
Plasma Fractionation and Mixture Improves Coverage in Proteomic
Analysis
Ting Liu, Han Chen, Yuning Song, Xiang Ye, Dan Wang, Qiuhong Zhang, Huiru Liu, Jiaojiao Sha,
Liangjia Du, Shanyu Qi, Zijin Geng, Qianqian Hu, Yanyang Wang, Minqi Cai, Dezhu Chen,
Hongyan Song, Jie Pan, Yiqiang Chen, Tianze Ling, Cheng Chang, and Bing Bai*

Cite This: https://doi.org/10.1021/acs.jproteome.5c00814 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Expanding plasma proteome coverage increases the
success in proteomic discovery of blood biomarkers. Here we
report that the sequential precipitation of plasma by increasing
concentrations of acetonitrile (AcN) can fractionate proteins.
Combining some of these fractions with other fractions from
polyethylene glycol (PEG) precipitation and albumin depletion to
have the mixed sample that included these partitioned fractions:
10% whole plasma, 20% 20%-AcN-pellet, 10% 40%-AcN-pellet,
20% 50%-AcN-supernatant, 20% 10%-PEG-precipitation-albumin-
depletion, and 20% 20%-PEG-precipitation-albumin-depletion, has
yielded identification of 5441 proteins, remarkably larger than the
2040 proteins detected in the whole plasma directly. This study provides nearly the largest plasma proteomics data sets and
recommends this fractionation and mixture strategy as an efficient approach for expanded plasma proteomics coverage.
KEYWORDS: Plasma, proteomics, LC-MS/MS, acetonitrile, polyethylene glycol, albumin depletion, mass spectrometry

■ INTRODUCTION
The blood plasma is an important reservoir of circulating
biomarkers for diagnosis of clinical diseases. Although major
advances have been made in technologies like the Proximity
Extension Assays (PEA, by Olink) and the SomaScan (by
SomaLogic) that can measure thousands of proteins in the
plasma,1−4 their accuracy remains a concern as specificity of the
antibodies or aptamers used in these assays is generally not
rigorously validated and verified in clinical settings.4,5 The mass
spectrometry (MS)-based proteomics is still an essential tool for
analyzing proteins in the plasma samples, especially for detecting
those not defined in the libraries of PEA and SomaScan kits.
However, limited proteome coverage is a common problem in

the MS-based plasma proteomics field. Generally, only around a
few thousand proteins were identified in reports and only a few
leading groups are able to profile up to 5,000 proteins in plasma
or serum samples.6−10 Techniques like extensive peptide
fractionation,8 DMSO in liquid chromatography,11 sophisti-
cated mass spectrometers,12 and other emerging method-
ologies13,14 have been developed to improve the LC-MS/MS-
based plasma proteomics. Although a data-independent
acquisition-based SWATH scan can detect extra proteins at
very low levels,15 quantitation of these proteins is challenging,
especially in TMT and iTRAQ-based quantitative proteomics
where sufficient reporter ions and few coisolated ions are
essential. Therefore, the removal of abundant proteins and

extensive peptide fractionation are key factors in quantitative
plasma proteomics.
Besides these efforts, plasma preanalysis processing to remove

commonly abundant proteins has also been studied, including
traditional immunodepletion and recently introduced multi-
nanoparticle plasma protein corona method and other modified
approaches.10,14,16−18 In addition to these, using protein-
precipitating reagents to pellet these commonly abundant
proteins is also important direction in this field such as
trichloroacetic acid.19 We have found that polyethylene glycol
(PEG) can efficiently precipitate immunoglobulins, comple-
ments, fibrinogens and other commonly abundant proteins
which can thus enrich target proteins efficiently for proteomic
analysis.20 Now we find that acetonitrile can also precipitate
plasma proteins sequentially at increasing concentrations.
Acetonitrile is an organic solvent and is commonly used in

plasma to precipitate proteins for enrichment of low molecular
proteins, protein fragments and peptides.21−23 It weakens
hydrophobic interactions and enhances peptide−peptide hydro-

Received: August 20, 2025
Revised: October 16, 2025
Accepted: October 31, 2025

Articlepubs.acs.org/jpr

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.jproteome.5c00814
J. Proteome Res. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

N
A

N
JI

N
G

 U
N

IV
 o

n 
N

ov
em

be
r 

13
, 2

02
5 

at
 0

6:
29

:3
2 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ting+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Han+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuning+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiang+Ye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiuhong+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huiru+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiaojiao+Sha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liangjia+Du"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liangjia+Du"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shanyu+Qi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zijin+Geng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qianqian+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanyang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minqi+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dezhu+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongyan+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongyan+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Pan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yiqiang+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianze+Ling"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bing+Bai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jproteome.5c00814&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.5c00814?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.5c00814?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.5c00814?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.5c00814?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.5c00814?fig=tgr1&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jproteome.5c00814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jpr?ref=pdf
https://pubs.acs.org/jpr?ref=pdf
张钦宇
高亮



gen bonds,24 promoting formation of different structural
intermediate states of proteins and their significant changes in
conformation until denaturation and aggregation at higher
concentrations of acetonitrile.25−27 When it was used in
experiments for this purpose, concentrations higher than 60%
were generally used. However, we have found that at lower
concentrations starting from 25% to 30%, acetonitrile can
precipitate the majority of plasma proteins but exert a much
milder precipitating effect on albumin (Supplemental Figure
S1). Some proteins such as immunoglobulins, apolipoproteins,
and complements were largely precipitated at 10% to 20%
acetonitrile, while albumin started to precipitate heavily at 50%
acetonitrile (Supplemental Figure S2). This suggests that at
certain concentrations, acetonitrile might be able to separate
other proteins from albumin for less detection interference in
proteomic analysis. If this turns out to be true, combining these
acetonitrile-partitioned plasma isolates with our previously
developed PEG precipitated- and albumin-depleted plasma
fractions together for proteomics analysis might greatly improve
plasma proteome coverage.

■ MATERIALS AND METHODS

Human Plasma Sample Collection

This study used the leftover of the clinical blood samples after
clinical tests were completed, and this was approved by the
Ethics Committee of our Nanjing Drum Tower Hospital (IRB
Review Approval # 2022-165-01). All related analyses abided by
the Declaration of Helsinki principles. 100 used human EDTA-
anticoagulated blood samples were collected and pooled from
patients with different types of diseases or individuals who
visited our hospital for health screening (Supplemental Figure
S3). Samples with any positive results in immunoassay screening
of contagious pathogens (hepatitis B and C, syphilis, and human
immunodeficiency virus) were excluded. Each whole blood
sample was centrifuged first at 5000g for 5 min and then the
supernatant was centrifuged again at 20,000g for 5 min prior to
pooling, aliquoting, and storage at 80 °C. The pooled plasma
samples received clinical biochemical and protein immuno-
assays (Supplemental Figures S4 and S5).
Plasma Precipitation by Acetonitrile

The plasma sample was sequentially precipitated stepwise: the
supernatant from the precipitation by acetonitrile at a previous
concentration was precipitated again by acetonitrile at 10%
more concentration. To control the starting plasma volume as
the same, the precipitation was actually done like this: six tubes
was taken, and 450 μL of plasma was added to the first tube and
500 μL to the rest of the five tubes; then 50, 55.6, 125, 214.3,
333.3, 500 μL of 100% acetonitrile was added to these six tubes
respectively to have 10%, 10%, 20%, 30%, 40%, and 50%
acetonitrile in plasma; after vortexing and rotation for 15 min at
room temperature, the samples were centrifuged. The pellet of
the first tube was kept as the 10% acetonitrile precipitation
sample; from the rest tubes, 500, 562.5, 642.6, 750, 900 μL of
supernatant (all containing 450 μL of original whole plasma)
were taken, respectively, and 62.5, 80.4, 107.1, 150, and 225 μL
of 100% acetonitrile were to each of these five tubes to increase
their acetonitrile by 10%; after vortex, rotation, and then
centrifuge, the pellets were taken and cleaned by acetonitrile at a
concentration that precipitates them as the sequentially
precipitated proteins of 20%, 30%, 40%, 50% and 60%.

Plasma PEG Precipitation and Albumin Depletion

The plasma with 1% Triton X-100 was mixed with 20% or 30%
PEG6000 in TBS buffer equal to 10% or 20% for precipitation.
After brief vortex and then rotation for 15 min at the room
temperature, the mixed samples were centrifuged for collecting
the supernatants. The supernatants were loaded to the Cibacron
Blue 3G-A agarose column, respectively, and incubated by
rotation at the room temperature for 30 min. After that, the
column was briefly and gently centrifuged for collection of the
flow-through, in which albumin was depleted. Proteins in the
final supernatants were precipitated by TCA/acetonitrile for
analysis in this study.
LC-MS/MS and the in-Depth Proteomic Analysis

The original whole plasma was precipitated and cleaned with
80% acetonitrile. The precipitated and cleaned protein samples
from the plasma and its extracted pellets or supernatants were
dissolved in 8 M urea (50 mM triethylammonium bicarbonate
buffer, TEAB, pH 8.5) with addition of LysC (1 μg per 100 μg
proteins) for 4 h at the room temperature until the samples
became clear and quantified by the bicinchoninic acid method.
After that, trypsin was added (1 μg per 100 μg proteins) to start
in-solution digestion for 8 h or longer at room temperature,
followed by dithiothreitol reduction and iodoacetic acid
alkylation and C18 desalting.
The peptide samples were analyzed through a column (50 μm

ID and 30 cm long, packed with C18, 1.9 μm) under a gradient
of acetonitrile for ∼120 min by the mass spectrometer (Q
Exactive HF-X, Thermo) in the data-dependent acquisition
mode.
For in-depth analysis, the offline High pH reversed-phase

fractionation of the peptides was performed by the C18 column
(4.6 mm × 250 mm, BEH,3.5 μm, XBridge) and the high-
pressure LC system (Shimadzu LC-20AD with UV detector).
Three mg peptides were separated by the linear gradient (first
5% solution B for 10 min, then 5−40% solution B for 100 min,
and finally 40−65% solution B for 10 min (A: 10 mM
ammonium formate, pH 8.0; B: 90% acetonitrile, 10 mM
ammonium formate, pH 8.0) at the flow rate of 1.0 mL/min.
About 100 fractions were finally collected and run individually
without concatenation, except those beginning or ending
fractions.
For the plasma sample partitioning, plasma fractions isolated

by acetonitrile, PEG and Cibacron Blue column were digested
into peptides and then mixed. Among the six extracts, because
40% acetonitrile has largely precipitated proteins from plasma
(Figure 1A,B) and their protein bands are very similar (Figure
1C), the 40% acetonitrile precipitate and the original whole
plasma were equally mixed as one sample to mix again equally
with the other four extracts with these amounts and the final
compositions: 0.5 mg of the original whole plasma (10%), 0.5
mg of 40% acetonitrile precipitate (10%), 1 mg of 20%
acetonitrile precipitate (20%), 1 mg of 50% acetonitrile
supernatant (20%), 1 mg of 10% PEG-precipitated and
albumin-depleted supernatant (20%), and 1 mg of 20% PEG-
precipitated and albumin-depleted supernatant (20%). The
mixed peptides were extensively fractionated by basic pH RPLC
and analyzed by the mass spectrometer, respectively.
The MS raw files were processed by the Proteome Discoverer

2.4 software (ThermoFisher) and the Sequest HT engine with
the human proteome database (UP000005640, 83,587 proteins
including 20,405 reviewed and 63,182 unreviewed ones) from
the Uniprot database. Specific parameters were basically as the
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default, including full trypsin, maximum cleavages of 2, peptide
length ranging from 6 to 144, 10 ppm in precursor mass
tolerance and 0.02 Da in fragment mass tolerance, b and y ions in
spectrummatching, maximummodifications of 3 and 15.995 Da
(M) with N-terminal acetylation, methionine loss, or both in the
dynamic modifications, and carbamidomethyl (+57.021) in the
static modifications. Peptide-spectrum matches (PSMs) were
verified based on q-values at the false discovery rate (FDR) of
1% under the Percolator module. At proteins levels, the Strict
and Relaxed FDRs were set at 1% and 5%, respectively. Proteins
with q-values lower than 1% were assigned with “High”
confidence in identification, and those between 1−5% were
assigned with “Medium” and those with 5% or higher were
assigned with “Low”.
Protein Size, Hydrophobicity, Isoelectric Point, andDomain
Analyses

Protein sizes and isoelectric points were downloaded in the
searching results from the Uniprot databases (Supplemental
Table S1). Protein hydrophobicity is evaluated by the GRAVY
(Grand Average of Hydropathy) score which calculates the
average of the hydropathy values of all amino acids in a protein
(https://www.gravy-calculator.de/) with a Python package
Biopython 1.83 (Bio.SeqUtils.ProtParam module).28 The
domain analysis was performed with the DAVID tool from
Pubmed and the InterPro database.29

Data Comparison with Public Databases and Reported
Studies

The plasma protein data sets were downloaded from three
public databases including Human Plasma Proteome Project
Data (https://peptideatlas.org/hupo/hppp/),4 Human Body
Fluid Proteome (HBFP) database (https://bmbl.bmi.osumc.
edu/HBFP/),30 Human protein Atlas (https://www.
proteinatlas.org/),31,32 and three major plasma proteomics
studies.7,9,20 Proteins from each data set were all converted to
their gene names for combining and listed in our previous
report.20 The absolute concentrations of proteins downloaded
from the HPA database were converted to nanograms per liter,
and the proteins were ranked according to their absolute
concentrations from the highest to the lowest.

■ RESULTS

Plasma Sequential Precipitation by Acetonitrile and
Proteomic Analysis

After we found that acetonitrile had a differential precipitating
effect on albumin and other proteins (Supplemental Figure S1),
we used 10%, 20%, 30%, 40%, 50% and finally 60% acetonitrile
to precipitate the plasma sequentially (Figure 1A). Although
fewer proteins were precipitated first at 10% and 20%
acetonitrile, the percentage of albumin in these two pellets

Figure 1. Sequential precipitation of plasma by increasing concentrations of acetonitrile. (A) Plasma precipitated sequentially by increasing
concentrations of acetonitrile. (B) Total protein amount and the percentage of albumin in each precipitated pellet. 100 μL plasma was used. (C) SDS-
PAGE and Coomassie blue staining of these pellets. (D) Liquid chromatographs during the LC-MS/MS analyses of these pellets. (E) Heatmap to
demonstrate the distinctly enriched subsets of proteins identified in these pellets. (F) Unique and shared proteins identified in these pellets.
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were reduced to about 25% while it was around 70% as usual in
the original whole plasma (Figure 1B). With more proteins
starting to be precipitated, the percentage of albumin also
increased. At 50% acetonitrile, albumin in the precipitated pellet
increased to ∼80% (Figure 1B). We also performed SDS-PAGE
and Coomassie blue staining to visualize proteins in these
precipitates and the final supernatant and found that the
intensities of protein bands above albumin were generally
stronger at 10% and 20% acetonitrile than those in the original

plasma and became weakened at 30% and 40% acetonitrile
(Figure 1C). At 50% acetonitrile, albumin became the main
protein in the pellet. These data suggested that acetonitrile
preferentially precipitated many proteins other than albumin at
certain concentrations.
We next performed proteomics analyses on these samples.

Each sample showed different liquid chromatographs, indicating
distinct protein contents of these samples (Figure 1D). This was
also demonstrated in the heatmap analysis of the proteomic

Figure 2. In-depth proteomics analyses of the original whole plasma and the acetonitrile-precipitated pellets. (A)Work flow of the in-depth proteomic
analyses. The plasma was precipitated by 40% directly and then further precipitated by 50% acetonitrile after 40% acetonitrile precipitation. The two
pellets and the last supernatant were taken together with the original whole plasma for the analyses. (B) Heatmap to demonstrate the distinctly
enriched subsets of proteins identified in these four samples. (C) Venn diagram to show unique and shared proteins identified in these samples. (D−F)
Analyses of differences in the protein sizes, hydrophobicity, and the electric points of the identified proteins among these four samples. MW:molecular
weight. The Gravy score is the indicator of the hydrophobicity of a protein. (G) Significantly enriched domains in proteins of these four samples.
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Figure 3. In-depth proteomic analysis of themixture of the six samples. (A)Work flow of the in-depth proteomic analyses. The plasma was precipitated
by 20%, 40%, or 50% acetonitrile, and the pellets and the final supernatant were collected. The plasma was also precipitated by 10% or 20%
polyethylene glycol 6000, and then the supernatants were both filtered to deplete albumins before collection. The original whole plasma and its five
isolates were mixed at the indicated ratios for the in-deep proteomic analysis. (B) SDS-PAGE and Coomassie blue staining of the plasma and its five
isolated fractions. (C) Venn diagram to show unique and shared proteins identified in the in-depth analyses of the six mixed samples and the previous
four samples. (D) Correlation of the proteins identified in this 6mix analysis with the two reported in-depth plasma proteomic analyses.9,20 (E)
Proteins sorted by their absolute concentrations [from the highest (40 g/L of the albumin) to the lowest (1.7 ng/L of the Interferon lambda-3)]
provided in the Human Protein Atlas database. (F) Comparison of proteins identified in the 6mix of this study with other reported (PMID: 40468192,
31019427, 25724909) or recorded plasma proteins in databases. (G) Tissue-specific proteins identified in this in-depth proteomic analysis of the
plasma 6mix sample.
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results of these samples (Figure 1E). In the total 391, 434, 339,
323, 308, 275, and 193 proteins identified in the six pellets and
the final supernatant (Supplemental Figure S6), there were 79,
90, 20, 34, 39, 86, and 55 proteins uniquely identified in all these
seven samples (Figure 1F). It is notable that although 10% and
20% acetonitrile had precipitated a smaller mass of proteins,
total proteins and unique proteins were both much more than
any other samples.
In-Depth Proteomics Analyses of the
Acetonitrile-Precipitated Pellets and Supernatant

To look into proteins in these samples more comprehensively,
we chose the pellet of plasma precipitated by 40% acetonitrile
directly (40P) as it seemed to contain similar proteins to the
original plasma but less amount of albumin (Figure 1C), the
pellet of plasma precipitated by 50% acetonitrile (50P) after 40%
acetonitrile precipitation which contained largely albumin, the
final supernatant (50Sup) of the 50% acetonitrile supernatant,
together with the original plasma (Plasma) (Figure 2A,
Supplemental Figure S7A−D). By extensive basic pH reverse
phase fractionation of peptides and analyzing individually
without concatenation, 2040, 2078, 1153, and 1414 proteins
were identified in the Plasma, 40P, 50P and 50Sup samples,
respectively, yielding 3386 proteins identified in total (Figure
2A), in which the result of the 50Sup seemed to extend the
proteome depth more markedly (Supplemental Figure S7E).
The heatmap analysis demonstrated that a large number of
proteins were enriched in the Plasma, 40P and 50Sup while
fewer were present in 50P (Figure 2B), consistent with the
results that 50P mainly contained albumin (Figure 1C).
Particularly, there were 435, 611, 141, and 438 proteins uniquely
identified in these four samples (Figure 2C). Some biological
processes, cellular components, and molecular functions were
enriched in each of these four samples, but the numbers of hits
were all small (Supplemental Figure S8). This suggests that this
acetonitrile precipitation strategy is not suitable for analyzing
proteins in plasma at the system level from any particular
biological processes, cellular components, and molecular
functions, meaning it is only applicable for detecting specific
proteins of interest.
We also analyzed potential factors that contribute to the

differential protein-precipitating effects of acetonitrile by
looking into the protein length, hydrophobicity, and isoelectric
points across these samples. All three of these factors showed
significant differences among the four samples by ANOVA
analyses (Figure 2D−F). The average sizes of proteins in the
50Sup sample were lower than those of the other three samples
(Figure 2D), consistent with the SDS-PAGE results (Figure
1C). The GRAVY scores, indicators of protein hydrophobicity,
were statistically different among these four samples, but the
difference was small (Figure 2E). The isoelectric points in the
50Sup sample were also lower than those of the other three
samples possibly because a large number of proteins were
precipitated (Figure 2F), resulting in a bias in distribution of
isoelectric points of the proteins left in the final supernatant.
We next examined whether particular domains might have a

significant effect on the protein precipitation by acetonitrile.
Although more than several protein domains were enriched in
each of these four samples, the number of proteins that contain
these was only up to 32 which is negligible as compared to more
than 1000 proteins in these samples (Figure 2G). Collectively,
the protein sizes, hydrophobicities, isoelectric points, and

particular domains might have small effects on the sequential
protein-precipitating effects of acetonitrile.
Mixture of Plasma and Its Isolates for In-Depth Analysis

As pellets and supernatant after acetonitrile precipitation were
able to enrich subsets of proteins, combining them at certain
ratios might be able to increase the number of proteins to be
detected. We also considered combining the fractions from
plasma after PEG precipitation and albumin depletion as we
recently developed.20 Therefore, we combined the plasma with
the five isolated fractions (6mix) that included a pellet of 20%
acetonitrile precipitation, a pellet of 40% acetonitrile precip-
itation, a supernatant of 50% acetonitrile precipitation, and
albumin-depleted supernatants of 10% and 20% PEG6000
precipitation at the ratio of 1:2:1:2:2:2 (Figure 3A, Supple-
mental Figure S9A). In this pooling recipe, as 40% acetonitrile
has largely precipitated proteins from plasma (Figure 1B,C) and
thus has similar protein contents to plasma (Figure 3B), they
were equally mixed as one sample to be pooled with the other
four extracts equally.
The SDS-PAGE and the liquid chromatographs demon-

strated distinct patterns among these six samples, indicating
their different proteomes that could be complementary to one
another (Figure 3B, Supplemental Figure S9B). By extensive
high pH reverse phase fractionation and analyzing individually
without concatenation, 5441 proteins encoded by 5336 genes
were finally identified (Figure 3A, Supplemental Figure S9A,C),
including 3987 reviewed proteins, 4381 proteins with PSM ≥ 2,
4853 proteins with FDR < 0.01 (Supplemental Figure S9D)
among which there were 3237 proteins in reviewed status with at
least 2 PMS at FDR below 0.01. Proteins identified in the 6mix
sample were largely enriched (Supplemental Figure S10), and
there were 3283 proteins uniquely present in the 6mix sample
(Figure 3C).
Comparing to our previous deep plasma proteomics reports,

which used similar proteomics analysis pipelines, this study
showed high correlation with both reported analyses (Figure
3D). To estimate how deep this mixture strategy could find
proteins in the plasma, we downloaded the absolute
concentrations of proteins from the human protein atlas
database and ranked them from high to low levels and found
that proteins even ranked at the bottom where the levels ranging
from a few to tens of ng/L could have more than 100 PSMs
(peptide-spectrum matches, the number of a protein or a
peptide sequenced) (Figure 3E). This strongly suggested that
proteins at the level of pg/mL could be detected in high chance.
Indeed, many protein markers routinely assayed in clinic such as
CEA (carcinoembryonic antigen), AFP (alpha-fetoprotein),
PSA (prostate-specific antigen), NSE (neuron-specific enolase),
etc., were detected in this study (Supplemental Figure S5, S11).
Comparing the plasma proteomics studies from the leading

groups and the public plasma protein databases, we found 1049
proteins that were not reported or recorded before (Figure 3F).
Since a large number of proteins were identified in this study

and the plasma sample was largely from clinical patients with
different diseases, we checked to see if there were any tissue-
specific proteins that could be used as disease biomarkers. Based
on the human tissue proteome analysis, many tissue specific or
highly enriched proteins were actually detectable in the plasma
of this study and could potentially be blood biomarkers
indicating lesions of these tissues (Figure 3G).
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Table 1. Novel Plasma Proteins Identified in the 6mix Samplea

Accession Gene Protein

Exp.
q-
value

Confi-
dence PSM

# of all
peptides

# of
unique
peptides Involvement in diseases

Reference
(PMID)

Q9Y2L1 DIS3 Exosome complex exonu-
clease RRP44

0.00 High 22 13 13 Colorectal cancer, chronic lympho-
cytic leukemia and multiple mye-
loma

26193331

P49207 RPL34 Large ribosomal subunit
protein eL34

0.00 High 22 6 6 Osteosarcoma and Diamond-Black-
fan anemia

27883047

Q96E39 RBMXL1 RNA binding motif protein,
X-linked-like-1

0.00 High 21 7 1 Overexpressed in individuals with
acute myeloid leukemia

34458856

Q9BTE3 MCMBP MCM-binding protein 0.00 High 19 11 11 Highly abundant in colorectal ad-
enocarcinoma

25246271

Q96J01 THOC3 THO complex subunit 3 0.00 High 19 11 11 Highly expressed in glioma cells with
poor prognosis

34482648

Q96RP9 GFM1 Elongation factor G, mito-
chondrial

0.00 High 17 7 7 Neurological disorders with other
different complications

31680380

Q7L0Y3 TRMT10C tRNA methyltransferase 10
homologue C

0.00 High 17 11 11 Early death after birth, lung cancer
and hepatoblastoma

27132592

Q9BQ04 RBM4B RNA-binding protein 4B 0.00 High 16 9 9 Might be mutated amyotrophic
lateral sclerosis

29170628

Q96DI7 SNRNP40 U5 small nuclear ribonu-
cleoprotein 40 kDa pro-
tein

0.00 High 15 7 7 Mutated in immune disorder and
cancer

31427773

Q01081 U2AF1 Splicing factor U2AF 35 kDa
subunit

0.00 High 15 8 8 Mutated in myelodysplastic syn-
dromes and myeloid malignancies

22158538

J3KQN4 RPL36A Ribosomal protein L36a 0.00 High 14 7 7 Oral squamous cell carcinoma, col-
orectal and hepatocellular cancers

34830778

A0A087WW65 ABCB7 Iron−sulfur clusters trans-
porter ABCB7, mitochon-
drial

0.00 High 13 7 7 Involved in acquired refractory ane-
mia with ring sideroblasts

23070040

P51116 FXR2 RNA-binding protein FXR2 0.00 High 13 7 4 Fragile X mental retardation syn-
drome and breast cancer

7489725

Q15031 LARS2 Leucine–tRNA ligase, mito-
chondrial

0.00 High 13 9 9 Mutated in Perrault syndrome 32423379

P53985 SLC16A1 Monocarboxylate transport-
er 1

0.00 High 13 4 4 Causes recurrent ketoacidosis and
invovled in urological cancer

26608392

Q8IU68 TMC8 Transmembrane channel-
like protein 8

0.01 High 13 1 1 Cancers and epidermodysplasia ver-
ruciformis

33981360

C9JG87 MRPL39 Mitochondrial ribosomal
protein L39

0.00 High 12 8 8 Pediatric onset mitochondrial disease 37133451

P62273 RPS29 Small ribosomal subunit
protein uS14

0.00 High 11 2 2 Diamond-Blackfan anemia 24829207

Q5T8P6 RBM26 RNA-binding protein 26 0.00 High 11 8 8 (Little direct evidence in clinical
diseases)

Q9H078 CLPB Mitochondrial disaggregase 0.00 High 11 8 2 (Little direct evidence in clinical
diseases)

P14678 SNRPB Sm protein B/B’ 0.00 High 11 6 6 3-Methylglutaconic aciduria and
neurological disorders

25597510

B8ZZY4 SLC35F5 Solute carrier family 35
member F5

0.00 High 10 1 1 Might be involved in bladder cancer 33418944

Q3SXM5 HSDL1 Inactive hydroxysteroid de-
hydrogenase-like protein 1

0.00 High 10 3 3 (Little direct evidence in clinical
diseases)

P11802 CDK4 Cyclin-dependent kinase 4 0.00 High 10 6 5 Many cancers and causes insulin-
deficient diabetes

35304604

P62891 RPL39 Large ribosomal subunit
protein eL39

0.00 High 10 2 2 Mutated in cancer and promotes
tumorigenesis

28040796

Q04727 TLE4 Transducin-like enhancer
protein 4

0.00 High 10 7 4 Involvd in acute lymphoblastic leu-
kemia

39838044

Q96G23 CERS2 Ceramide synthase 2 0.00 High 9 2 2 Steatohepatitis, insulin resistance and
cancer

25295789

Q86Y56 DNAAF5 Dynein axonemal assembly
factor 5

0.00 High 9 6 6 Might be involved in hepatocellular
carcinoma

36276075

Q5RKV6 EXOSC6 Exosome complex compo-
nent MTR3

0.00 High 9 3 3 (Little direct evidence in clinical
diseases)

B4DT23 FAM98A Family with sequence sim-
ilarity 98 member A

0.00 High 9 3 1 Involved in cancer 31114934

E7ESY4 MTA1 Metastasis associated 1 0.00 High 9 2 1 Involved in cancer 25344802
G3 V599 MIA2 MIA SH3 domain ER export

factor 2
0.00 High 8 7 7 A tumor suppressor in hepatocellular

carcinoma
17881540

A0A8Q3SHU8 MRPS25 Small ribosomal subunit
protein mS25

0.00 High 8 5 5 Mutations cause encephalomyopathy 31039582

G5EA06 MRPS27 Mitochondrial ribosomal
protein S27

0.00 High 8 8 8 Highly expressed in cancer, involved
in ischemic stroke

37603533
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Novel Plasma Proteins Identified in This Study

There were 6,669 proteins identified of the plasma in this study
for the five in-depth proteome data sets (Figure 3C) which is
probably the largest coverage in a single plasma sample. We
therefore checked to see whether there were any novel plasma
proteins that have not been reported in studies or recorded in
public databases. We chose four large-scale plasma proteomics
studies,7,9,20,33 three plasma protein databases (Human Plasma
Proteome Project Data,4 Human Body Fluid Proteome
database,30 Human protein Atlas34) and the SomaScan 7k
(7596 probes)35 to combine them for this study for comparison.
There were 672 proteins identified in this study that were not
present in these reports and databases (Supplemental Table S2).
Among these there were 55 proteins with PSMs of 6 or more,
FDR < 0.01, and at least one unique peptide identified in the
repartitioned sample (6mix), many of which are involved in
important clinical diseases (Table 1) and could thus be potential
biomarkers of these diseases. The PSMs of these novel proteins
are generally around 10. According to the absolute plasma
protein concentrations provided by the Human Protein Atlas
database, in which identified proteins at the range of the lowest
concentration (1−10 ng/L) are around 10 PSMs (Figure 3E),

the novel proteins identified in this study are therefore estimated
to be as close to 1 ng/L.

■ DISCUSSION
In this study, we used acetonitrile to sequentially precipitate
proteins from the plasma and chose some of the pellets and
supernatant in combination with the fractions of plasma isolated
by our other reported PEG-precipitation/albumin-depletion
method20 for in-depth proteomics analysis. This plasma sample
protein-repartitioning strategy has surprisingly led to profiling of
5,441 proteins in the plasma, reaching probably the largest scales
in the plasma proteomics field.
Generally, the number of proteins identified in MS-based

plasma proteomics is about a few thousands.14,16,18,33,36 In
studies with leading scales of plasma proteomics, Dr. Carr’s
group was able to identify 4,600 proteins in average from 30
fractions of the plasma samples with depletion and 3 h of
gradient in each run,7 recommended as a standard plasma
proteomics pipeline.6 By 180 fractions and 3 h running time, Dr.
Peng’s group profiled 4,826 proteins from the undepleted
human serum samples.8,9 Using depletion and simple fractiona-
tion techniques, Dr. Poljak and colleagues profiled around 4,000

Table 1. continued

Accession Gene Protein

Exp.
q-
value

Confi-
dence PSM

# of all
peptides

# of
unique
peptides Involvement in diseases

Reference
(PMID)

Q9HCU5 PREB Guanine nucleotide-ex-
change factor SEC12

0.00 High 8 5 5 Regulates hepatic glucose homeo-
stasis

29601978

P18577 RHCE Blood group Rh(CE) poly-
peptide

0.00 High 8 2 2 Blood group antigen

A8MQ02 AFDN Afadin, adherens junction
formation factor

0.00 High 7 6 6 Involved in metastatic colorectal
cancer

39047222

A0A8I5KRG1 DCAF7 DDB1 and CUL4 associated
factor 7

0.00 High 7 4 4 (Little evidence in clinical diseases)

Q8WVC6 DCAKD Dephospho-CoA kinase do-
main-containing protein

0.00 High 7 5 5 Genetic variations in cerebral small
vessel disease

34987231

P29992 GNA11 G-protein subunit alpha-11 0.00 High 7 5 1 Involved in uveal melanoma 35804836
Q9BXW7 HDHD5 Cat eye syndrome critical

region protein 5
0.00 High 7 7 7 (Little direct evidence in clinical

diseases)
C9JBY7 MRPS33 Small ribosomal subunit

protein mS33
0.00 High 7 3 3 (Little direct evidence in clinical

diseases)
C9JYQ9 RPL22L1 Ribosomal protein L22

like 1
0.00 High 7 3 2 Involved in many cancers 40022129

A0A0G2JQ92 TAMM41 Phosphatidate cytidylyl-
transferase, mitochondrial

0.00 High 7 1 1 Neonatal mitochondrial diseases and
depressive-like behaviors

38750395

Q9BW92 TARS2 Threonine–tRNA ligase, mi-
tochondrial

0.00 High 7 6 6 Biallelic variants cause neurodeve-
lopmental aberrancy

37454282

C9JG97 AAMP Angio associated migratory
cell protein

0.00 High 6 5 5 Promotes colorectal cancer meta-
stasis

34901393

Q6IA86 ELP2 Elongator complex protein 2 0.00 High 6 2 2 Mutations cause complex neurode-
velopmental aberrancies

33976153

H7C5U8 MRPL27 Mitochondrial ribosomal
protein L27

0.00 High 6 3 3 Cholangiocarcinoma as a poor prog-
nostic marker

33456351

H0Y6Y8 MRPL43 Large ribosomal subunit
protein mL43

0.00 High 6 4 4 Genetic association with dementia
with Lewy bodies

35765761

A8MXV4 NUDT19 Acyl-coenzyme A diphos-
phatase NUDT19

0.00 High 6 5 5 (Little direct evidence in clinical
diseases)

P24928 POLR2A DNA-directed RNA poly-
merase II subunit RPB1

0.00 High 6 5 5 Neurodevelopmental aberrancy and
cancers

31353023

A0A087WXB0 SCAMP1 Secretory carrier-associated
membrane protein

0.00 High 6 3 3 Involved in gastric cancer 39308691

Q13190 STX5 Syntaxin-5 0.00 High 6 3 3 Involved in Hepatocellular Carcino-
ma

36969886

C9JHH5 TEX264 Testis expressed 264, ER-
phagy receptor

0.00 High 6 5 5 Regulator in nutrient stress 31006537

Q6NZY4 ZCCHC8 Zinc finger CCHC domain-
containing protein 8

0.00 High 6 3 3 Mutations in pulmonary fibrosis 38375433

aProteins with high confidence (FDR < 0.01), PSMs of 6 or more and with unique peptides were listed.
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proteins from 24 concatenated peptide fractions by 1-h run per
fraction sample.10

In this study, by our plasma protein repartitioning strategy,
without depletion of commonly abundant proteins, we were able
to identify more than 5,000 proteins from 2 h gradient runs of
about 100 unconcatenated fractions, representing almost the
largest scale of the MS-based plasma proteomics studies.
The major reason for this remarkably improved proteome

coverage is protein repartition during plasma processing. For
example, although the yield of 20% acetonitrile precipitation is
low (only about 120 μg from 100 μL plasma), some proteins are
already largely precipitated (Supplemental Table S1). Com-
pared to plasma in which the total protein is about 7,000 μg per
100 μL, these proteins will be enriched by nearly 60-fold (Figure
1B,C). Besides, the percentage of albumin content in the total
precipitated proteins is much lower than in plasma, conferring
less interference on detection of other proteins. This also
accounts for the fact that the numbers of all proteins and unique
proteins identified in these precipitates are the largest among all
of the sequential acetonitrile precipitates (Figure 1F). The 40%
acetonitrile precipitate has the majority of the proteins of the
original plasma but contains lower relative level of albumin
(Figure 1B,C). Besides, by PEG precipitation and albumin
depletion, commonly abundant proteins are largely removed
and other proteins are thus enriched for increased chance of
being detected.20 By this plasma protein repartition strategy,
proteins with levels that are low down to ng/L are detectable
(Figure 3E).
The other factor that contributes to the increased number of

identified proteins comes from the pooling of plasma from
individuals with many different types of diseases, in which many
proteins were upregulated. It is notable that with more
sophisticated mass spectrometer and scanning methodologies
(such as the data-independent acquisition mode),37−39 the
number of identified proteins could probably increase much
more. The extensive DDA data set in this study could serve as a
foundation for generating a custom DIA spectral library to
support DIA-based analyses in the plasma proteomics research
field.
Here, by plasma sample protein repartitioning, we were able

to identify more than 5,000 proteins from the plasma, reaching
probably the largest scale in the MS-based plasma proteomics
field. This plasma sample processing method and extensive
peptide fractionation could be easily adapted to the TMT-based
in-depth quantitative proteomic analysis of clinical samples at
large scales for increased success in blood proteomic biomarker
discoveries.

■ ASSOCIATED CONTENT
Data Availability Statement
All MS raw data and search results have been deposited to the
ProteomeXchange Consortium (https://proteomecentral.
proteomexchange.org) via the iProX partner repository40,41

with the data set identifier PXD065609.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jproteome.5c00814.

Figure S1. Plasma precipitated by different concentrations
of acetonitrile; Figure S2. Changes in the levels of routine
biochemical analytes in plasma after precipitation by
different concentrations of acetonitrile; Figure S3.
Clinical information on patients or the hospital visitors

from whom the 100 plasma samples were collected for
pooling; Figure S4. Levels of the routine clinical
biochemical analytes of the pooled plasma samples;
Figure S5. Levels of the common clinical protein markers
of the pooled plasma samples; Figure S6. Identified
proteins in seven AcN precipitation samples; Figure S7.
Precipitation of the plasma sample and proteomic
analyses; Figure S8. Gene ontology analyses of the plasma
and its three isolated fractions; Figure S9. Plasma isolation
and mixture for in-depth proteomic analyses; Figure S10.
Heatmap to demonstrate the in-depth proteomic analyses
of the plasma 6mix sample and the original whole plasma
with its three isolated pellets or the supernatant; Figure
S11. Heatmap to demonstrate the in-depth proteomic
analyses of the plasma 6mix sample and the original whole
plasma with its three isolated pellets or the supernatant
(PDF)
In-depth proteomics data sets (XLSX)
Novel identified plasma proteins (XLSX)

■ AUTHOR INFORMATION
Corresponding Author

Bing Bai − Department of Laboratory Medicine, Nanjing Drum
Tower Hospital Clinical College of Nanjing Medical
University, Nanjing, Jiangsu 210008, China; Department of
Laboratory Medicine, Nanjing Drum Tower Hospital, Clinical
College of Nanjing University of Chinese Medicine, Nanjing,
Jiangsu 210008, China; Department of Laboratory Medicine,
Nanjing Drum Tower Hospital, Clinical College of Nanjing
Normal University, Nanjing, Jiangsu 210008, China;
Department of Laboratory Medicine, Nanjing Drum Tower
Hospital, Affiliated Hospital of Medical School, Nanjing
University, Nanjing, Jiangsu 210008, China; orcid.org/
0009-0002-1505-2965; Email: bing.bai@nju.edu.cn

Authors
Ting Liu −Department of Laboratory Medicine, Nanjing Drum
Tower Hospital Clinical College of Nanjing Medical
University, Nanjing, Jiangsu 210008, China; The Affiliated
Suqian First People’s Hospital of Nanjing Medical University,
Suqian, Jiangsu 210008, China

Han Chen − Department of Laboratory Medicine, Nanjing
Drum Tower Hospital Clinical College of Nanjing Medical
University, Nanjing, Jiangsu 210008, China

Yuning Song − Department of Laboratory Medicine, Nanjing
Drum Tower Hospital Clinical College of Nanjing Medical
University, Nanjing, Jiangsu 210008, China

Xiang Ye −Department of Laboratory Medicine, Nanjing Drum
Tower Hospital Clinical College of Nanjing Medical
University, Nanjing, Jiangsu 210008, China

Dan Wang − Department of Laboratory Medicine, Nanjing
Drum Tower Hospital Clinical College of Nanjing Medical
University, Nanjing, Jiangsu 210008, China

Qiuhong Zhang − Department of Laboratory Medicine,
Nanjing Drum Tower Hospital Clinical College of Nanjing
Medical University, Nanjing, Jiangsu 210008, China

Huiru Liu − Department of Laboratory Medicine, Nanjing
Drum Tower Hospital Clinical College of Nanjing Medical
University, Nanjing, Jiangsu 210008, China

Jiaojiao Sha − Department of Laboratory Medicine, Nanjing
Drum Tower Hospital, Clinical College of Nanjing University
of Chinese Medicine, Nanjing, Jiangsu 210008, China

Journal of Proteome Research pubs.acs.org/jpr Article

https://doi.org/10.1021/acs.jproteome.5c00814
J. Proteome Res. XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5c00814/suppl_file/pr5c00814_si_002.xlsx
https://proteomecentral.proteomexchange.org
https://proteomecentral.proteomexchange.org
https://pubs.acs.org/doi/10.1021/acs.jproteome.5c00814?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5c00814/suppl_file/pr5c00814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5c00814/suppl_file/pr5c00814_si_002.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5c00814/suppl_file/pr5c00814_si_003.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bing+Bai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0002-1505-2965
https://orcid.org/0009-0002-1505-2965
mailto:bing.bai@nju.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ting+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Han+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuning+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiang+Ye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiuhong+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huiru+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiaojiao+Sha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liangjia+Du"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.5c00814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Liangjia Du − Department of Laboratory Medicine, Nanjing
Drum Tower Hospital, Clinical College of Nanjing Normal
University, Nanjing, Jiangsu 210008, China

Shanyu Qi − Department of Laboratory Medicine, Nanjing
Drum Tower Hospital Clinical College of Nanjing Medical
University, Nanjing, Jiangsu 210008, China

Zijin Geng − Department of Laboratory Medicine, Nanjing
Drum Tower Hospital, Clinical College of Nanjing University
of Chinese Medicine, Nanjing, Jiangsu 210008, China

Qianqian Hu − Department of Laboratory Medicine, Nanjing
Drum Tower Hospital, Clinical College of Nanjing Normal
University, Nanjing, Jiangsu 210008, China

Yanyang Wang − Department of Nuclear Medicine, Nanjing
Drum Tower Hospital, Affiliated Hospital of Medical School,
Nanjing University, Nanjing, Jiangsu 210008, China

Minqi Cai − Department of Nuclear Medicine, Nanjing Drum
Tower Hospital, AffiliatedHospital of Medical School, Nanjing
University, Nanjing, Jiangsu 210008, China

Dezhu Chen − Department of Nuclear Medicine, Nanjing
Drum Tower Hospital, Affiliated Hospital of Medical School,
Nanjing University, Nanjing, Jiangsu 210008, China

Hongyan Song −Department of Laboratory Medicine, Nanjing
Drum Tower Hospital, Affiliated Hospital of Medical School,
Nanjing University, Nanjing, Jiangsu 210008, China

Jie Pan − Department of Laboratory Medicine, Nanjing Drum
Tower Hospital, AffiliatedHospital of Medical School, Nanjing
University, Nanjing, Jiangsu 210008, China

Yiqiang Chen − Center for Precision Medicine, Nanjing Drum
Tower Hospital, AffiliatedHospital of Medical School, Nanjing
University, Nanjing, Jiangsu 210008, China

Tianze Ling − School of Life Sciences, Tsinghua University,
Beijing 100084, China; State Key Laboratory of Medical
Proteomics, Beijing Proteome Research Center, Beijing 102206,
China

Cheng Chang − State Key Laboratory of Medical Proteomics,
Beijing Proteome Research Center, Beijing 102206, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jproteome.5c00814

Author Contributions

Conceptualization: B.B.; experiments: T.L., H.C., Y.S., X.Y.,
D.W., Q.Z., H.L., J.S., L.D., S.Q., Z.G., Q.H., Y.W., M.C., D.C.,
H.S., J.P., Y.C.; methodology: T.L., H.C., Y.S.; formal analysis:
T.L., H.C., Y.S., T.L., C.C.; writing: T.L., H.C., Y.S., B.B.;
funding acquisition: B.B.. All authors have read and agreed to the
published version of the manuscript.
Funding

This work was supported by the National Natural Science
Foundation of China (82172354, 82472333, to B.B.), the
Research Foundation of Jiangsu Provincial Commission of
Health and Family Planning (M2021012, to B.B.), the Nanjing
Medical Science and Technology Development Foundation
(ZKX22013, to B.B.), the fundings for Novel technology and
Clinical Trials from the Affiliated Drum Tower Hospital,
Medical School of Nanjing University (XJSFZLX202331 and
2022-LCYJ-MS-02, to B.B.).
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank Nanjing Jiangbei New District Biopharma-
ceutical Public Service Platform (Nanjing, China) for technical
support and all the lab members for helpful discussion.

■ ABBREVIATIONS
AcN, acetonitrile; PEG, polyethylene glycol; FDR, false
discovery rate; LC, liquid chromatography; MS, mass
spectrometry; ANOVA, analysis of variance.

■ REFERENCES
(1) Eldjarn, G. H.; Ferkingstad, E.; Lund, S. H.; Helgason, H.;
Magnusson, O. T.; Gunnarsdottir, K.; Olafsdottir, T. A.; Halldorsson,
B. V.; Olason, P. I.; Zink, F.; et al. Large-scale plasma proteomics
comparisons through genetics and disease associations. Nature 2023,
622 (7982), 348−358.
(2) Ferkingstad, E.; Sulem, P.; Atlason, B. A.; Sveinbjornsson, G.;
Magnusson, M. I.; Styrmisdottir, E. L.; Gunnarsdottir, K.; Helgason, A.;
Oddsson, A.; Halldorsson, B. V.; et al. Large-scale integration of the
plasma proteome with genetics and disease. Nat. Genet. 2021, 53 (12),
1712−1721.
(3) Oh, H. S.; Rutledge, J.; Nachun, D.; Palovics, R.; Abiose, O.;
Moran-Losada, P.; Channappa, D.; Urey, D. Y.; Kim, K.; Sung, Y. J.;
et al. Organ aging signatures in the plasma proteome track health and
disease. Nature 2023, 624 (7990), 164−172.
(4) Deutsch, E. W.; Omenn, G. S.; Sun, Z.; Maes, M.; Pernemalm, M.;
Palaniappan, K. K.; Letunica, N.; Vandenbrouck, Y.; Brun, V.; Tao, S.
C.; et al. Advances and Utility of the Human Plasma Proteome. J.
Proteome Res. 2021, 20 (12), 5241−5263.
(5) Petrera, A.; von Toerne, C.; Behler, J.; Huth, C.; Thorand, B.;
Hilgendorff, A.; Hauck, S. M. Multiplatform Approach for Plasma
Proteomics: Complementarity of Olink Proximity Extension Assay
Technology to Mass Spectrometry-Based Protein Profiling. J. Proteome
Res. 2021, 20 (1), 751−762.
(6) Keshishian, H.; Burgess, M. W.; Specht, H.; Wallace, L.; Clauser,
K. R.; Gillette, M. A.; Carr, S. A. Quantitative, multiplexed workflow for
deep analysis of human blood plasma and biomarker discovery by mass
spectrometry. Nature protocols 2017, 12 (8), 1683−1701.
(7) Keshishian, H.; Burgess, M. W.; Gillette, M. A.; Mertins, P.;
Clauser, K. R.; Mani, D. R.; Kuhn, E. W.; Farrell, L. A.; Gerszten, R. E.;
Carr, S. A. Multiplexed, QuantitativeWorkflow for Sensitive Biomarker
Discovery in Plasma Yields Novel Candidates for Early Myocardial
Injury.Molecular& cellular proteomics: MCP 2015, 14 (9), 2375−2393.
(8) Zhang, X.; Sun, H.; Wang, Z.; Zhou, S.; Fu, Y.; Anthony, H. A.;
Peng, J. In-Depth Blood Proteome Profiling by Extensive Fractionation
andMultiplexed Quantitative Mass Spectrometry.Methods in molecular
biology 2023, 2628, 109−125.
(9) Dey, K. K.; Wang, H.; Niu, M.; Bai, B.; Wang, X.; Li, Y.; Cho, J. H.;
Tan, H.; Mishra, A.; High, A. A.; et al. Deep undepleted human serum
proteome profiling toward biomarker discovery for Alzheimer’s disease.
Clin Proteomics 2019, 16, 16.
(10) Kaur, G.; Poljak, A.; Ali, S. A.; Zhong, L.; Raftery, M. J.; Sachdev,
P. Extending the Depth of Human Plasma Proteome Coverage Using
Simple Fractionation Techniques. J. Proteome Res. 2021, 20 (2), 1261−
1279.
(11) Hahne, H.; Pachl, F.; Ruprecht, B.; Maier, S. K.; Klaeger, S.;
Helm, D.; Medard, G.; Wilm, M.; Lemeer, S.; Kuster, B. DMSO
enhances electrospray response, boosting sensitivity of proteomic
experiments. Nat. Methods 2013, 10 (10), 989−991.
(12) Heil, L. R.; Damoc, E.; Arrey, T. N.; Pashkova, A.; Denisov, E.;
Petzoldt, J.; Peterson, A. C.; Hsu, C.; Searle, B. C.; Shulman, N.; et al.
Evaluating the Performance of the Astral Mass Analyzer for
Quantitative Proteomics Using Data-Independent Acquisition. J.
Proteome Res. 2023, 22 (10), 3290−3300.
(13) Chen, Z. Z.; Dufresne, J.; Bowden, P.; Celej, D.; Miao, M.;
Marshall, J. G. Micro scale chromatography of human plasma proteins
for nano LC-ESI-MS/MS. Anal. Biochem. 2025, 697, 115694.

Journal of Proteome Research pubs.acs.org/jpr Article

https://doi.org/10.1021/acs.jproteome.5c00814
J. Proteome Res. XXXX, XXX, XXX−XXX

J

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shanyu+Qi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zijin+Geng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qianqian+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanyang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minqi+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dezhu+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongyan+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Pan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yiqiang+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianze+Ling"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.5c00814?ref=pdf
https://doi.org/10.1038/s41586-023-06563-x
https://doi.org/10.1038/s41586-023-06563-x
https://doi.org/10.1038/s41588-021-00978-w
https://doi.org/10.1038/s41588-021-00978-w
https://doi.org/10.1038/s41586-023-06802-1
https://doi.org/10.1038/s41586-023-06802-1
https://doi.org/10.1021/acs.jproteome.1c00657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jproteome.0c00641?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jproteome.0c00641?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jproteome.0c00641?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nprot.2017.054
https://doi.org/10.1038/nprot.2017.054
https://doi.org/10.1038/nprot.2017.054
https://doi.org/10.1074/mcp.M114.046813
https://doi.org/10.1074/mcp.M114.046813
https://doi.org/10.1074/mcp.M114.046813
https://doi.org/10.1007/978-1-0716-2978-9_8
https://doi.org/10.1007/978-1-0716-2978-9_8
https://doi.org/10.1186/s12014-019-9237-1
https://doi.org/10.1186/s12014-019-9237-1
https://doi.org/10.1021/acs.jproteome.0c00670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jproteome.0c00670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmeth.2610
https://doi.org/10.1038/nmeth.2610
https://doi.org/10.1038/nmeth.2610
https://doi.org/10.1021/acs.jproteome.3c00357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jproteome.3c00357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ab.2024.115694
https://doi.org/10.1016/j.ab.2024.115694
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.5c00814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(14) Viode, A.; van Zalm, P.; Smolen, K. K.; Fatou, B.; Stevenson, D.;
Jha, M.; Levy, O.; Steen, J.; Steen, H.; Network, I. A simple, time- and
cost-effective, high-throughput depletion strategy for deep plasma
proteomics. Sci. Adv. 2023, 9 (13), No. eadf9717.
(15) Messner, C. B.; Demichev, V.; Bloomfield, N.; Yu, J. S. L.; White,
M.; Kreidl, M.; Egger, A. S.; Freiwald, A.; Ivosev, G.; Wasim, F.; et al.
Ultra-fast proteomics with Scanning SWATH.Nat. Biotechnol. 2021, 39
(7), 846−854.
(16) Blume, J. E.; Manning, W. C.; Troiano, G.; Hornburg, D.; Figa,
M.; Hesterberg, L.; Platt, T. L.; Zhao, X.; Cuaresma, R. A.; Everley, P.
A.; et al. Rapid, deep and precise profiling of the plasma proteome with
multi-nanoparticle protein corona. Nat. Commun. 2020, 11 (1), 3662.
(17) Tu, C.; Rudnick, P. A.; Martinez, M. Y.; Cheek, K. L.; Stein, S. E.;
Slebos, R. J.; Liebler, D. C. Depletion of abundant plasma proteins and
limitations of plasma proteomics. J. Proteome Res. 2010, 9 (10), 4982−
4991.
(18) Cao, X.; Sandberg, A.; Araujo, J. E.; Cvetkovski, F.; Berglund, E.;
Eriksson, L. E.; Pernemalm, M. Evaluation of Spin Columns for Human
Plasma Depletion to Facilitate MS-Based Proteomics Analysis of
Plasma. J. Proteome Res. 2021, 20 (9), 4610−4620.
(19) Chen, Y. Y.; Lin, S. Y.; Yeh, Y. Y.; Hsiao, H. H.; Wu, C. Y.; Chen,
S. T.; Wang, A. H. A modified protein precipitation procedure for
efficient removal of albumin from serum. Electrophoresis 2005, 26 (11),
2117−2127.
(20)Wang, Y.; Cai, M.; Song, Y.; Jiang, K.; Liu, T.; Zhang, X.; Zhu, H.;
Sha, J.; Du, L.; Qi, S.; et al. PEG Precipitation Followed by Albumin
Depletion for Plasma Proteomics Analysis. Analytical chemistry 2025,
97 (23), 12133−12142.
(21) Kay, R.; Barton, C.; Ratcliffe, L.; Matharoo-Ball, B.; Brown, P.;
Roberts, J.; Teale, P.; Creaser, C. Enrichment of low molecular weight
serum proteins using acetonitrile precipitation for mass spectrometry
based proteomic analysis. Rapid Commun. Mass Spectrom. 2008, 22
(20), 3255−3260.
(22) Polson, C.; Sarkar, P.; Incledon, B.; Raguvaran, V.; Grant, R.
Optimization of protein precipitation based upon effectiveness of
protein removal and ionization effect in liquid chromatography-tandem
mass spectrometry. J. Chromatogr B Analyt Technol. Biomed Life Sci.
2003, 785 (2), 263−275.
(23) Potier, D. N.; Griffiths, J. R.; Unwin, R. D.;Walker, M. J.; Carrick,
E.; Willamson, A. J.; Whetton, A. D. An assessment of peptide
enrichment methods employing mTRAQ quantification approaches.
Analytical chemistry 2012, 84 (13), 5604−5610.
(24) Gekko, K.; Ohmae, E.; Kameyama, K.; Takagi, T. Acetonitrile-
protein interactions: amino acid solubility and preferential solvation.
Biochim. Biophys. Acta 1998, 1387 (1−2), 195−205.
(25) Amani, S.; Naeem, A. Acetonitrile can promote formation of
different structural intermediate states on aggregation pathway of
immunoglobulin G from human and bovine. Int. J. Biol. Macromol.
2011, 49 (1), 71−78.
(26) Kaumbekova, S.; Sugita, M.; Sakaguchi, N.; Takahashi, Y.;
Sadakane, A.; Umezawa, M. Effect of Acetonitrile on the Conformation
of Bovine Serum Albumin. ACS Omega 2024, 9 (48), 47680−47689.
(27) Kovrigin, E. L.; Potekhin, S. A. On the stabilizing action of
protein denaturants: acetonitrile effect on stability of lysozyme in
aqueous solutions. Biophys Chem. 2000, 83 (1), 45−59.
(28) Cock, P. J.; Antao, T.; Chang, J. T.; Chapman, B. A.; Cox, C. J.;
Dalke, A.; Friedberg, I.; Hamelryck, T.; Kauff, F.; Wilczynski, B.; de
Hoon, M. J. Biopython: freely available Python tools for computational
molecular biology and bioinformatics. Bioinformatics 2009, 25 (11),
1422−1423.
(29) Paysan-Lafosse, T.; Blum, M.; Chuguransky, S.; Grego, T.; Pinto,
B. L.; Salazar, G. A.; Bileschi, M. L.; Bork, P.; Bridge, A.; Colwell, L.;
et al. InterPro in 2022. Nucleic Acids Res. 2023, 51 (D1), D418−D427.
(30) Shao, D.; Huang, L.; Wang, Y.; Cui, X.; Li, Y.; Wang, Y.; Ma, Q.;
Du,W.; Cui, J. HBFP: a new repository for human body fluid proteome.
Database (Oxford) 2021, 2021, 2021.
(31) Uhlen, M.; Oksvold, P.; Fagerberg, L.; Lundberg, E.; Jonasson,
K.; Forsberg, M.; Zwahlen, M.; Kampf, C.; Wester, K.; Hober, S.; et al.

Towards a knowledge-based Human Protein Atlas. Nat. Biotechnol.
2010, 28 (12), 1248−1250.
(32) Thul, P. J.; Lindskog, C. The human protein atlas: A spatial map
of the human proteome. Protein Sci. 2018, 27 (1), 233−244.
(33) Bian, Y.; Bayer, F. P.; Chang, Y. C.; Meng, C.; Hoefer, S.; Deng,
N.; Zheng, R.; Boychenko, O.; Kuster, B. Robust Microflow LC-MS/
MS for Proteome Analysis: 38 000 Runs and Counting. Analytical
chemistry 2021, 93 (8), 3686−3690.
(34) Digre, A.; Lindskog, C. The Human Protein Atlas-Spatial
localization of the human proteome in health and disease. Protein Sci.
2021, 30 (1), 218−233.
(35) Candia, J.; Daya, G. N.; Tanaka, T.; Ferrucci, L.; Walker, K. A.
Assessment of variability in the plasma 7k SomaScan proteomics assay.
Sci. Rep 2022, 12 (1), 17147.
(36) Shu, T.; Ning, W.; Wu, D.; Xu, J.; Han, Q.; Huang, M.; Zou, X.;
Yang, Q.; Yuan, Y.; Bie, Y.; et al. Plasma Proteomics Identify Biomarkers
and Pathogenesis of COVID-19. Immunity 2020, 53 (5), 1108−
1122.e1105.
(37) Venable, J. D.; Dong, M. Q.; Wohlschlegel, J.; Dillin, A.; Yates, J.
R. Automated approach for quantitative analysis of complex peptide
mixtures from tandem mass spectra. Nat. Methods 2004, 1 (1), 39−45.
(38) Bruderer, R.; Bernhardt, O. M.; Gandhi, T.; Miladinovic, S. M.;
Cheng, L. Y.; Messner, S.; Ehrenberger, T.; Zanotelli, V.; Butscheid, Y.;
Escher, C.; et al. Extending the limits of quantitative proteome profiling
with data-independent acquisition and application to acetaminophen-
treated three-dimensional liver microtissues. Molecular & cellular
proteomics: MCP 2015, 14 (5), 1400−1410.
(39) Collins, B. C.; Hunter, C. L.; Liu, Y.; Schilling, B.; Rosenberger,
G.; Bader, S. L.; Chan, D.W.; Gibson, B.W.; Gingras, A. C.; Held, J. M.;
et al. Multi-laboratory assessment of reproducibility, qualitative and
quantitative performance of SWATH-mass spectrometry. Nat.
Commun. 2017, 8 (1), 291.
(40) Chen, T.; Ma, J.; Liu, Y.; Chen, Z.; Xiao, N.; Lu, Y.; Fu, Y.; Yang,
C.; Li, M.; Wu, S.; et al. iProX in 2021: connecting proteomics data
sharing with big data.Nucleic Acids Res. 2022, 50 (D1), D1522−D1527.
(41)Ma, J.; Chen, T.; Wu, S.; Yang, C.; Bai, M.; Shu, K.; Li, K.; Zhang,
G.; Jin, Z.; He, F.; et al. iProX: an integrated proteome resource.Nucleic
Acids Res. 2019, 47 (D1), D1211−D1217.

Journal of Proteome Research pubs.acs.org/jpr Article

https://doi.org/10.1021/acs.jproteome.5c00814
J. Proteome Res. XXXX, XXX, XXX−XXX

K

https://doi.org/10.1126/sciadv.adf9717
https://doi.org/10.1126/sciadv.adf9717
https://doi.org/10.1126/sciadv.adf9717
https://doi.org/10.1038/s41587-021-00860-4
https://doi.org/10.1038/s41467-020-17033-7
https://doi.org/10.1038/s41467-020-17033-7
https://doi.org/10.1021/pr100646w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/pr100646w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jproteome.1c00378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jproteome.1c00378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jproteome.1c00378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/elps.200410381
https://doi.org/10.1002/elps.200410381
https://doi.org/10.1021/acs.analchem.5c00593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5c00593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/rcm.3729
https://doi.org/10.1002/rcm.3729
https://doi.org/10.1002/rcm.3729
https://doi.org/10.1016/S1570-0232(02)00914-5
https://doi.org/10.1016/S1570-0232(02)00914-5
https://doi.org/10.1016/S1570-0232(02)00914-5
https://doi.org/10.1021/ac300584y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac300584y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0167-4838(98)00121-6
https://doi.org/10.1016/S0167-4838(98)00121-6
https://doi.org/10.1016/j.ijbiomac.2011.03.014
https://doi.org/10.1016/j.ijbiomac.2011.03.014
https://doi.org/10.1016/j.ijbiomac.2011.03.014
https://doi.org/10.1021/acsomega.4c07274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.4c07274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0301-4622(99)00122-2
https://doi.org/10.1016/S0301-4622(99)00122-2
https://doi.org/10.1016/S0301-4622(99)00122-2
https://doi.org/10.1093/bioinformatics/btp163
https://doi.org/10.1093/bioinformatics/btp163
https://doi.org/10.1093/nar/gkac993
https://doi.org/10.1093/database/baab065
https://doi.org/10.1038/nbt1210-1248
https://doi.org/10.1002/pro.3307
https://doi.org/10.1002/pro.3307
https://doi.org/10.1021/acs.analchem.1c00257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c00257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pro.3987
https://doi.org/10.1002/pro.3987
https://doi.org/10.1038/s41598-022-22116-0
https://doi.org/10.1016/j.immuni.2020.10.008
https://doi.org/10.1016/j.immuni.2020.10.008
https://doi.org/10.1038/nmeth705
https://doi.org/10.1038/nmeth705
https://doi.org/10.1074/mcp.M114.044305
https://doi.org/10.1074/mcp.M114.044305
https://doi.org/10.1074/mcp.M114.044305
https://doi.org/10.1038/s41467-017-00249-5
https://doi.org/10.1038/s41467-017-00249-5
https://doi.org/10.1093/nar/gkab1081
https://doi.org/10.1093/nar/gkab1081
https://doi.org/10.1093/nar/gky869
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.5c00814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

