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ABSTRACT: Extracellular vesicles (EVs) are ubiquitously secreted by almost every cell type and are present in all body fluids.
Blood-derived EVs can be used as a promising source for biomarker monitoring in disease. EV proteomics is currently being
analyzed in clinical specimens. However, their EV proteomics preparation methods are limited in throughput for human subjects.
Here, we introduced a novel automated EV isolation and sample preparation method using a magnetic particle processing robot for
automated 96-well processing of magnetic particles for EV proteomics analysis that can be started with a low volume of multiple
clinical samples. The automation of EV purification reduced the coefficient of variation of protein quantification from 3.5 to 2.2%
compared with manual purification, enabling the quantification of 1120 proteins in 1 h of MS analysis. This automated proteomics
EV sample preparation is attractive for processing large cohort samples for biomarker development, validation, and routine testing.

■ INTRODUCTION
Extracellular vesicles (EVs) are small lipid bilayer-enclosed
particles ubiquitously released by almost every cell type and are
present in body fluids, including urea, blood, and cerebrospinal
fluid (CSF).1−4 EVs carry nucleic acids, such as microRNA,
mRNA, noncoding RNA, lipids, and proteins, which can be
transferred to recipient cells for cell-to-cell communica-
tion.5−11 EVs have been extensively investigated for their
function and roles in intracellular communication during
cancer development and neurodegenerative disease progres-
sion.12−14 Recently, EVs have been used for biomarker
discovery, diagnostic development, and therapeutic develop-
ment for cancer or neuronal disease.
In 2014, International Society for Extracellular Vesicles

(ISEV) members published guidelines on the Minimal
Information for Studies of Extracellular Vesicles (MISEV),
and the guidelines were updated in 2018.15 To date, the
reported methods for separating EVs are differential
centrifugation−ultracentrifugation (UC), sucrose gradient
UC, size exclusion chromatography (SEC), ultrafiltration,
microfluidics, polymer-based precipitation, immunoaffinity
capture, affinity capture (AC), and asymmetric-flow field-flow
fractionation.16−26 However, standardization of these protocols

for efficient recovery of EVs with high purity from biological
samples has not yet been achieved. In addition, an isolation
method with high yields of highly pure EVs and automated
high throughputs needs to be developed for multisample
preparation for biomarker discovery and diagnostic develop-
ment. The MagCapture exosome isolation method can isolate
highly purified EVs without high-abundance proteins over
conventional methods, such as UC and polymer-based
precipitation. The method uses a magnetic bead immobilizing
Tim4, which is bound to calcium-dependent phosphatidylser-
ine (PS) on EV surfaces. The magnetic beads allow automation
of the procedure on a robotic liquid handling platform.
Hughes et al. developed single-pot solid-phase-enhanced

sample preparation (SP3) for removing extensive handling
procedures and unbiased protein retrieval.27 SP3 provides a
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rapid and unbiased means of proteomic sample preparation in
terms of efficiency, scalability, speed, throughput, and
flexibility. In addition, SP3 uses carboxylate-modified para-
magnetic particles and has found broad application in low
input proteomics. The SP3 technology was executable in a 96-
well format by a magnetic particle processing robot (King-
Fisher Flex).28 Leutert et al. established the R2-P1 (rapid-
robotic proteomics) and R2-P2 (rapid-robotic phosphopro-
teomics) automated workflows for protein clean-up and on-
bead digestion for proteomic sample preparation approaches.29

Here, we developed an automated, high-throughput multi-
sample preparation of EVs from biofluid bodies, including
serum and plasma, for subsequent mass spectrometry-based
proteomics analysis in a 96-well plate-based format. The
automated protocol, EV preparation platform for clinical
proteomics (EP3), demonstrated the combination systems of
the KingFisher Flex platform for 96-well processing of
magnetic particles for EV isolation and KingFisher Flex-SP3
technology for proteomics sample preparation. This provides
an attractive and high-throughput sample preparation for
routine and comprehensive clinical studies.

■ MATERIALS AND METHODS
Sample Selection. Pooled human serum (# 12181201)

from 20 healthy subjects was purchased from Cosmo Bio.
Separation of EVs from Human Serum Samples. EVs

were separated from pooled human serum using the
MagCapture Exosome Isolation Kit PS version 2 (# 290-
84103 Fujifilm WAKO Pure Chemical Corporation) with the
KingFisher Flex System (Thermo Fisher Scientific). Briefly,
200 μL of serum was added to 300 μL of Tris-buffered saline
and centrifuged at 1200 × g for 20 min at 4 °C. The
supernatant was filtered through a 0.45-μm filter (# 7820-
11001 FastRemover for Protein) using Positive pressure
Resolvex M10 96 (TECAN). EVs were isolated from filtered
serum using the KingFisher Flex System. The EVs were eluted
with 100 μL of elution buffer for proteomics analysis. The

program of KingFisher Flex for the EV isolation process is
shown in Table S3.
In-Solution Digestion with Singlet-Pot, Solid-Phase-

Enhanced Sample Preparation. Separated EV fractions
were lysed with lysis buffer (12 mM sodium deoxycholate, 12
mM sodium lauroyl sarcosinate, and 50 mM ammonium
bicarbonate), and then the mixed samples were vortexed for 5
min at room temperature followed by spin down and boiling
for 10 min at 60 °C. The samples were reduced with 10 mM
tris(2-carboxyethyl)phosphine (# 209-19861 WAKO) and
alkylated with 20 mM iodoacetamide (# 19302-54 Nacalai
Tesque) for 60 min at 37 °C in the dark. Automated SP3
technology was carried out following the program of
KingFisher Flex. Then, 100% acetonitrile (ACN) was added
to the reduced and alkylated sample tube and vortexed. The
samples were bound with SP3 beads for 30 min with medium
mixing. The SP3 beads were collected and put into 100%
ACN. The mixing beads were placed in 70% ethanol with two
repeats, and then trypsin and LysC were added. After 16 h, the
digested EV peptide was collected using a Flex system to
remove the magnetic beads, desalted via the stop-and-go-
extraction tip (StageTip) protocol,30 dried via vacuum
centrifugation, and resuspended in 2% ACN and 1%
trifluoroacetic acid (TFA) for liquid chromatography and
tandem mass spectrometry (LC−MS/MS) processing. The
program of KingFisher Flex for SP3 technology is indicated in
Table S4.
Mass Spectrometry. Nano-LC−MS/MS. Nano-LC−MS/

MS analysis was conducted with an LTQ-Orbitrap Fusion
Lumos mass spectrometer (Thermo Fisher Scientific, USA)
equipped with an UltiMate 3000 Nano LC system (Thermo
Fisher Scientific, Bremen, Germany) and an HTC-PAL
autosampler (CTC Analytics, Zwingen, Switzerland). Peptides
were separated on an analytical column (75 μm × 20 cm,
packed in-house with ReproSil-Pur C18-AQ, 1.9 μm resin, Dr.
Maisch, Ammerbuch, Germany), and separation was achieved
using a 45-min gradient of 5−30% ACN in 0.1% formic acid at

Figure 1. Workflow for automated EV isolation and proteomics sample preparation.
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a flow rate of 280 nL/min. Data were acquired using data-
independent acquisition (DIA). The Orbitrap Fusion Lumos
mass spectrometer was used for gas-phase fractionation
(GPF)-DIA of a pooled sample for library, and full mass
spectra were acquired with the following parameters: a
resolution 120,000, an automatic gain control (AGC) target
1 × 106, and an injection time of 250 ms. The five GPF-DIA
runs collectively covered 418−782 m/z (i.e., 418−494, 490−
566, 562−638, 634−710, and 706−782 m/z). MS2 spectra
were collected with the following parameters: a 2-m/z isolation
window at 50,000 resolution, an AGC target of 2 × 105 ions, a
maximum injection time of 86 ms, and a normalized collision
energy of 30. For the individual samples for proteome profiling
acquisition, full mass spectra were acquired in the range of
410−780 m/z with the following parameters: a resolution of
120,000, an AGC target of 4 × 105, and an injection time of
100 ms. MS2 spectra were collected with the following
parameters: a 10-m/z isolation window at 30,000 resolution, an
AGC target of 2 × 105 ions, a maximum injection time of 54
ms, overlapping window patterns, and normalized collision
energy of 30.
MS Data Analysis. MS data (raw file) were processed with

Spectronaut software (Ver. 15.4.21 Biognosys, Schlieren,
Switzerland).31 Database searching included all entries from
the Homo sapiens UniProt database (downloaded in April
2020, taxonomy ID: 9606) and contaminant database.32 This
database was concatenated with one composed of all protein
sequences in the reversed order. The search parameters were as
follows: up to two missed cleavage sites, 7−52 peptide length,
carbamidomethylation of cysteine residues (+57.021 Da) as
static modifications, acetylation of N-terminal residues and
oxidation of methionine residues as variable modifications, and
protein names from FASTA for implicit protein grouping and
for quantification strategy. Precursor ions were adjusted to a
1% false discovery rate. Max LFQ was selected for the protein
label-free quantitative method. Protein quantitation values
were exported for further analysis in Microsoft Excel or Prism
9.
Statistical Analysis. Statistical analysis was conducted using

Perseus ver. 1.6.14.0 and GraphPad Prism 9. Bivariate
correlation analysis was applied to examine differences
between proteins in proteomics data by Pearson’s using R
studio (ver. 1.4.1103).

■ RESULTS
Workflow for Automated Isolation and Proteomics

Sample Preparation of EVs. To analyze EV proteins from a
large number of body fluids, including serum, plasma, and
CSF, we developed a method of automated proteomics EV
sample preparation with 96 samples in parallel (Figure 1).
Automated EV sample preparation for proteomics analysis

was performed by two processes: EV isolation and proteomics
sample preparation. For EV isolation, EVs were isolated from
plasma and serum using a MagCapture exosome isolation kit in
a 96-well format by a magnetic particle processing robot

(KingFisher Flex), and for proteomics sample preparation, the
EV samples were prepared using the combination of SP3
technology in a 96-well format by a magnetic particle
processing robot (KingFisher Flex). The desalting process
before LC−MS/MS was performed using C18-SCX StageTips
in a 96-well format.
We designed a workflow based on AC for EV isolation and

SP3 technology for proteomics sample preparation in a 96-well
format by a magnetic particle processing robot (KingFisher
Flex system) (Figures 1 and S1). Figure 1 top shows the
manual method for EV isolation and proteomics sample
preparation, and bottom indicates the automated method using
a positive pressure system and magnetic particle processing
robot instead of handling. First, to remove large EVs and
aggregated proteins, the body fluid samples after low-speed
centrifugation were filtered using positive pressure systems for
96-well deep plates. EVs were isolated from the filtrated
samples with a MagCapture exosome isolation kit (AC
method) using a magnetic particle processing robot for
automated 96-well processing of magnetic particles (Figure
S2). The AC method uses a magnetic bead immobilizing
Tim4, which is bound to calcium-dependent PS on EV
surfaces. The characterization of isolated EVs has been shown
previously using Nanoparticle tracking analysis, transmission
electron microscopy, and Western blotting.33 Then, the
isolated EVs were processed by SP3 technology, which
efficiently collects protein samples and performs enzymatic
digestion. The desalting process used a C18-SCX StageTip
with a 96-sample format. The purified peptides were analyzed
with DIA-MS. In addition, Figure 1 shows the experimental
time necessary to perform the manual protocol (top) and
automated protocol (bottom). In the manual protocol, a total
time of 18 days was required to prepare 96 samples. On the
other hand, an automated protocol can be performed in only 3
days (Table 1).
Comparison of EV Protein Profiling between Manual

and Automated Methods. We performed a DIA label-free
quantitative proteomics analysis of EV fractions for proteomic
profiling. A total of 1120 proteins were identified with at least
two unique peptides and quantified (Figures 2A and S3A, and
Tables S1 and S2). Principal component analysis showed a
marginal separation of the two groups, which were manual and
automated, and high reproducibility between the technical
replicates in the automated methods compared to the manual
method (Figure 2B). Figure 2C shows the coefficient of
variation (CV) in proteins for each individual protein across all
samples within manual or automated and in peptides (Figure
S3B). Quantitative reproducibility assessed by the distribution
of CVs between technical replicates was significantly lower for
the automated method (median CV = 2.2%) than for the
manual method (median CV = 3.5%). Pearson’s correlation
coefficient was calculated for the common proteins between
the manual and automated methods (Figure 2D). The MS
intensity levels were positively correlated between the manual
and automated methods (r = 0.7965, p < 0.001), but several

Table 1. Time of Each Step for Manual and Automated Procedures

manual procedure (96 samples/18 days) automated procedure (96 samples/3 days)

serum preparation step 2 h/16 samples/day (12 h/96 samples) 2 h/96 samples/day
EV isolation step 4 h/16 samples/day (24 h/96 sample) 3 h/96 samples/day
SP3 step (digestion) 2 h + 16 h(digestion)/16 samples/day (12 h + 16 h(digestion)/96 samples) 1 h + 16 h(digestion)/96 samples/day
desalting step 2 h/16 samples/day (12 h/96 samples) 1 h/96 samples/day
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proteins showed significant differences in quantitative values
between these methods. Figure 2E and F show the box plot of
the non-EV marker and EV marker proteins. EV marker
proteins were not significantly different, but the automated
method had a lower CV value than the manual method (Figure
2E). On the other hand, albumin, which is a serum

contaminant protein, was reduced approximately eight-fold in
the automated methods than in the manual method (Figure
2F). In addition, for albumin (Alb), the manual method has
data point dispersion between technical replicates, which might
affect the accuracy of the identification and quantification
values for other proteins (Figure 2C). The complete workflow

Figure 2. Comparison of protein profiling between manual and automated methods. (a) Number of identified proteins in manual and automated
methods (n = 7). (b) Principal component analysis for manual and automated methods. (c) Violin plot of the coefficient of variation in quantitative
values in manual and automated methods. The y-axis indicates CV (%). (d) Scatter plot of quantitative proteins between manual and automated.
(e, f) MS intensity of EV and non-EV marker proteins. (e) EV markers, including Cd9, Cd81, Tsg101, and Flot1. * and ** show p < 0.01 and p <
0.005. (f) Non-EV marker; Alb.
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takes 3 days to complete for 96 samples for EV isolation and
proteomics sample preparation. Thus, the automated method
presented here enables an approach to EV marker develop-
ment using large numbers of clinical samples that would be
difficult to perform manually. Therefore, it will be attractive for
clinical proteomics laboratories and clinicians of various
specialties.

■ DISCUSSION
In recent years, EVs separated from body fluids, including
serum and plasma, have attracted attention as minimally
invasive liquid biopsies for the development of biomarkers in
cancer and neurological disease. EVs are capable of transferring
disease-related signaling molecules and possess increased
capabilities of detecting such disease-associated molecules
present at extremely low amounts and from highly complex
backgrounds such as patient plasma or serum. It has been
reported that candidate EV proteins were identified as several
disease markers, but they need more definitive data for use in
the clinic. One of the problems is the difficulty of carrying out
validation assays on large patient cohorts because there is still
no reported methodology for isolating EVs from large sample
cohorts. In this work, we have established an automated EV
isolation and proteomic sample preparation method that uses
magnetic beads for both processes. We successfully isolated
EVs from blood using an automated isolation method and
developed an automated method for EV proteomic sample
preparation (EP3).
Proteome profiling of plasma and serum EVs has been

performed following UC, SEC, precipitation, and AC in
downstream proteomics analysis.33−38 However, these meth-
ods have not developed automated systems in many sample
formats. The automated EV sample preparation method will be
attractive for EV-based biomarker discovery and validation
with large sample batches. However, if the same EV purity can
be isolated, the automated methods are more efficient because
they allow for isolation in a short time. In addition, since only a
small amount of EVs isolated from plasma or serum can be
obtained, the combination of an automated EV isolation
method and autoSP3 allows for the processing of low-input
samples. Müller and co-workers reported a novel protocol
using paramagnetic beads, termed SP3, for rapid, robust, and
efficient processing of protein samples for proteomic
analysis.27,39 Recently, Leutert et al. established R2-P2, an
automated phosphoproteomic sample preparation method that
uses magnetic beads for both protein and peptide clean-up and
phosphopeptide enrichment. In addition, they reported that
R2-P2 can be performed in a 96-well format for high-
throughput and run for 1.5 days from cell lysate to proteomic
and phosphoproteomic MS injections.29 Here, we successfully
identified and quantified more than 1000 proteins with a high
degree of reproducibility. Moreover, there was no difference in
the number of identified EV proteins by the automated
methods compared with the manual method, but the CV value
of the quantitative method was less than that of the manual
methods (Figure 2A). As shown in Figure 2F, albumin in high
abundance proteins is reduced by adsorption due to its
replacement in the 96-deep well plate, which is thought to
stabilize the quantitative values of low abundant proteins.
Other contaminant proteins, such as apolipoprotein and
calnexin, were identified in the proteomics data, but they
were unchanged between the manual and automated methods
or higher in the manual methods (Table S1). However,

whether contaminant proteins are present as soluble proteins
or whether they occur inside or outside EVs has not been
analyzed.40 Our automated process required a shorter time
with the same EV purity by manual processing. In addition, EV
isolation and proteomic sample preparation methods (EP3)
take only 3 days with the automated method, compared to 18
days with the manual methods for 96 serum samples. In
addition, to isolate sEVs alone for analysis, it is possible to use
a 0.22-μm filter instead of a 0.45-μm filter.
High-throughput workflows for clinical proteomics have

been developed for sample preparation, including our EV
isolation method, chromatography, mass spectrometry, data
acquisition, and data analysis.28,41−46 Sample preparation based
on a 96-well format allowed the preparation of hundreds of
samples per day and reduced batch effects. In the MS field,
Messner et al. reported that the combination of scanning
SWATH and high-flow chromatography created the techno-
logical basis for ultrafast and quantitatively precise proteome
experiments.42 In addition, in the LC field, a new LC system
from Evosep Biosystems (Denmark) has been developed; the
Evosep One LC system elutes peptides from Evotip, which is a
special C18 StageTip, at low pressure and flow rates of tens of
μL/min and forms a gradient that is stored in an analytical
nanoscale column.46 Bache et al. successfully quantified 5200
proteins in HeLa cell lysates with Evosep One with 60 samples
per day.44 The combination of our automated method with
these MS and LC technologies may allow for the processing of
several hundred samples per day for EV proteomics on large-
scale clinical samples. Thus, it is crucial to develop our
automated method (EP3) to stably isolate and prepare EV
samples from multiple samples for the discovery and validation
of candidate EV biomarker proteins.
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G.; Lázaro-Ibáñez, E.; Lay, S. L.; Lee, M.-S.; Lee, Y. X. F.; Lemos, D.
S.; Lenassi, M.; Leszczynska, A.; Li, I. T.; Liao, K.; Libregts, S. F.;
Ligeti, E.; Lim, R.; Lim, S. K.; Line,̅ A.; Linnemannstöns, K.; Llorente,
A.; Lombard, C. A.; Lorenowicz, M. J.; Lörincz, Á. M.; Lötvall, J.;
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