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Impact of preanalytical factors on plasma csm
extracellular vesicles and human plasma
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Abstract

Using human plasma and its protein-rich extracellular vesicles (EVs) for proteomic biomarker discovery requires an
in-depth understanding of the influences of pre-analytical procedures. This study systematically investigates the
ramifications of high-speed centrifugation, freeze-thaw cycles, and prolonged storage on the plasma proteome
and abundance of plasma EVs. Employing a Mag-Net-assisted workflow for high-throughput EV-based plasma
proteomics, we find that high-speed centrifuging plasma samples at 8,000 g prior to analysis reduces both EV and
protein numbers to only 30% of the original plasma, rendering numerous established EV markers undetectable. In
contrast, multiple freeze-thaw cycles within a week have very minimal effect on proteome coverage, albeit with a
reduced number of EVs and subtle shifts in the enrichment and depletion patterns of specific proteins. Long-term
storage of plasma in freezer for years gradually and significantly diminishes proteome coverage with reduced EV
counts and altered size distributions. These results caution the use of biobank samples for retrospective studies,
particularly longitudinally collected blood specimens that have been preserved for years for EV-focused biomarker
research, and underscore the imperative for stringent standardization of pre-analytical protocols to enhance the
reliability and reproducibility of plasma EV proteomics.

Keywords Human plasma, Extracellular vesicles, Mag-Net plasma proteomics, EV proteomics, Long-term plasma
storage
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Introduction

Plasma, a highly accessible biofluid, holds immense
promise for the discovery of protein biomarkers crucial
for disease monitoring, therapeutic evaluation, and early
diagnosis [1, 2]. However, the clinical utility of plasma
proteomics is inextricably linked to the stability of its
constituent biomolecules. Pre-analytical variables, such
as high-speed centrifugation, freeze-thaw cycles, and
storage time, are recognized as significant sources of
variation that can compromise the accuracy and repro-
ducibility of downstream measurements [3, 4, 5]. Clinical
biobanks serve as invaluable repositories of biospecimens
for retrospective biomarker research, yet the susceptibil-
ity of plasma biomolecules to degradation under various
processing and storage conditions poses a substantial
challenge. Such degradation can introduce confounding
variability, obscure genuine biological signals, and ulti-
mately undermine research integrity. Therefore, a com-
prehensive understanding of how these factors impact
the plasma proteome is paramount for establishing
robust sample handling guidelines and preserving the
fidelity of invaluable clinical specimens [6, 7].

The inherent complexity of the plasma proteome is
characterized by a dynamic range spanning over ten
orders of magnitude [1]. Often it impedes the detec-
tion of low-abundance, tissue-specific proteins critical
for deciphering pathological states [8] However, plasma
extracellular vesicles (EVs), including exosomes and
microvesicles, offer a compelling solution to these analyt-
ical limitations. These lipid-bilayer-enclosed structures,
released by cells into circulation, encapsulate cellular
cargo and represent the physiological or pathological
state of their cells of origin [9]. Consequently, plasma EVs
are well-positioned as prime candidates for biomarker
discovery and translational medicine.

The already complex plasma proteome is further com-
plicated by pre-analytical variables that directly affect
the integrity of EVs and their cargo, contributing another
layer of complexity to plasma EV-based biomarker
research [10]. High-speed centrifugation (>5000 g) is
applied to prepare platelet-free plasma, which is known
to lead to vesicle (apoptotic bodies, microvesicles, and
EVs) aggregation and protein loss [11]. Similarly, freeze-
thaw cycles can disrupt EV structural integrity, leading
to the release of intravesicular proteins and a concomi-
tant loss of vesicle-associated proteoforms [12, 13]. Fur-
thermore, prolonged storage is known to trigger protein
degradation and diminish EV integrity, impacting down-
stream proteomic analyses [14, 15]. Given these chal-
lenges, the implementation of robust and reproducible
analytical workflows is critical for monitoring individual
variability in EV proteomes, particularly in longitudinal
studies.
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Traditional EV isolation methods, such as ultracentrifu-
gation and size-exclusion chromatography, often involve
extensive processing steps that can introduce variabil-
ity and compromise EV proteome quality [16]. Recent
technological advancements in EV enrichment have
paved the way for streamlined workflows that enhance
the reproducibility and sensitivity of plasma proteomics.
In particular, a high-throughput Mag-Net protocol was
developed that integrates high-abundance protein deple-
tion, EV enrichment, and proteolytic digestion into a sin-
gle-step workflow [17]. By minimizing the time from EV
isolation to digestion, this approach effectively reduces
variability and improves the reproducibility of proteomic
analyses. This methodology is particularly well-suited for
high-throughput investigations, facilitating reliable char-
acterization of EV proteomes and overcoming key limita-
tions associated with conventional workflows [18].

In the present work, we aimed to systematically evalu-
ate the impact of pre-analytical factors on the plasma
EV proteome. Such assessments are crucial for improv-
ing our understanding of the robustness of EV-based
biomarkers and for informing best practices in sample
processing and handling within biobanks supporting
retrospective clinical studies. Moreover, elucidating the
effects of pre-analytical variables on EV integrity and
proteome composition is essential for standardizing EV
research and ensuring inter-study reproducibility [19]. In
this context, using an ultracentrifugation-based EV iso-
lation approach and the Mag-Net-based plasma EV pro-
teomics workflow, we meticulously examined the effects
of high-speed centrifugation, freeze-thaw cycles, and
prolonged storage time on plasma. The results provided
insights into how common pre-analytical factors influ-
ence plasma EV heterogeneity and its proteome.

Materials and methods

Plasma preparation

Fresh blood sample was obtained via venipuncture from
a volunteer using EDTA Vacutainer Tubes (BD Biosci-
ences), then it was processed immediately to isolate
plasma through centrifugation at 2,000 g for 10 min.
The supernatant was collected for further centrifuga-
tion at 8,000 g for 25 min to obtain high-speed processed
plasma. For freeze-thaw treatment, plasma was aliquoted
into 1 mL tubes and subjected to a controlled freeze-
thaw process. Each cycle involved freezing samples at
-80 °C for at least 2 h and thawing at room temperature.
Plasma samples undergoing 0 (Control), 5, 10, and 20
freeze-thaw cycles were prepared to evaluate the impact
of repeated freezing and thawing on EV proteome cov-
erage. Archived human plasma samples that have been
stored for 2-years (Clinical Trial NCT05907135), [20]
5-years (Clinical Trial NCT03445234) [21], and 20-years
(Clinical Trial NCT00004984) [22] were transferred to
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the study laboratory under dry ice and stored at -80 °C
until further analysis. The details about blood collec-
tion and processing are included in Table S1. To mitigate
individual variability, the archived samples were pooled
from multiple donors according to each study. The fresh
blood sample collection was approved by Appalachian
State University’s Institutional Review Board (IRB), and
all other samples from clinical trials were approved under
each clinical trial’s IRB.

Isolation and characterization of plasma EVs

Plasma samples (100 pL) were diluted with 11.9 mL of
phosphate-buffered saline (PBS) and ultracentrifuged at
150,000 g for 3 h at 4 °C using a Sorvall™ WX 80 Ultra-
centrifuge (Thermo Scientific). The resulting pellets were
carefully resuspended in 100 pL of PBS, then diluted
1,000-fold in PBS for particle analysis using a ZetaView”
Quatt instrument (Particle Metrix) in scatter mode in
triplicate. Measurement settings included a camera sen-
sitivity of 80, shutter speed of 100, particle minimum
brightness of 30, trace length of 7, and a particle size
range of 10 nm to 1,000 nm, as used previously [23].

Mag-Net-assisted digestion of plasma EV

MagReSyn® strong anion exchange (SAX) beads (MR-
SAX005, ReSyn Biosciences, 5 puL) were equilibrated and
washed with 100 uL of equilibration/wash buffer (50 mM
Bis-Tris Propane, pH 6.5, 150 mM NacCl). This step was
performed twice on a 96-well plate for 30 s using a mag-
netic separator. Subsequently, 5 uL of plasma was mixed
with 45 pL of EV binding buffer (100 mM Bis-Tris Pro-
pane, pH 6.3, 150 mM NacCl) and combined with the pre-
equilibrated SAX beads. This mixture was gently agitated
at room temperature for 20 min. Following this incuba-
tion, the flow-through containing unbound plasma pro-
teins was removed using a magnetic separator. Three
additional washes with 100 pL of equilibration/wash buf-
fer were performed, mixed gently for 5 min, to deplete
any additional high-abundance proteins. The bound
vesicles were lysed by 50 uL of a lysis buffer (1% SDS, 10
mM TCEP, and 15 mM IAA in 50 mM Tris-HCI, pH 8.5)
at 37 °C for 60 min with gentle mixing. Then, 200 pL of
acetonitrile was added to the lysis buffer-beads mixture
which was pipette-mixed ~10 times and incubated at
room temperature for 10 min without further mixing
to induce on-bead protein precipitation. The washing
steps were performed twice, each using 100 pL of 100%
acetonitrile, with the beads kept captured on a magnetic
separator and avoiding mixing during the washes. Finally,
for protein digestion, 100 pL of 25 mM Tris-HCl (pH 8)
containing 1 pg of trypsin/LysC was added and incubated
at 37 °C overnight with gentle mixing. The digestion was
quenched by adding 5 pL of 10% trifluoroacetic acid.
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LC-MS/MS analysis

Peptides from digestion were loaded onto EvoTip trap
columns (Evosep, cat# EV2013) following a standardized
protocol. Initially, the EvoTips were washed with 20 pL
of solvent B (acetonitrile, 0.1% formic acid), conditioned
with 2-propanol, and equilibrated using 60 pL of solvent
A (water, 0.1% formic acid). After sample loading, the tips
were washed twice with 60 uL of solvent A, followed by a
brief final rinse with 100 pL of solvent A for 10 s to pre-
vent drying. All steps were centrifuged at 800 g for 60 s.

Peptide separation was carried out on an Evosep One
LC system (Evosep, Denmark) using a 15 cm x 150 pm
column packed with 1.5 um C18 beads (Evosep, cat#
EV1109). A flow rate of 1 pL/min and the 21-min gradi-
ent method (30 samples per day) were employed, with
peptide elution achieved at a maximum of 35% solvent B.
Eluted peptides were analyzed in positive ion mode using
an Orbitrap Ascend Tribrid Mass Spectrometer (Thermo
Fisher).

Mass spectra were acquired across the 400-900 m/z
range at a mass resolution of 60k (200 m/z), followed by
data-independent acquisition (DIA) MS/MS. DIA scans
utilized a mass isolation window of 20 m/z with a mass
resolution of 30k (200 m/z). The quadrupole was used
for isolation, with higher-energy collisional dissociation
(HCD) for activation. Detection was performed using an
Orbitrap detector. Instrument settings included an RF
lens value of 45%, normalized HCD collision energy of
28, a normalized AGC target of 225% for MS1 and 800%
for DIA, and ion injection times of 123 ms for MS1 and
59 ms for DIA scans.

Proteomics data analysis

The LC-MS/MS raw data were analyzed using DIA-NN
software (version 1.8.1) [24]. Protein identification was
performed against the Human protein database retrieved
from UniProt on June 7, 2024. The workflow incorpo-
rated a peptide spectrum library-free search against a
FASTA in silico digest and advanced deep learning algo-
rithms to predict spectral and retention time profiles.
Key analysis parameters included a mass accuracy of 15.0
ppm, an MS1 accuracy of 20.0 ppm, and a scan window
width of 4. Trypsin/P was specified as the proteolytic
enzyme, allowing for a single missed cleavage site. Carb-
amidomethylation of cysteine residues was designated as
a fixed modification. The match-between-runs feature
was activated to enhance data alignment across samples.
Protein inference was carried out at the gene level using
a neural network classifier in single-pass mode, while
quantification was optimized for high-accuracy LC work-
flows. Additionally, cross-run normalization accounted
for retention time variations, and library profiling was
implemented with smart profiling strategies. All unspeci-
fied parameters were left at their default values.
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Statistical and bioinformatics analysis

The output files generated by DIA-NN were subjected
to statistical analysis using Perseus software (version
2.0.11.0) [25]. Proteomic data were filtered to include
proteins with >70% valid values across all samples. The
data were then log2-transformed and normalized using
the width adjustment algorithm. Missing values were
imputed from a normal distribution. Statistically signifi-
cant protein alterations were identified using a multiple-
sample test with a permutation-based false discovery
rate (FDR) threshold of q<0.05 and an S, value of 0.05.
Further data exploration included hierarchical clustering
(using Z-score normalization), volcano plot visualization,
and principal component analysis (PCA).

Bioinformatic analyses were performed using
Metascape (version 3.5.20240901) to identify enriched
functional pathways within distinct plasma samples [26]
The in silico Human Surfaceome platform (https://wla
b.ethz.ch/surfaceome/, version 1.0) [27] was employed
to characterize storage time-related alterations in the
plasma surfaceome. Protein-protein interaction net-
works, Gene Ontology enrichment, functional pathway
analyses, and subcellular localization were further inves-
tigated using the STRING database (version 12.0, https://
string-db.org/) [28].

Results
Pre-analytical conditions alter plasma proteome coverage
We conducted a comprehensive proteomic analysis to
assess the consequences of high-speed centrifugation,
freeze-thaw cycles, and storage time on plasma. Utilizing
a 5 pL plasma input, EVs were concurrently enriched and
digested via the Mag-Net-assisted workflow, followed by
LC-MS/MS analysis (Fig. 1A). Approximately 2,500 pro-
tein groups (FDR<0.05%) were identified, in fresh and
freeze-thawplasma samples.

in fresh and freeze-thaw plasma samples, while only
770 were identified in high-speed centrifuged plasma
and 1525, 1219, and 949 in plasma stored for 2, 5, and 20
years (Fig. 1B). A detailed summary of identified proteins
per plasma sample type is provided in Table S2. The Mag-
Net workflow demonstrated effective enrichment and
digestion of EVs or EV-like vesicles, with approximately
71% of identified proteins among all samples associated
with EVs according to the ExoCarta database (Fig. 1B).
Notably, 82 proteins were linked to the top 100 ExoCarta-
listed EV markers, including Alix (PDCD6IP), Annexin
A2, CD9, TSG101, Flottilin-1, HSPAS, and HSP90AA1.
STRING enrichment analysis for subcellular localization
revealed a predominant association of enriched proteins
with extracellular membrane-bound organelles, extracel-
lular vesicles, and exosomes (Fig. 1C).

PCA plots illustrate the distinct impacts of high-speed
centrifugation, freeze-thaw cycles (Fig. 1D), and storage
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time (Fig. 1E), on the plasma proteome, along with the
Control, which has no high-speed processing and zero
freeze-thaw cycles. For high-speed centrifugation and
freeze-thaw cycles, principal components (PC1 and PC2)
collectively explained 77.3% of the total variance, reveal-
ing clear clustering differences. Plasma subjected to high-
speed centrifugation exhibited significant divergence
along PC1 from fresh and freeze-thaw plasma, indicative
of substantial proteomic alterations. Conversely, plasma
exposed to multiple freeze-thaw cycles clustered closely
together, diverging along PC2 from fresh plasma, sug-
gesting a minimal overall impact on the proteomic pro-
file. In the context of plasma under long storage time,
PC1 and PC2 accounted for 80.9% of the variance, with
prolonged storage inducing gradual and systematic shifts
along PC1, likely reflecting time-dependent protein deg-
radation. In all PCA plots, replicates within each group
consistently clustered closely, affirming high technical
reproducibility. These results underscore the sensitivity
of the plasma proteome to pre-analytical variables and
highlight the critical need for standardized sample han-
dling and storage protocols in plasma proteomics. Statis-
tical analysis further validated the significant proteomic
changes induced by high-speed processing, freeze-thaw
cycles, and extended storage.

High-speed centrifugation reduces proteome coverage by

depleting plasma EV populations

High-speed centrifugation primarily sediments cel-
lular debris and larger EVs, while retaining a subset of
smaller EVs and other vesicular and non-vesicular par-
ticles, including protein aggregates. The 8,000 g speed
used in the current work is typically used for the col-
lection of high-speed processed plasma; however, this
processing resulted in a substantial reduction in plasma
proteome, leading to the detection of approximately 770
proteins, nearly a 3-fold decrease compared to unpro-
cessed plasma. Analysis of EV markers revealed that
most canonical small EV markers, such as Alix, TSG101,
FLOT?2, and SDC4, became undetectable following high-
speed centrifugation (Fig. 2A). In contrast, ANXA2, CD9,
FLOT1, and HSPAS8 remained detectable, albeit at sig-
nificantly reduced levels. Similarly, traditional large EV
markers, such as AXTN3, VAMP3/7, and VPS35, were
not detected after high-speed centrifugation, whereas
ATP5F1A/B, HSP90AA1l, THBS1/4, and ITGB1/6
showed marked depletion. Notably, some large EV/
microvesicle-specific markers, including ANXA1, APOE,
and C3 demonstrated enrichment after high-speed cen-
trifugation (Fig. 2A).

High-speed centrifugation significantly reduced the
plasma EV population, also showing approximately
a 3-fold depletion compared to unprocessed plasma
(Fig. 2D). Size distribution analysis confirmed that large
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Fig. 1 Plasma proteomics workflow and overview of results. (A) Schematic representation of the workflow. Plasma EVs were simultaneously enriched
and depleted of high-abundant proteins, vesicle-lysed, and proteolytic digested using the Mag-Net protocol (adopted from Wu et al,, 2025) in a 96-well
plate. Subsequently, peptides were loaded into Evotips and further analyzed by the 30SPD method with Evosep One - Orbitrap Ascend with DIA mode.
Data analysis was performed with DIA-NN, Perseus, and various open-access bioinformatics databases. (B) The number of proteins identified in different
plasma samples, with the number of proteins associated with EVs (Based on ExoCarta database), is shown in diagonal stripes. (C) The subcellular localiza-
tion of the proteins enriched through the Mag-Net protocol in all plasma samples were analyzed using STRING. (D) The PCA scores plot shows clustering
and separation in the plasma proteome between high-speed centrifugation and the number of freeze-thaw cycles. The control is fresh human plasma
without high-speed centrifugation and a zero freeze-thaw cycle. (E) The PCA scores plot shows clustering and separation between plasma samples from
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Fig. 2 Impact of high-speed centrifugation, number of freeze-thaw cycles, and storage time on the integrity of plasma EVs. Hierarchical clustering analy-
sis of plasma samples illustrates the impact of pre-analytical factors on the detection of specific markers associated with small EV (exosomes) and large EV
(microsomes): (A) High-speed centrifugation, (B) Freeze-thaw cycles, and (C) Storage time. Proteins shown in grey within the heatmap are not observed.
(D) The impact on plasma EV counts and size distribution profile by high-speed centrifugation, freeze-thaw cycle, and storage time. The NTA analysis was
performed in triplicate, and the EV count is denoted in mean + sd. (E) Voronoi treemaps illustrate the variation of surface proteins on EVs by different stor-
age times, generated using wlab.ethz.ch/surfaceome. Light colors signify low expression levels, while dark colors indicate high expression levels. Genes
shown in white within Voronoi treemaps are not expressed. (HS, high-speed; FT, freeze-thaw; Y, years)

EV particles were depleted in high-speed processed
plasma. Furthermore, high-speed centrifugation consid-
erably altered the overall protein composition of plasma.
Certain protein families, including heat shock proteins,
tubulins, HLAs, and integrins, were depleted, while apo-
lipoproteins and complement components were enriched
after high-speed processing (Fig. 3). This enrichment
likely reflects the inefficiency of high-speed centrifuga-
tion in sedimenting all apolipoproteins and complement
complexes, while relatively enriching (1.5-2 fold) some
abundant plasma proteins, such as albumin and immu-
noglobulins. A detailed list of depleted and enriched pro-
tein families is provided in Table S3.

Limited Freeze-Thaw cycles influence specific protein
group abundance but barely affect plasma proteome
coverage
Limited freeze-thaw cycles did not significantly alter the
total number of detectable proteins, with ~2,500 pro-
teins consistently observed across various freeze-thaw
cycles. However, subtle variations in proteomic profiles
were observed, particularly in protein abundance. Two
distinct protein clusters emerged with opposite patterns
with increasing number of freeze-thaw cycles: 49 pro-
teins associated with intermediate filament organization
and secretory vesicle pathways were depleted, while 124
proteins linked to the tricarboxylic acid (TCA) cycle,
respiratory electron transport, cellular localization, and
organelle organization showed enrichment (Figure S1).
Additionally, freeze-thaw cycles influenced the abun-
dance of EV markers. Canonical small EV markers such
as ANXA2, FLOT1, Alix, HSPAS8, and TSG101, along
with large EV markers like ACTN4, C3, VAMP3, and
VASP35, display depletion trends. Conversely, other
small EV markers (CD9, SDC4, FLOT2) and large EV
markers (APOE, ANXA1, ATP5F1A/B, HSP90AA1)
demonstrated enrichment in response to freeze-
thaw cycles (Fig. 2B). Notably, CD82 (small EV) and
CD55 (large EV) were undetectable in non-freeze-
thaw (FT-0) plasma but became evident after multiple
freeze-thaw cycles. These trends likely stem from freeze-
thaw-induced EV degradation, as NTA analysis indicated
a loss of approximately 27% EVs following 20 freeze-thaw
cycles (Fig. 2D). Lysed EVs lead to the release of EV cargo
into plasma, and possibly the lysed EV membranes are
released into plasma, which was subsequently enriched
by the SAX beads. The depleted EV markers are primarily

cytosolic or intracellular membrane-interacting proteins,
while enriched markers such as CD9, CD82, FLOT2, and
SDC4 are transmembrane proteins (Fig. 2B). The lysis of
EVs induced by freeze-thaw allows transmembrane pro-
tein-containing membranes to remain enriched by SAX
beads and digested by proteases. Remarkably, a subset of
large EVs persisted in plasma even after 20 freeze-thaw
cycles, highlighting their relative resistance to the freeze-
thaw cycle-mediated lysis.

Freeze-thaw cycles did not result in complete depletion
or high degree enrichment of any particular protein fam-
ily. However, several protein families showed a distinct
trend of abundance over increasing freeze-thaw cycles.
Most individual proteins within the families of, including
alpha-actinins, annexins, heat shock proteins, Rab-asso-
ciated proteins, and Ras-related proteins, were depleted.
In contrast, most transmembrane and structural protein
families, such as apolipoproteins, integrins, kinesin-like
proteins, tetraspanins, and transmembrane proteins
(TMEM), were enriched (Fig. 3). This enrichment sug-
gests that even short-term multiple freeze-thaw cycles
promote EV lysis, releasing intravesicular cargo into
plasma while retaining transmembrane proteins on EV
membranes, which robustly interact with the SAX beads
used in the Mag-Net proteomics workflow. A detailed list
of protein families affected by freeze-thaw cycles is pro-
vided in Table S3.

Extended plasma storage time progressively reduces
proteome coverage and depletes EV populations and
canonical EV markers

Storage time has a significant influence on the plasma
proteomic profile and over time systematic reductions
in proteome coverage were observed. Compared to the
fresh plasma, protein counts decreased by 39%, 49%, and
62% in plasma stored for 2, 5, and 20 years, respectively
(Fig. 1B). The number of proteins identified in plasma
stored for 20 years was very close to that of fresh plasma
processed with high-speed centrifugation, underscor-
ing the detrimental effects of prolonged storage on EV
populations.

Volcano plots revealed that among the commonly
detected proteins, approximately 418 were depleted and
130 were enriched relative to fresh control plasma (Fig-
ure S2A). Depleted proteins are primarily associated with
hemostasis, wound healing, RHO GTPase signaling, ves-
icle transport, and cytoskeletal functions, while enriched
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proteins are linked to immune processes (Figure S2B).
Depleted proteins predominantly are of intracellular,
whereas enriched proteins are from extracellular (Figure
S3).

Prolonged storage resulted in the progressive deple-
tion of canonical markers for both small and large EVs.
Small EV markers, including CD9 and HSPAS, were pro-
gressively depleted, while markers such as Alix, FLOT1,
and TSG101 were sporadically detected in older plasma.
Large EV markers, like HSPA5, ITGB1, and ITGB6, were
gradually depleted, while ACTN4, VAMP3, and HLA-B
were irregularly identified after 20 years (Fig. 2C). Con-
versely, increasing storage time gradually enriched mark-
ers such as CD44, ANXA2, C3, and APOE. The decline
in the EV marker abundance correlated with reduced EV
counts, with approximately 50% of EV populations lost
in plasma stored for 20 years, possibly due to EV degra-
dation over time (Fig. 2D). Storage at -80 °C may lead to
complete degradation of the membranes of some EVs,
preventing the enrichment of transmembrane EV mark-
ers. In-depth surfaceome analysis of stored plasma EVs
revealed significant depletion of integrins, receptor tyro-
sine phosphatases, leucine-rich repeat-containing pro-
teins, scavenger receptors, solute carriers, channels, and
MHCs (Fig. 2E).

Similarly, key plasma protein families, such as 14-3-3
protein, annexins, coatomer subunit alpha, HLAs, impor-
tins, integrins, proteasomes, protein disulfide-isomerase,
RAS-related proteins, and tubulins were sequentially
depleted with prolonged storage (Fig. 3). Enrichment of
apolipoproteins and complement factors was observed,
indicating only non-EV-associated proteins were
enriched with storage time and suggesting intense vesicle
degradation under prolonged storage. A detailed list of
protein families affected by storage time is provided in
Table S3.

Discussion and conclusion

The Mag-Net workflow [17] can also isolate out EVs for
characterization, our previous work showed that EVs iso-
lated by this approach had a narrow size distribution but
low yield [23], which may not truly reflect the impact of
preanalytical factors on EV population, therefore, in this
work, the standard ultracentrifugation method was used
to isolate EVs for particle size and yield characterization,
while the Mag-Net on-bead EV enrichment and diges-
tion workflow was used to obtain peptides for proteomic
analysis.

We investigated the impact of pre-analytical variables,
including high-speed centrifugation, freeze-thaw cycles,
and storage duration, on plasma EVs and the plasma pro-
teomes. High-speed centrifugation, used in high-speed
processed plasma preparation, emerged as a primary fac-
tor influencing EV proteome coverage, resulting in an
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almost 3-fold decrease in protein quantity compared to
regular plasma. This reduction is primarily attributed to
the sedimentation of large EVs and cellular debris during
centrifugation, a finding corroborated by NTA analysis.
Previous studies have also highlighted the enrichment
and depletion of specific protein groups during centrif-
ugation-based EV isolation protocols [29, 30]. These
results underscore the necessity for standardizing cen-
trifugation protocols to minimize artifacts and preserve
biologically relevant EV populations.

Multiple freeze-thaw cycles can occur during plasma
sample processing, especially if the samples are obtained
from biobanks. The physical disruption caused by
repeated freeze-thaw cycles, including ice crystal for-
mation, leads to the subsequent lysis of EVs and the
disruption of protein structures [31]. We found a signifi-
cant reduction in EV counts after 20 freeze-thaw cycles,
consistent with earlier reports of marked decreases in
EV concentration [32, 33] and of membrane disruption
induced by freeze-thaw cycles [34]. Despite these effects
on EVs, freeze-thaw cycles had a minimal impact on the
total number of detectable proteins. However, subtle
variations in protein abundance were observed, specifi-
cally the depletion of intravesicular cargo and the enrich-
ment of vesicular transmembrane proteins, suggesting
that EV lysis under the freeze-thaw conditions that we
tested was noticeable, but not severe. Therefore, when-
ever possible, freeze-thaw cycles should be minimized in
plasma proteomics.

Keeping the specimen in -80 °C freezer is a common
practice for long term storage of plasma by most research
laboratories and biobanks, this condition is also recom-
mended for storage of isolated EVs [30]. However, deep
freezing conditions can change the contents of lipo-
protein fractions and potentially induce sublimation,
recrystallization, and alter the biochemical components
of plasma [35]. We found prolonged storage of human
plasma consistently diminished the EV population and
proteome coverage, resulting in a loss of approximately
50% of EV populations, depleted many canonical trans-
membrane EV markers, and a 60% reduced plasma pro-
teome coverage over 20 years. Despite inherent protein
abundance variations among blood donors, plasma sam-
ples collected under similar protocols should have similar
proteome coverage as demonstrated by several studies
the small inter-individual deviation in the coverage of the
majority of the plasma proteome [36, 37, 38], then the
observed decline in proteome coverage likely resulted
from the reduced EV populations affected by the storage
time [39, 40, 41]. Study on short-term storage (up to six
months) showed that -80 °C storage time-dependently
reduces plasma EV concentration, increases the particle
size variability, and alters zeta potential [33]. Our results
suggest that long-term storage conditions for plasma
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need to be limited to ensure the reliability of plasma EV
proteomics.

This study was constrained by some inherent limita-
tions that warrant careful consideration. The samples
used for control, high-speed centrifugation, and freeze-
thaw cycles were from the same donor, while the 2-,
5-, and 20-year samples were pooled from individual,
archived samples. The storage time study samples pre-
sumably reflect impacts from both storage time and
freeze-thaw cycles. Limited freeze-thaw cycles occurred
to the 2- and 5-year samples as they were transferred
to our laboratory shortly after collection, but we do not
have detailed knowledge about the history of the 20-year
samples, although we received them frozen from the bio-
bank repository, when or how they were shipped from
clinical centers to the repository was not well docu-
mented. In addition, despite EDTA was the anticoagu-
lant in all plasma samples used in this study and similar
protocols were used in blood collection, donors in each
cohort were different, and those clinical differences (age,
gender, and health status, etc.) would affect the protein
abundance but unlikely could result in majority of plasma
proteins being below the limit of detection were the sam-
ples all acquired fresh, therefore the results presented in
this work mostly reflect impact of the studied preanalyti-
cal factors on the EV-enriched vesicle population/plasma
proteome, but we cannot rule out the inherent varia-
tions introduced by each clinical study, despite pooling
somewhat normalized the biological variation between
individual donors. A comprehensive evaluation of pre-
analytical variables was also not fully realized in this
study. While we investigated the effects of high-speed
centrifugation, freeze-thaw cycles, and extended stor-
age, we overlooked other pivotal factors known to influ-
ence plasma and EV integrity. These include the choice
of anticoagulant, the duration between venipuncture
and processing, and precise centrifugation parameters
(e.g., different g-forces and spin times), all of which can
introduce significant variability to the plasma proteome
or EV population. Further, the analytical scope of the
study was primarily descriptive, focusing on proteome
coverage and shifts in EV populations without delving
into the functional ramifications of these alterations.
Furthermore, although 82 out of the top 100 ExoCarta-
listed EV markers, including canonical EV marker pro-
teins such as Alix, Annexin A2, CD9, TSG101, Flottilin-1,
HSPAS8 were identified using the Mag-Net proteomics
workflow and further being used to assess the impact of
preanalytical factors, by no means this EV-enriched pro-
teomics workflow only identifies EV-related proteins as
many other proteins were identified as well, including
the greatly depleted abundant plasma proteins. However,
given that there is no method that can isolate pure EVs
from human plasma, we chose the Mag-Net approach
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to profile the proteomic changes of the EV population
impacted by preanalytical factors. This is because, to our
knowledge, it is one of the most reproducible and com-
prehensive plasma proteomics methods that are tailored
for the EVs [17, 23]. Finally, the employment of the Mag-
Net protocol, which enriches a broad population of EVs
or EV-like vesicles, lacks the specificity required to differ-
entiate between distinct EV subtypes (e.g., exosomes vs.
microvesicles). Given the differential biogenesis, cargo,
and potential clinical utility of these subpopulations,
this lack of resolution in particle size prevents a nuanced
interpretation of how specific pre-analytical variables
affect distinct EV classes, a critical detail for the develop-
ment of EV-based diagnostics and therapeutics.

In conclusion, this study underscores the importance
of standardizing sample handling protocols to ensure
reliable plasma EV proteomic analysis and interpreta-
tion. It demonstrates that preanalytical factors in plasma
proteomics, such as high-speed centrifugation, freeze-
thaw cycles, and storage, have a significant impact on the
heterogeneity of plasma EVs and their proteomic pro-
file. Among these, high-speed centrifugation is the most
disruptive factor, markedly altering proteome coverage
and EV characteristics. Freeze-thaw cycles, conducted
within a relatively short amount of time (days), have a
minimal impact on overall protein coverage but can have
subtle alterations in specific EV markers. Prolonged stor-
age time (years to decades) can drastically reduce the
number of EV particles and proteome coverage. While
these factors might be less significant for whole plasma
proteomics, they are vital in plasma EV-focused stud-
ies, as preanalytical discrepancies can alter the EV cargo,
including proteins and nucleic acids. This concern is par-
ticularly pressing in retrospective, longitudinal cohort
studies, where longer storage time can reduce plasma EV
population for samples collected at early time points if all
samples are analyzed collectively post-collection.

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/512014-026-09590-8.

Supplementary Material 1
Supplementary Material 2
Supplementary Material 3

Supplementary Material 4

Acknowledgements
The authors thank Dr. David Nieman of Appalachian State University for
providing some of the research samples.

Author contributions

PS.S. performed the experiments, analyzed data and wrote the manuscript;
Q.Z. designed and supervised the study, acquired funding, and wrote the
manuscript.


https://doi.org/10.1186/s12014-026-09590-8
https://doi.org/10.1186/s12014-026-09590-8

Suresh and Zhang Clinical Proteomics

(2026) 23:15

Funding

The research reported in this publication was partially supported by the
National Institute of Diabetes and Digestive and Kidney Diseases of the
National Institutes of Health under grant RO1 DK114345.

Data availability

The mass spectrometry proteomics data have been deposited in the
ProteomeXchange Consortium via the PRIDE 42 partner repository with the
dataset identifier PXD065458.

Declarations

Competing interests
The authors declare no competing interests.

Received: 6 August 2025 / Accepted: 10 February 2026
Published online: 21 February 2026

References

1.

Anderson NL, Anderson NG. The human plasma proteome: history, character,
and diagnostic prospects. Mol Cell Proteom. 2002;1(11):845-67.

Geyer PE, Hornburg D, Pernemalm M, Hauck SM, Palaniappan KK, Albrecht V,
Dagley LF, Moritz RL, Yu X, Edfors F et al. The Circulating proteometechnologi-
cal Developments, current Challenges, and future trends. J Proteome Res
2024, 23,12,5279-95.

Verberk IMW, Misdorp EO, Koelewijn J, Ball AJ, Blennow K, Dage JL, Fandos

N, Hansson O, Hirtz C, Janelidze S, et al. Characterization of pre-analytical
sample handling effects on a panel of alzheimer’s disease-related blood-
based biomarkers: results from the standardization of alzheimer’s blood
biomarkers (SABB) working group. Alzheimers Dement. 2022;18(8):1484-97.
Batool SM, Hsia T, Beecroft A, Lewis B, Ekanayake E, Rosenfeld Y, Escobedo

AK, Gamblin AS, Rawal S, Cote RJ, et al. Extrinsic and intrinsic preanalytical
variables affecting liquid biopsy in cancer. Cell Rep Med. 2023;4(10):101196.
Feng L, Zhao Y, Zhao H, Shao Z. Effects of storage time and temperature on
coagulation tests and factors in fresh plasma. Sci Rep. 2014,4:3868.

Yuan F, Li YM, Wang Z. Preserving extracellular vesicles for biomedical applica-
tions: consideration of storage stability before and after isolation. Drug Deliv.
2021,28(1):1501-9.

Percy AJ, Parker CE, Borchers CH. Pre-analytical and analytical variability in
absolute quantitative MRM-based plasma proteomic studies. Bioanalysis.
2013;5(22):2837-56.

Fochtman D, Marczak L, Pietrowska M, Wojakowska A. Challenges of MS-
based small extracellular vesicles proteomics. J Extracell Vesicles 2024, 13 (12),
€70020.

Kwok ZH, Wang C, Jin Y. Extracellular vesicle transportation and uptake by
recipient cells: A critical process to regulate human diseases. Processes (Basel)
2021,9(2), 273.

Lacroix R, Judicone C, Poncelet P, Robert S, Arnaud L, Sampol J, Dignat-
George F. Impact of pre-analytical parameters on the measurement of
Circulating microparticles: towards standardization of protocol. J Thromb
Haemost. 2012;10(3):437-46.

Livshits MA, Khomyakova E, Evtushenko EG, Lazarev VN, Kulemin NA,

Semina SE, Generozov EV, Govorun VM. Isolation of exosomes by differential
centrifugation: theoretical analysis of a commonly used protocol. Sci Rep.
2015;5:17319.

Sivanantham A, Jin Y. Impact of storage conditions on EV Integrity/Surface
markers and cargos. Life (Basel) 2022, 12 (5), 697.

Yuana Y, Boing AN, Grootemaat AE, van der Pol E, Hau CM, Cizmar P, Buhr E,
Sturk A, Nieuwland R. Handling and storage of human body fluids for analysis
of extracellular vesicles. J Extracell Vesicles. 2015;4:29260.

Richter M, Fuhrmann K, Fuhrmann G. Evaluation of the Storage Stability of
Extracellular Vesicles. J Vis Exp 2019, (147).

Bebesi T, Kitka D, Gaal A, Szigyarto IC, Deak R, Beke-Somfai T, Koprivanacz K,
JuhaszT, Bota A, Varga Z, et al. Storage conditions determine the characteris-
tics of red blood cell derived extracellular vesicles. Sci Rep. 2022;12(1):977.
Dilsiz N. A comprehensive review on recent advances in exosome

isolation and characterization: toward clinical applications. Transl Oncol.
2024;50:102121.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

Page 11 of 12

Wu CC, Tsantilas KA, Park J, Plubell D, Sanders JA, Naicker P, Govender |,
Buthelezi S, Stoychev S, Jordaan J, et al. Enrichment of extracellular vesicles
using Mag-Net for the analysis of the plasma proteome. Nat Commun.
2025;16(1):5447.

Yan H, LiY,Cheng S, Zeng Y. Advances in analytical technologies for extracel-
lular vesicles. Anal Chem. 2021;93(11):4739-74.

Thery C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R,
Antoniou A, Arab T, Archer F, Atkin-Smith GK, 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(1):1535750.

Nieman DC, Sakaguchi CA, Williams JC, Mulani FA, Shivprasad Suresh P, Omar
AM, Zhang Q. Beet supplementation mitigates post-exercise inflammation.
Front Nutr 2024, 11-2024.

Woo J, Zhang Q. High-Throughput plasma proteomics platform for clinical
proteomics with improved proteome Coverage, Reproducibility, and robust-
ness. J Am Soc Mass Spectrom. 2023;34(4):754-62.

Skyler JS, Krischer JP, Wolfsdorf J, Cowie C, Palmer JP, Greenbaum C, Cuth-
bertson D, Rafkin-Mervis LE, Chase HP, Leschek E. Effects of oral insulin in
relatives of patients with type 1 diabetes: the diabetes prevention Trial-Type
1. Diabetes Care. 2005;28(5):1068-76.

Suresh PS, Zhang Q. Comprehensive comparison of methods for iso-

lation of extracellular vesicles from human plasma. J Proteome Res.
2025,24(6):2956-67.

Demichev V, Messner CB, Vernardis SI, Lilley KS, Ralser M. DIA-NN: neural
networks and interference correction enable deep proteome coverage in
high throughput. Nat Methods. 2020;17(1):41-4.

Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, Mann M, Cox J.
The perseus computational platform for comprehensive analysis of (prote)
omics data. Nat Methods. 2016;13(9):731-40.

ZhouY, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, Benner
C, Chanda SK. Metascape provides a biologist-oriented resource for the
analysis of systems-level datasets. Nat Commun. 2019;10(1):1523.
Bausch-Fluck D, Goldmann U, Miiller S, van Oostrum M, Miller M, T Schubert
O, Wollscheid B. The in Silico human surfaceome. Proc Natl Acad Sci.
2018;115(46):£10988-97.

Szklarczyk D, Kirsch R, Koutrouli M, Nastou K, Mehryary F, Hachilif R, Gable AL,
Fang T, Doncheva NT, Pyysalo S 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, 52 (D1), D638-46.
Gyorgy B, Szabo TG, Pasztoi M, Pal Z, Misjak P, Aradi B, Laszlo V, Pallinger E, Pap
E, Kittel A, et al. Membrane vesicles, current state-of-the-art: emerging role of
extracellular vesicles. Cell Mol Life Sci. 2011,68(16):2667-88.

Witwer KW, Buzas El, Bemis LT, Bora A, Lasser C, Lotvall J; Nolte-'t Hoen, Piper
EN, Sivaraman MG, Skog S et al. J.,, Standardization of sample collection,
isolation and analysis methods in extracellular vesicle research. J Extracell
Vesicles. 2013, 2.

Cao E, ChenY, Cui Z, Foster PR. Effect of freezing and thawing rates

on denaturation of proteins in aqueous solutions. Biotechnol Bioeng.
2003,82(6):684-90.

Jayachandran M, Miller VM, Heit JA, Owen WG. Methodology for isolation,
identification and characterization of microvesicles in peripheral blood. J
Immunol Methods. 2012, 375 ( 1-2), 207-214

Gelibter S, Marostica G, Mandelli A, Siciliani S, Podini P, Finardi A, Furlan R.
The impact of storage on extracellular vesicles: A systematic study. J Extracell
Vesicles 2022, 11 (2),e12162.

Kim S-H, Lechman ER, Bianco N, Menon R, Keravala A, Nash J, Mi Z, Watkins
SC, Gambotto A, Robbins PD. Exosomes derived from IL-10-Treated dendritic
cells can suppress inflammation and Collagen-Induced arthritis 1. J Immunol.
2005;174(10):6440-8.

Tiedink HGM, Katan MB. Variability in lipoprotein concentrations in serum
after prolonged storage at —20° C. Clin Chim Acta. 1989;180(2):147-55.
Gegner HM, Naake T, Dugourd A, Miller T, Czernilofsky F, Kliewer G, Jager E,
Helm B, Kunze-Rohrbach N, Klingmidiller U, et al. Pre-analytical processing

of plasma and serum samples for combined proteome and metabolome
analysis. Front Mol Biosci. 2022;9:2022.

Mateos J, Carneiro |, Corrales F, Elortza F, Paradela A, del Pino MS, lloro |,
Marcilla M, Mora M, Valero L, et al. Multicentric study of the effect of pre-
analytical variables in the quality of plasma samples stored in biobanks using
different complementary proteomic methods. J Proteom. 2017;150:109-20.
Burkhart JM, Vaudel M, Gambaryan S, Radau S, Walter U, Martens L, Geiger

J, Sickmann A, Zahedi RP. The first comprehensive and quantitative analysis



Suresh and Zhang Clinical Proteomics

39.

40.

(2026) 23:15

of human platelet protein composition allows the comparative analysis of
structural and functional pathways. Blood. 2012;120(15):e73-82.

Yang C, Han J, Liu H, He Y, Zhang Z, Liu X, Wagas F, Zhang L, Duan H, He J, et
al. Storage of plasma-derived exosomes: evaluation of anticoagulant use and
preserving temperatures. Platelets. 2024;35(1):2337255.

Shen S, Shen Z, Wang C, Wu X, Wang L, Ye L, Zhang S, Cheng X. Effects of
lysate/tissue storage at —80°C on subsequently extracted EVs of epithelial
ovarian cancer tissue origins. iScience 2023, 26 (4).

Geyer PE, Kulak NA, Pichler G, Holdt LM, Teupser D, Mann M. Plasma
proteome profiling to assess human health and disease. Cell Syst.
2016;2(3):185-95.

42.

Page 12 of 12

Perez-Riverol Y, Bai J, Bandla C, Garcia-Seisdedos D, Hewapathirana S,
Kamatchinathan S, Kundu DJ, Prakash A, Frericks-Zipper A, Eisenacher M, et
al. The PRIDE database resources in 2022: a hub for mass spectrometry-based
proteomics evidences. Nucleic Acids Res. 2022, 50(D1),D543-52.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Impact of preanalytical factors on plasma extracellular vesicles and human plasma proteome
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Plasma preparation
	﻿Isolation and characterization of plasma EVs
	﻿Mag-Net-assisted digestion of plasma EV
	﻿LC-MS/MS analysis
	﻿Proteomics data analysis
	﻿Statistical and bioinformatics analysis

	﻿Results
	﻿Pre-analytical conditions alter plasma proteome coverage
	﻿High-speed centrifugation reduces proteome coverage by depleting plasma EV populations
	﻿Limited Freeze-Thaw cycles influence specific protein group abundance but barely affect plasma proteome coverage
	﻿Extended plasma storage time progressively reduces proteome coverage and depletes EV populations and canonical EV markers

	﻿Discussion and conclusion
	﻿References


