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ABSTRACT: Although current LC-MS technology permits
scientists to efficiently screen clinical samples in translational
research, e.g., steroids, biogenic amines, and even plasma or serum
proteomes, in a daily routine, maintaining the balance between
throughput and analytical depth is still a limiting factor. A typical
approach to enhance the proteome depth is employing offline two-
dimensional (2D) fractionation techniques before reversed-phase
nanoLC-MS/MS analysis (1D-nanoLC-MS). These additional
sample preparation steps usually require extensive sample
manipulation, which could result in sample alteration and sample
loss. Here, we present and compare 1D-nanoLC-MS with an
automated online-2D high-pH RP × low pH RP separation
method for deep proteome profiling using a nanoLC system
coupled to a high-resolution accurate-mass mass spectrometer. The proof-of-principle study permitted the identification of ca. 500
proteins with ∼10,000 peptides in 15 enzymatically digested crude serum samples collected from healthy donors in 3 laboratories
across Europe. The developed method identified 60% more peptides in comparison with conventional 1D nanoLC-MS/MS analysis
with ca. 4 times lower throughput while retaining the quantitative information. Serum sample preparation related changes were
revealed by applying unsupervised classification techniques and, therefore, must be taken into account while planning multicentric
biomarker discovery and validation studies. Overall, this novel method reduces sample complexity and boosts the number of peptide
and protein identifications without the need for extra sample handling procedures for samples equivalent to less than 1 μL of blood,
which expands the space for potential biomarker discovery by looking deeper into the composition of biofluids.

■ INTRODUCTION

In bottom-up proteomics, the proteome profiling of complex
samples such as cell lines, tissues, or body fluids is usually
accompanied by the question: how deep is deep enough to
answer biological questions. This trade-off between throughput
of analysis (number of samples per time) and depth of
proteomic coverage is forcing scientists to choose between
deep and slow or superficial and fast analytical methods.1,2

The requirement for high-throughput, multianalyte assays is
of primary importance in clinical research, particularly in the
rapidly emerging fields of translational omics and personalized
medicine.3−5 Immunoaffinity based assays yield unsurpassed
levels of sensitivity and specificity but are limited in their
multiplexing capabilities, high development costs, and delays
associated with antibodies validation.6,7 Technical advances in
LC-MS technology, sample preparation, and data processing
enabled scientists to perform rapid profiling of biofluids.8−11

However, challenges posed by blood proteomics, e.g., the
impact of sample preparation on protein abundance,12 the high
dynamic range of proteins, and the presence of high-abundant
proteins on achievable proteome depth,13 limit the applic-

ability of single run shotgun LC-MS proteomics for clinical
research, biomarker discovery, and targeted LC-MS for
validation studies.
Strategies to overcome the hurdles of complex proteome

profiling usually focus on the sample preparation step (e.g.,
depletion of high/medium abundant proteins), sample
fractionation, and advanced data processing.14,15 Both
approaches require extensive sample manipulation which
might result in added sample/protein loss and biased
quantitative results.16 One of the widely used methods in
proteomics is off-line fractionation, which splits the sample
into several fractions that are independently analyzed with
nanoLC-MS.17,18 Off-line high pH reversed-phase (high pH-
RP) has gradually taken the place of the originally proposed
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strong cation exchange (SCX) coupled with low pH reversed-
phase (low pH-RP) nanoLC-MS.19,20 This is due to better
efficiency of peptide separation under RP conditions, better
compatibility with low-pH RP nanoLC-MS, high-orthogon-
ality, and no need for an extra desalting step. Alternatively, off-
line ZIC-HILIC21,22 and mixed-mode fractionation23 were
proposed to improve orthogonality. However, these methods
still have disadvantages, e.g., they are time-consuming affording
low throughput, prone to sample loss, and require large sample
amounts if the first dimension separation is not downscaled.24

The existing online 2D low-flow LC-MS approaches are
often relying on sequential sample separation on first and
second dimensions with step gradients or solvent/salt plugs
and utilize flow-splitting concepts25,26 that limit automation
and MS utilization. The comprehensive online-2D LC with
active-modulation was developed for HILIC × RP combina-
tion27,28 and successfully applied for intact protein analysis29

and shotgun proteomics.30

Here, we present an online low-flow high-pH RP × low pH
RP platform (online-2D nanoLC) for deep serum proteome
profiling. This automated analytical platform reduces sample
complexity and increases peptide/protein identifications and
quantification without extra sample handling procedures
following sample digestion. Furthermore, it can be adapted
to accommodate different numbers of fractions for deeper
proteome profiling and to find a balance between proteome
depth and time of analysis. We further applied this method to
assess the differences in serum proteome resulting from sample
preparation procedures used at three collection locations,
followed by a comparison with data from the conventional 1D
nanoLC-MS approach.

■ EXPERIMENTAL SECTION

Patients and Serum Samples. Serum samples from
healthy female subjects were obtained from 3 different places,

namely, University Medical Center Groningen (UMCG)
(Groningen, The Netherlands), SeraLab (West Sussex, UK),
and Lund University (Lund, Sweden), following informed
consent. Serum samples from UMCG represented two groups:
(i) healthy volunteers and (ii) patients classified with
precervical intraepithelial neoplasia (CIN0). CIN0 samples
were detected as HPV positive (HPV+) although the cervix
looked normal. Because of this, CIN0 patients are also
considered healthy (Figure 1A).
At the Department of Gynecological Oncology (UMCG), all

newly referred patients (or volunteers) give permission for
collection and storage of pretreatment and follow-up serum
samples in a serum bank for research. Relevant donor data are
retrieved and transferred into an anonymous, password-
protected database. Patients’ identity is protected by study-
specific, unique patient codes. According to Dutch regulations,
these precautions mean that no further institutional review
board approval is needed (http://www.federa.org). The
demographic information about samples is summarized in
Table S1.

Serum Samples Preparation. The serum preparation at
each collection site had several differences. Seven plasma
samples from (i) healthy donors (n = 4) and (ii) CIN0
patients (n = 3) were collected at UMCG in an additive- and
gel-free glass tube (BD Vacutainer Glass Serum Tube, 7 mL
(BD 367615)) and clotted from 2 to 8 h at 20 °C followed by
centrifugation at 3,000 g for 10 min at room temperature
according to a previously described procedure.31 Three
samples from Lund University were collected in a BD
Vacutainer 8.5 mL SST(TM) II PET tube with clot activator
(silica) and separating gel (BD 367953) and clotted from 30
min to 2 h at 20 °C followed by centrifugation at 2,000 g for 10
min at room temperature. The samples from SeraLab were
collected in a bleed bag unit (manufacturer not specified) and
centrifuged at 2,800 g for 20 min at 5 °C after an overnight

Figure 1. Experimental workflow from the collection of 15 blood samples representing 4 sample sets, to sample preparation and 1D or online-2D
nanoLC-MS/MS analysis (A); scheme of online-2D nanoLC-MS setup for automated high-pH RP × low-pH RP LC-MS sample analysis (B); and
distribution of PSMs over 4 fractions for individual sample analyses with online-2D nanoLC-MS/MS (C).
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clotting step at 4 °C. All serum samples were stored at −80 °C
in aliquots until analysis. All intermediate fractions that were
made during sample preparation steps were stored at −20 °C.
Serum samples were prepared for proteomics analysis
simultaneously using the same protein digestion protocol
(Supporting Information S1).
Conventional 1D NanoLC-MS Platform. The conven-

tional nanoLC-MS platform (1D nanoLC-MS) was comprised
of an UltiMate 3000 RSLCnano system coupled with a Q
Exactive HF-X mass spectrometer. The system was configured
for trap-and-elute injections. An EASY-Spray column
(ES800A, PepMap 100 C18 column, 3 ̀ μm, 75 μm I.D. × 15
cm, 100 Å) was used for peptide separation. Fifteen digested
samples with a 1 μL (ca. 3 μg of total protein) injection per
sample were analyzed using a 60 min nanoLC-MS/MS DDA
method. The LC and MS method details are described in
Supporting Information S1. The mass spectrometry proteo-
mics data have been deposited to the ProteomeXchange
Consortium via the PRIDE32 partner repository with the data
set identifier PXD024893.
Online-2D NanoLC-MS Platform. The online-2D

nanoLC-MS comprises an UltiMate 3000 RSLCnano system
with an additional low-flow pump (NCP-3200RS) and UV
detector (VWD-3400RS) modules coupled to an Orbitrap
Exploris 480 mass spectrometer (Figure 1B) via the EASY-
Spray source. Briefly, 5 μL (ca. 15 μg of total protein) of the
sample was separated on a PepSwift monolithic column (100

μm I.D. × 250 mm, first dimension column) at high pH. The
eluate was captured (concentrated) onto one of two nano trap
columns (75 μm I.D. × 2 cm, 3 μm) in the column oven. The
trap columns were alternating every 45 min. The captured
peptides were eluted onto an EASY-Spray column 75 μm × 15
cm, 3 μm (ES800A) maintained at 50 °C for low pH RP
gradient separation by the second nanoflow pump. The
comprehensive automated online-2D nanoLC-MS method
with 4 fractions was used to analyze serum protein digests.
The detailed methods description is provided in Supporting
Information S1.

Data Processing and Analysis. All DDA .raw files were
processed with the Proteome Discoverer 2.4 software (PD 2.4)
using the Sequest HT search algorithm against the human
Uniprot Reference Proteome and spectral library search against
NIST and ProteomeTool libraries33 (Supporting Information
S1). Further analysis was done using R scripts.34 The Skyline
software package was used to extract and analyze peptide peak
areas.35

■ RESULTS AND DISCUSSION

Crude Serum Proteome Coverage with 1D and
Online-2D NanoLC-MS/MS Platforms. NanoLC-MS anal-
ysis in shotgun proteomics is a powerful tool to profile
biofluids and get quantitative information about proteome
changes induced by different factors, e.g., disease, nutrition
changes, etc. However, as in other studies on LC-MS analysis

Figure 2. Number of peptides (A) and proteins (B) identified with the analysis of crude serum tryptic digests using 1D nanoLC-MS and online-2D
nanoLC-MS systems, correspondingly; the correlation between peak areas of PSMs in samples analyzed with 1D and online-2D nanoLC-MS (C);
and cluster analysis of serum samples based on normalized protein abundances measured with online-2D nanoLC-MS analysis (D) shows the
grouping of samples according to the serum collection site.
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of biofluids,36−38 we encountered a problem of the limited
proteome profiling depth while analyzing crude serum protein
digests. We optimized sample loading, gradient, column
washing, and equilibration parameters as well as DDA MS/
MS acquisition parameters for the 1D nanoLC-MS method
with 60 min total run time using standard HeLa Pierce protein
digest to ensure a wide elution window from hydrophilic to
hydrophobic peptides, low carryover (<0.2%), high MS
utilization (ca. 95%), and deep proteome coverage. The
analysis of 15 crude serum sample digests resulted in the
consistent separation and PSM profiles (Figure 1S) with ca.
350 protein groups and 5000 peptide groups identified in each
sample (Figure 2A).
Despite significant improvements in MS speed, dynamic

range, and LC resolution that increased the popularity of 1D
nanoLC-MS for large sample cohort profiling in translational
research studies, the approach has major limitations with
respect to the achievable depth for the analysis of biological
fluids.3,4,39 This limits researchers to investigate only a portion
of the high/medium-abundant proteome representing typical
blood proteome pathways, e.g., acute response, clotting, and
blood cell leakage proteins that have low specificity to diseases
and represent nonspecific body responses.
To get deeper into the serum proteome without introducing

biases related to intensive sample preparation, e.g., by using
immunoprecipitation or high-abundant protein depletion, we
developed a separation approach to increase sample loadability
and improve serum proteome peptide separation without
additional manual sample handling steps. With our automated
comprehensive online high pH-RP × low pH-RP approach,
fractions from the first dimension are captured alternately on
one of two trapping columns and sequentially analyzed using
high-throughput low pH-RP nanoLC-MS (Figure 1B).
The online-2D nanoLC-MS approach allows analyzing

samples routinely with a predefined number of fractions. We
tested methods with 2, 4, and 8 fractions that correspond to a
total analysis time of 135, 225, and 405 min. HeLa protein
digest was used to estimate the relationship between the
number of fractions and achieved proteome depth. We were
able to identify 5190, 5744, and 6974 protein groups and
around 39K, 63K, and 89K peptide groups with 2, 4, and 8
fractions, respectively (Figure 2S). 1D nanoLC-MS analysis of
HeLa protein digest using long columns offers another
possibility to achieve comparable proteome depth with simpler
separation setups,40 but the advantages of our 2D approach are
the higher loading capacity in the first dimension and
separation orthogonality evidenced by the broad peptide
hydrophobicity distribution in each fraction and an almost
linear increase in the number of identifications with an
increased number of fractions (Figures 2S, 3S). The increased
loading capacity is essential for getting deeper proteome
coverage in biofluids as it results in an increased proteome
dynamic range (Figure 2B).
The results of test crude serum sample analysis with online-

2D nanoLC-MS showed excellent analytical reproducibility
with <5% difference for the number of identified peptides and
proteins and >90% overlap of identifications between replicates
(Figure 4S). To verify that automated online-2D nanoLC-MS
does not result in peptide loss during on-trap peptide
collection, we studied the distribution of peptides by length,
hydrophobicity, as well as the number of acidic and basic
amino acids per peptide and did not find any differences

between peptides identified with 1D- or online-2D nanoLC-
MS (Figure 5S).

Label-Free Quantitative Proteome Profiling of
Human Crude Serum Samples. To balance the throughput
and proteome depth, we selected the online-2D nanoLC-MS
method with 4 fractions to profile the same 15 crude serum
samples that were analyzed with 1D nanoLC-MS. The total
analysis time required to profile 15 samples was around 57 h.
Online-2D nanoLC-MS analysis recaps on average 83% of
peptides identified with 1D nanoLC-MS while increasing the
number of peptide IDs by 60% in each sample (Figure 2A).
The peptide retention times were reproducible across 15 crude
serum samples with median values of 0.2, 0.1, 0.05, and 0.04%
for first, second, third, and fourth fractions, correspondingly
(Figure 6S). We also observed a high correlation (R > 0.83)
between peptide areas across all samples (Figure 7S) that
proves the quantitative reproducibility of the methods as the
abundance of the majority of proteins is determined by overall
blood composition. Online-2D nanoLC-MS also preserved the
quantification precision. The distribution of protein ratios
showed similar variance for 1D and online-2D analysis.
Additionally, a high correlation was observed between PSM
peak areas (Figure 2C), peptide, and protein abundances
(Figures 8S, 9S) showing that label-free quantification with
online-2D nanoLC-MS does not introduce a bias compared to
1D nanoLC-MS analysis.
Previously we discovered a panel of serum proteins (A1AG1,

TRFE, FETUA, VTDB, HPT, A1AT) that showed regulations
in samples from patients with different stages of cervical or
ovarian cancers by using targeted MRM analysis to confidently
quantify them in serum.41 Here, we quantified these proteins
based on previously selected peptides or peptides reported at
the CPTAC assay portal42 to compare results of online-2D
nanoLC-MS with 1D nanoLC-MS (Table 2S, Figure 10S). The
increased separation efficiency of online-2D nanoLC-MS
allowed for detection and quantification of peptides from the
selected protein panel based on reproducible peptide elution
profiles and better-resolved peaks. While we observed a good
correlation between 1D and online-2D nanoLC-MS results
(Figure 10S), these proteins did not show the significant
change between all studied sample groups in line with our
previous findings for healthy subjects.41

A change in the levels of classical blood proteins may
indicate disease conditions related to inflammation, change in
nutrition, immune response, etc., but these proteins are usually
not specific to a particular disease or health conditions. To find
selective protein biomarkers in blood, the method should be
able to detect specific, e.g., tissue leakage proteins that are
present at significantly lower concentration levels (<0.1 ng/
mL). The developed online-2D nanoLC-MS method allows for
improvement of serum proteome depth and robustly covers
approximately 15% of the known Human Plasma Proteome
Atlas43 (Figure 5S) confidently without manual sample
handling or the need for immunodepletion to remove high-
abundant proteins or other advanced sample preparation
techniques.

The Effect of Sample Preparation on Serum
Proteome Composition. Biomarker validation requires
multicentric studies with samples collected in different
geographical regions and different laboratories to eliminate
biases associated with blood collection and analytical
procedures. Here, we studied the potential artifacts of serum
sample preparation by comparing quantitively proteomes of
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samples collected at three different locations and under slightly
different conditions during blood collection and serum
preparation. The applied cluster analysis showed a clear
differentiation between groups of samples collected in different
laboratories. The most prominent was the separation of
SeraLab samples from other groups (Figure 2D). Considering
that all samples were digested with the same workflow and
analyzed randomly after blood withdrawal and blood clotting,
similar classification of samples between 1D nanoLC-MS and
online-2D nanoLC-MS indicates that the sample preparation
procedure might be responsible for the observed differentiation
between samples collected in different laboratories from
healthy donors.
We mapped the proteins found in serum to the recently

published list of common serum and plasma proteins derived
from cell leakage and sample handling differences44 and
discovered several proteins that could be affected by sample
preparation and be responsible for biased classification based
on sample origin (Figures 11S, 12S). The downregulation of
platelet and erythrocyte leakage proteins (Table 3S) in
SeraLab samples might be explained by significantly larger
blood volumes obtained from healthy donors that potentially
resulted in “cleaner” serum samples with a lower concentration
of blood cell leakage proteins after clotting. Thus, despite
multiple studies showing the relationship of some of these
proteins,45 e.g., THBS, PPBP, A1AT, etc., with different cancer
types, their translation to biofluid-based assays is associated
with a significant effort to eliminate variation related to
changes originated from sample preparation procedures.
Although the patients with CIN0 stage are considered

healthy and thus comparable to the UMCG healthy controls,
since both were obtained from the same location meaning that
serum samples were prepared identically (consisting of 3
versus 4 individual serum samples, respectively), we checked if
we can still find any proteins that show up- or downregulations
in those two sample groups. As expected, most of the proteins
did not show a significant difference in groups. Only 14
proteins were regulated based on a t test with 0.01 significance
(Table 4S, Figure 13S), while the absolute abundance ratio
differences above 2 showed only 7 proteins. Most of those
regulated proteins have low-cancer specificity; however, C4A
and C4B are regulated in liver, breast, and ovarian cancers;
C8A is significantly overexpressed during liver cancer disease;
and CNTN1 is overexpressed in glioma cases and thus might
be interesting for future investigation.43

■ CONCLUSION
We developed an online-2D nanoLC-MS approach for
profiling crude serum samples without manual sample handling
after protein digestion and systematically proven that online-
2D nanoLC-MS does not introduce biases in peptide
identification or quantification when compared to the
commonly used 1D nanoLC-MS approach. The comprehen-
sive comparison with conventional 1D nanoLC-MS showed
reproducible results, deeper proteome coverage, and quantita-
tive accuracy of online-2D nanoLC-MS for analysis of samples
collected at different sites. The absence of manual sample
handling steps after protein digestion, a simple digestion
protocol, and a straightforward data processing pipeline with
one LC-MS file per each sample shows strong potential for full
automation enabling large cohort studies. The developed
separation technology together with new MS acquisition
strategies like BOXCar46 and DIA can extend the biofluids

discovery toolbox and enable robust and deep serum proteome
profiling.
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(39) Cominetti, O.; Nuñ́ez Galindo, A.; Corthésy, J.; Oller Moreno,
S.; Irincheeva, I.; Valsesia, A.; Astrup, A.; Saris, W. H. M.; Hager, J.;
Kussmann, M.; Dayon, L. J. Proteome Res. 2016, 15, 389.
(40) Hinzke, T.; Kouris, A.; Hughes, R.-A.; Strous, M.; Kleiner, M.
Front. Microbiol. 2019, 10, 10.
(41) Boichenko, A. P.; Govorukhina, N.; Klip, H. G.; Van Der Zee,
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