rojas M, Mufioz-Vahos C, et al. Extracellular vesicles are associated with the systemic inflammation of patients with
seropositive rheumatoid arthritis. Sci Rep. 2018;8:17917. DOI PubMed PMC

Johnsen KB, Gudbergsson JM, Andresen TL, Simonsen JB. What is the blood concentration of extracellular vesicles? Biochim
Biophys Acta Rev Cancer. 2019;1871:109-16. DOI PubMed

Nardi Fda S, Michelon TF, Neumann J, et al. High levels of circulating extracellular vesicles with altered expression and function
during pregnancy. Immunobiology. 2016;221:753-60. DOI PubMed

Gershfeld NL, Murayama M. Thermal instability of red blood cell membrane bilayers: temperature dependence of hemolysis. J Membr
Biol. 1988;101:67-72. DOI PubMed

Rous P, Turner JR. The preservation of living red blood cells in vitro: 11. The transfusion of kept cells. J Exp Med. 1916;23:239-48.
DOI PubMed PMC

Moore GL. Additive solutions for better blood preservation. Crit Rev Clin Lab Sci. 1987;25:211-29. DOI PubMed

Gegner HM, Naake T, Dugourd A, et al. Pre-analytical processing of plasma and serum samples for combined proteome and
metabolome analysis. Front Mol Biosci. 2022;9:961448. DOI PubMed PMC

Geyer PE, Voytik E, Treit PV, et al. Plasma Proteome Profiling to detect and avoid sample-related biases in biomarker studies. EMBO
Mol Med. 2019;11:¢10427. DOI PubMed PMC

Alberro A, Iparraguirre L, Fernandes A, Otaegui D. Extracellular vesicles in blood: sources, effects, and applications. Int J Mol Sci.
2021;22:8163. DOI PubMed PMC

Jamaly S, Ramberg C, Olsen R, et al. Impact of preanalytical conditions on plasma concentration and size distribution of extracellular
vesicles using Nanoparticle Tracking Analysis. Sci Rep. 2018;8:17216. DOI PubMed PMC

Sorber L, Zwaenepoel K, Jacobs J, et al. Specialized blood collection tubes for liquid biopsy: improving the pre-analytical conditions.
Mol Diagn Ther. 2020;24:113-24. DOI PubMed

Berg S, Kutra D, Kroeger T, et al. ilastik: interactive machine learning for (bio)image analysis. Nat Methods. 2019;16:1226-32. DOI
PubMed

Miiller T, Kalxdorf M, Longuespée R, Kazdal DN, Stenzinger A, Krijgsveld J. Automated sample preparation with SP3 for low-input
clinical proteomics. Mol Syst Biol. 2020;16:¢9111. DOI PubMed PMC

Gillet LC, Navarro P, Tate S, et al. Targeted data extraction of the MS/MS spectra generated by data-independent acquisition: a new
concept for consistent and accurate proteome analysis. Mol Cell Proteomics. 2012;11:0111.016717. DOI PubMed PMC

Gessulat S, Schmidt T, Zolg DP, et al. Prosit: proteome-wide prediction of peptide tandem mass spectra by deep learning. Nat
Methods. 2019;16:509-18. DOI PubMed

Consortium. UniProt: the universal protein knowledgebase in 2025. Nucleic Acids Res. 2025;53:D609-D617. DOI PubMed PMC
Cox J, Mann M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-wide
protein quantification. Nat Biotechnol. 2008;26:1367-72. DOI PubMed

R Core Team. R: a language and environment for statistical computing. MSOR Connect. 2014;1. Available from: https://www.
semanticscholar.org/paper/R%3A-A-language-and-environment-for-statistical-Team/659408b243cec55de8d0a3bc51b81173007aa89b
[accessed 25 August 2025].

Schwanhéusser B, Busse D, Li N, et al. Global quantification of mammalian gene expression control. Nature. 2011;473:337-42. DOI
PubMed

Chitti SV, Gummadi S, Kang T, et al. Vesiclepedia 2024: an extracellular vesicles and extracellular particles repository. Nucleic Acids
Res. 2024;52:D1694-8. DOI PubMed PMC

Mathivanan S, Fahner CJ, Reid GE, Simpson RJ. ExoCarta 2012: database of exosomal proteins, RNA and lipids. Nucleic Acids Res.
2012;40:D1241-4. DOI PubMed PMC

Aleksander SA, Balhoff J, Carbon S, et al; Gene Ontology Consortium. The gene ontology knowledgebase in 2023. Genetics.
2023:224. DOI PubMed PMC

Ashburner M, Ball CA, Blake JA, et al. Gene ontology: tool for the unification of biology. The Gene Ontology Consortium. Nat Genet.


https://dx.doi.org/10.1038/s41571-020-00457-x
http://www.ncbi.nlm.nih.gov/pubmed/33473219
https://dx.doi.org/10.3233/tub-230011
http://www.ncbi.nlm.nih.gov/pubmed/37840517
https://dx.doi.org/10.3390/diagnostics13071288
http://www.ncbi.nlm.nih.gov/pubmed/37046506
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10093569
https://dx.doi.org/10.1002/ijc.34434
http://www.ncbi.nlm.nih.gov/pubmed/36647333
https://dx.doi.org/10.1093/clinchem/hvad189
http://www.ncbi.nlm.nih.gov/pubmed/38175582
https://dx.doi.org/10.1126/science.aau6977
http://www.ncbi.nlm.nih.gov/pubmed/32029601
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7717626
https://dx.doi.org/10.1016/j.tcb.2023.01.002
http://www.ncbi.nlm.nih.gov/pubmed/36737375
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10363204
https://dx.doi.org/10.3390/pharmaceutics15061639
http://www.ncbi.nlm.nih.gov/pubmed/37376087
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10301899
https://dx.doi.org/10.1038/s41598-018-36335-x
http://www.ncbi.nlm.nih.gov/pubmed/30559453
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6297132
https://dx.doi.org/10.1016/j.bbcan.2018.11.006
http://www.ncbi.nlm.nih.gov/pubmed/30528756
https://dx.doi.org/10.1016/j.imbio.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/27005781
https://dx.doi.org/10.1007/bf01872821
http://www.ncbi.nlm.nih.gov/pubmed/3367362
https://dx.doi.org/10.1084/jem.23.2.239
http://www.ncbi.nlm.nih.gov/pubmed/19867982
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2125395
https://dx.doi.org/10.3109/10408368709105883
http://www.ncbi.nlm.nih.gov/pubmed/3315464
https://dx.doi.org/10.3389/fmolb.2022.961448
http://www.ncbi.nlm.nih.gov/pubmed/36605986
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9808085
https://dx.doi.org/10.15252/emmm.201910427
http://www.ncbi.nlm.nih.gov/pubmed/31566909
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6835559
https://dx.doi.org/10.3390/ijms22158163
http://www.ncbi.nlm.nih.gov/pubmed/34360924
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8347110
https://dx.doi.org/10.1038/s41598-018-35401-8
http://www.ncbi.nlm.nih.gov/pubmed/30464183
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6249294
https://dx.doi.org/10.1007/s40291-019-00442-w
http://www.ncbi.nlm.nih.gov/pubmed/31838654
https://dx.doi.org/10.1038/s41592-019-0582-9
http://www.ncbi.nlm.nih.gov/pubmed/31570887
https://dx.doi.org/10.15252/msb.20199111
http://www.ncbi.nlm.nih.gov/pubmed/32129943
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6966100
https://dx.doi.org/10.1074/mcp.o111.016717
http://www.ncbi.nlm.nih.gov/pubmed/22261725
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3433915
https://dx.doi.org/10.1038/s41592-019-0426-7
http://www.ncbi.nlm.nih.gov/pubmed/31133760
https://dx.doi.org/10.1093/nar/gkae1010
http://www.ncbi.nlm.nih.gov/pubmed/39552041
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11701636
https://dx.doi.org/10.1038/nbt.1511
http://www.ncbi.nlm.nih.gov/pubmed/19029910
https://www.semanticscholar.org/paper/R%3A-A-language-and-environment-for-statistical-Team/659408b243cec55de8d0a3bc51b81173007aa89b
https://www.semanticscholar.org/paper/R%3A-A-language-and-environment-for-statistical-Team/659408b243cec55de8d0a3bc51b81173007aa89b
https://dx.doi.org/10.1038/nature10098
http://www.ncbi.nlm.nih.gov/pubmed/21593866
https://dx.doi.org/10.1093/nar/gkad1007
http://www.ncbi.nlm.nih.gov/pubmed/37953359
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10767981
https://dx.doi.org/10.1093/nar/gkr828
http://www.ncbi.nlm.nih.gov/pubmed/21989406
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3245025
https://dx.doi.org/10.1093/nar/gkw1108
http://www.ncbi.nlm.nih.gov/pubmed/27899567
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5210579

Simon et al. Extracell Vesicles Circ Nucleic Acids. 2025;6:626-50 | https://dx.doi.org/10.20517/evcna.2025.44 Page 650

36.

37.

38.

39.

40.

41.

42.
43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

2000;25:25-9. DOI PubMed PMC

Vallejo MC, Sarkar S, Elliott EC, et al. A proteomic meta-analysis refinement of plasma extracellular vesicles. Sci Data. 2023;10:837.
DOI PubMed PMC

Dhondt B, Pinheiro C, Geeurickx E, et al. Benchmarking blood collection tubes and processing intervals for extracellular vesicle
performance metrics. J Extracell Vesicles. 2023;12:¢12315. DOI PubMed PMC

Larsson J, Gustafsson P, editors. A case study in fitting area-proportional euler dia-grams with ellipses using eulerr. SetVR@ diagrams.
2018;2018:84-91. Available from: https://ceur-ws.org/Vol-2116/paper7.pdf [accessed 25 August 2025].

Krijthe J, van der Maaten L. Rtsne: T-distributed stochastic neighbor embedding using barnes-hut implementation. CRAN 2023.
Available from: https://cran.r-project.org/web/packages/Rtsne/Rtsne.pdf [accessed 25 August 2025].

Van der Maaten L, Hinton G. Visualizing high-dimensional data using t-SNE. J Mach Learn Res. 2008;9:2579-605 Available from:
https://www.jmlr.org/papers/volume9/vandermaaten08a/vandermaaten08a.pdf [accessed 25 August 2025].

Van Der Maaten L. Accelerating t-SNE using tree-based algorithms. J Mach Learn Res. 2014:15:3221-45. Available from: http://
www.jmlr.org/papers/volumel5/vandermaaten14a/vandermaaten14a.pdf [accessed 25 August 2025].

Gu Z. Complex heatmap visualization. Imeta. 2022;1:e43. DOI PubMed PMC

Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and correlations in multidimensional genomic data. Bioinformatics.
2016;32:2847-9. DOI PubMed

Uhlén M, Fagerberg L, Hallstrom BM, et al. Proteomics. Tissue-based map of the human proteome. Science. 2015;347:1260419. DOI
PubMed

Atlas HP. The Human Protein Atlas 2024. Available from: https://www.proteinatlas.org [accessed 25 August 2025].

Wickham H. ggplot2: elegant graphics for data analysis. Cham: Springer; 2016.

Xu S, Chen M, Feng T, Zhan L, Zhou L, Yu G. Use ggbreak to effectively utilize plotting space to deal with large datasets and outliers.
Front Genet. 2021;12:774846. DOI PubMed PMC

Deun J, Mestdagh P, Agostinis P, et al; EV-TRACK Consortium. EV-TRACK: transparent reporting and centralizing knowledge in
extracellular vesicle research. Nat Methods. 2017;14:228-32. DOI PubMed

Livshits MA, Khomyakova E, Evtushenko EG, et al. Isolation of exosomes by differential centrifugation: theoretical analysis of a
commonly used protocol. Sci Rep. 2015;5:17319. DOI PubMed PMC

Théry C, Witwer KW, Aikawa E, et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position
statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell Vesicles.
2018;7:1535750. DOI PubMed PMC

Lucien F, Gustafson D, Lenassi M, et al. MIBlood-EV: minimal information to enhance the quality and reproducibility of blood
extracellular vesicle research. J Extracell Vesicles. 2023;12:¢12385. DOI PubMed PMC

Welsh JA, Goberdhan DCI, O'Driscoll L, et al; MISEV Consortium. Minimal information for studies of extracellular vesicles
(MISEV2023): from basic to advanced approaches. J Extracell Vesicles. 2024;13:¢12404. DOI PubMed PMC

Németh K, Kestecher BM, Ghosal S, et al. Therapeutic and pharmacological applications of extracellular vesicles and lipoproteins. Br
J Pharmacol. 2024;181:4733-49. DOI PubMed

Szklarczyk D, Kirsch R, Koutrouli M, et al. The STRING database in 2023: protein-protein association networks and functional
enrichment analyses for any sequenced genome of interest. Nucleic Acids Res. 2023;51:D638-46. DOI PubMed PMC

Zorova LD, Kovalchuk SI, Popkov VA, et al. Do extracellular vesicles derived from mesenchymal stem cells contain functional
mitochondria? Int J Mol Sci. 2022;23:7408. DOI PubMed PMC

Chetty VK, Ghanam J, Anchan S, et al. Efficient small extracellular vesicles (EV) isolation method and evaluation of EV-associated
DNA role in cell-cell communication in cancer. Cancers. 2022;14:2068. DOI PubMed PMC

Murray MJ, Watson HL, Ward D, et al. “Future-Proofing” blood processing for measurement of circulating mirnas in samples from
biobanks and prospective clinical trials. Cancer Epidemiol Biomarkers Prev. 2018;27:208-18. DOl PubMed PMC

Sato A, Nakashima C, Abe T, et al. Investigation of appropriate pre-analytical procedure for circulating free DNA from liquid biopsy.
Oncotarget. 2018;9:31904-14. DOI PubMed PMC

Chernyshev VS, Rachamadugu R, Tseng YH, et al. Size and shape characterization of hydrated and desiccated exosomes. Anal
Bioanal Chem. 2015;407:3285-301. DOI PubMed

Rikkert LG, Nieuwland R, Terstappen LWMM, Coumans FAW. Quality of extracellular vesicle images by transmission electron
microscopy is operator and protocol dependent. J Extracell Vesicles. 2019;8:1555419. DOI PubMed PMC

Wu JY, Li YJ, Hu XB, Huang S, Xiang DX. Preservation of small extracellular vesicles for functional analysis and therapeutic
applications: a comparative evaluation of storage conditions. Drug Deliv. 2021;28:162-70. DOI PubMed PMC

Nguyen DB, Ly TB, Wesseling MC, et al. Characterization of microvesicles released from human red blood cells. Cell Physiol
Biochem. 2016;38:1085-99. DOI PubMed

Tutrone R, Lowentritt B, Neuman B, et al. ExoDx prostate test as a predictor of outcomes of high-grade prostate cancer - an interim
analysis. Prostate Cancer Prostatic Dis. 2023;26:596-601. DOI PubMed PMC


https://dx.doi.org/10.1038/75556
http://www.ncbi.nlm.nih.gov/pubmed/10802651
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3037419
https://dx.doi.org/10.1038/s41597-023-02748-1
http://www.ncbi.nlm.nih.gov/pubmed/38017024
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10684639
https://dx.doi.org/10.1002/jev2.12315
http://www.ncbi.nlm.nih.gov/pubmed/37202906
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10196222
https://ceur-ws.org/Vol-2116/paper7.pdf
https://cran.r-project.org/web/packages/Rtsne/Rtsne.pdf
https://www.jmlr.org/papers/volume9/vandermaaten08a/vandermaaten08a.pdf
http://www.jmlr.org/papers/volume15/vandermaaten14a/vandermaaten14a.pdf
http://www.jmlr.org/papers/volume15/vandermaaten14a/vandermaaten14a.pdf
https://dx.doi.org/10.1002/imt2.43
http://www.ncbi.nlm.nih.gov/pubmed/38868715
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10989952
https://dx.doi.org/10.1093/bioinformatics/btw313
http://www.ncbi.nlm.nih.gov/pubmed/27207943
https://dx.doi.org/10.1126/science.1260419
http://www.ncbi.nlm.nih.gov/pubmed/25613900
https://www.proteinatlas.org
https://dx.doi.org/10.3389/fgene.2021.774846
http://www.ncbi.nlm.nih.gov/pubmed/34795698
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8593043
https://dx.doi.org/10.1038/nmeth.41850
http://www.ncbi.nlm.nih.gov/pubmed/28245209
https://dx.doi.org/10.1038/srep17319
http://www.ncbi.nlm.nih.gov/pubmed/26616523
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4663484
https://dx.doi.org/10.1080/20013078.2018.1535750
http://www.ncbi.nlm.nih.gov/pubmed/30637094
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6322352
https://dx.doi.org/10.1002/jev2.12385
http://www.ncbi.nlm.nih.gov/pubmed/38063210
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10704543
https://dx.doi.org/10.1002/jev2.12404
http://www.ncbi.nlm.nih.gov/pubmed/38326288
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10850029
https://dx.doi.org/10.1111/bph.17336
http://www.ncbi.nlm.nih.gov/pubmed/39491825
https://dx.doi.org/10.1093/nar/gkac1000
http://www.ncbi.nlm.nih.gov/pubmed/36370105
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9825434
https://dx.doi.org/10.3390/ijms23137408
http://www.ncbi.nlm.nih.gov/pubmed/35806411
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9266972
https://dx.doi.org/10.3390/cancers14092068
http://www.ncbi.nlm.nih.gov/pubmed/35565197
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9099953
https://dx.doi.org/10.1158/1055-9965.epi-17-0657
http://www.ncbi.nlm.nih.gov/pubmed/29254935
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5812437
https://dx.doi.org/10.18632/oncotarget.25881
http://www.ncbi.nlm.nih.gov/pubmed/30159131
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6112748
https://dx.doi.org/10.1007/s00216-015-8535-3
http://www.ncbi.nlm.nih.gov/pubmed/25821114
https://dx.doi.org/10.1080/20013078.2018.1555419
http://www.ncbi.nlm.nih.gov/pubmed/30651939
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6327933
https://dx.doi.org/10.1080/10717544.2020.1869866
http://www.ncbi.nlm.nih.gov/pubmed/33427518
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7808382
https://dx.doi.org/10.1159/000443059
http://www.ncbi.nlm.nih.gov/pubmed/26938586
https://dx.doi.org/10.1038/s41391-023-00675-1
http://www.ncbi.nlm.nih.gov/pubmed/37193776
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10449627

