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Ultimately, cell biology seeks to define molecular mechanisms underlying cellular functions.
However, heterogeneity within cell populations must be considered for optimal assay design
and data interpretation. Although single-cell analyses are desirable for addressing this issue,
practical considerations, including assay sensitivity, limit their broad application. Therefore,
omics studies on small numbers of cells in defined subpopulations represent a viable alternative
for elucidating cell functions at the molecular level. MS-based proteomics allows in-depth
proteome exploration, although analyses of small numbers of cells have not been pursued due to
loss during the multistep procedure involved. Thus, optimization of the proteomics workflow to
facilitate the analysis of rare cells would be useful. Here, we report a microproteomics workflow
for limited numbers of immune cells using non-damaging, microfluidic chip-based cell sorting
and MS-based proteomics. Samples of 1000 or 100 THP-1 cells were sorted, and after enzymatic
digestion, peptide mixtures were subjected to nano-LC-MS analysis. We achieved reasonable
proteome coverage from as few as 100-sorted cells, and the data obtained from 1000-sorted
cells were as comprehensive as those obtained using 1 �g of whole cell lysate. With further
refinement, our approach could be useful for studying cell subpopulations or limited samples,
such as clinical specimens.
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The importance of cellular heterogeneity among stem
cells and immune cells [1–3] is well understood. Cellular
heterogeneity was originally recognized as a fundamental
property of cellular systems [4] and is now widely associated
with the function of such systems [5]. Monocytes play pivotal
roles in tissue homeostasis and innate immunity and are
a well-established source of various types of macrophages.
Accumulating clinical data suggest a link between monocyte
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heterogeneity and cardiovascular disease [6], although the
detailed mechanism remains unknown. In this context,
an omics approach can provide objective insights into the
diverse function of cells [2]. Multiple cell surface markers can
be used to subdivide cells into subsets; thus, the abundance of
cells may not be constant. Comprehensive single-cell omics
approaches [7] are evolving, which is desirable for addressing
the functions of small amounts of cells, although proteomics
remain limited by practical concerns. Comprehensive
proteomic analyses of limited numbers of cells (micropro-
teomics) have primarily involved MS-based approaches [8],
followed by non-MS based approaches [9, 10]. MS-based pro-
teomics, which usually requires 105 to millions of cells, has

Colour Online: See the article online to view Sch. 1 and Figs. 1, 2 in
colour.

C© 2017 The Authors. Proteomics published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

http://orcid.org/0000-0003-0489-194X
http://creativecommons.org/licenses/by-nc-nd/4.0/


1600420 (2 of 7) K. Kasuga et al. Proteomics 17, 13–14, 2017, 1600420

dramatically improved proteome coverage, allowing the pro-
filing of over 13 000 proteins from human cell lines [11]. To
substantially scale down material requirements toward mi-
croproteomics, optimization of sample collection [12], sample
preparation [13–15], MS analysis involving chromatography
[16] and data analysis [17, 18] will be required. Currently,
subpopulations are defined via cell-surface phenotyping
using flow cytometry. The combination of flow cytometry and
MS-based proteomics has been applied for assessing samples
of 500–30 000 cells [16,19], and further scaled down, in-depth
approaches are needed. The most recent multicolored sorting
system simultaneously defines multiple subsets of cells
from heterogeneous samples; however, it can result in cell
bursting because of physical stresses. Sample preparation
and desalting for MS-based proteomics involves multiple
procedures; thus, loss and contamination are likely to occur
during these processes, especially with small-scale samples.
A major factor in sample loss is adsorption: cells, proteins
and peptides adhere to plastics and solid supports, resulting
in low recovery and emphasizing the need for processes to
minimize loss. Here, we report a microproteomics workflow
for THP-1, a human monocytic cell line. Because the cell
number is undefined in microproteomics, we used the num-
ber of circulating tumor cells (CTCs) in a clinical specimen as
a model, which ranges from 100 to 1000 cells [20]. To ensure
cell recovery, we employed microfluidic chip-based cell
sorting for avoiding cell damage. Using simple cell popula-
tions, we optimized a sample processing method focused on
minimizing sample loss. The resulting proteome profiling of
1000-sorted THP-1 cells was as comprehensive as the profile
obtained using 1 �g of whole cell lysate in our system.

The experimental design is shown in Scheme 1. A PE-
conjugated mouse anti-human HLA-DR antibody was used
to label THP-1 for accurate cell counting. DAPI was em-
ployed to exclude dead cells, and 1000 or 100 immunostained
THP-1 cells were sorted in sheath liquid. Cell sorting was
performed using the On-chip sort system (On-chip Biotech-
nologies, Tokyo, Japan), which has previously been described
in detail [21]. Briefly, the sheath flow was horizontally directed
into micro channels that were controlled by air pressure; the
flow pressure was less than 0.3 psi, and the flow speed was
less than 1 m/s (schematic diagram in Scheme 1). These
mild conditions enabled damage-free cell sorting. Phenol
red- and serum-free filtered RPMI-1640 medium was used as
the sheath liquid to maintain cell viability. Each 1000 or 100
cells were collected from an isolation reservoir in a 1% BSA-
coated or hydrophilic-coated microtube (Sumitomo Bakelite,
Co. Ltd., Tokyo, Japan). The sorted cells were then suspended
in medium, containing high levels of inorganic salts and pro-
cessed via single-pot sample preparation to minimize sample
loss. As such, the medium could be removed via centrifu-
gation; however, cells might also be removed because of a
low cell density. To prevent cell loss caused by centrifuga-
tion, further processing, such as enzymatic digestion, should
be conducted in the medium, which results in unfavorable
conditions. Thus, we investigated the effect of centrifugation

and the medium with the aim of maximizing proteome cov-
erage under limiting conditions. We prepared five groups to
investigate cell adhesion to the microtube and cell loss due
to centrifugation to remove the sheath liquid: 1000 cells in a
1% BSA-coated microtube, lysed directly with medium (with
medium Group 1); 1000 cells in a 1% BSA-coated microtube,
from which the medium was removed, followed by lysis in
the same microtube (without medium Group 2); 1000 cells
in a hydrophilic-coated tube, from which the medium was
removed, followed by lysis in the same microtube (without
medium Group 3); 100 cells in a 1% BSA-coated microtube,
lysed directly with medium (with medium Group 4); and 100
cells in a BSA-coated microtube, from which the medium was
removed, followed by lysis in the same microtube (without
medium Group 5). Proteins were extracted using a partially
modified phase transfer surfactant method [22]. The protein
solution with or without sheath liquid was digested with Lys-
C for 3 h, followed by trypsin digestion. Following desalting
with an SPE C-tip, each sample was subjected to shotgun pro-
teomics analysis for protein profiling. All experiments were
run in triplicate. All samples were analyzed with an EASY-
nLC 1000 (Proxeon, Thermo) coupled to an Orbitrap Velos
Elite (Thermo) equipped with an Acclaim R© PepMap 100 C18
Nano-trap column (100 �m id × 2 cm, 3 �m, Thermo) and an
EASY-Spray PepMap C18 column (75 �m id × 25 cm, 2 �m,
Thermo). The peptides were separated using a 3-h linear gra-
dient of solvent A (0.1% formic acid) and solvent B (ACN and
0.1% formic acid) at 300 nL/min. All of the MS/MS spec-
tra were analyzed through sequence alignment using Pro-
teome Discoverer 1.4 with two search engines, SEQUEST HT
(Thermo) and Mascot (version 2.4.1, Matrix Science), against
the Swiss-Prot human database (May 2014). Because of the
small amount of the samples, the peptide spectrum matches
(PSM) number was small and was insufficient to perform a
decoy search and for false discovery rate validation [23] (Sup-
porting Information Table 1). Thus, we preferred to validate
the results using the Fixed Value PSM Validator without false
discovery rate, moreover, we simply applied a high peptide
confidence filter to narrow down the results using strict con-
ditions. Detailed methods and conditions are provided in the
Supporting Information.

The current workflow allowed the identification of 346 to
911 proteins and 275 to 549 proteins from 1000 or 100-sorted
cells, respectively (Supporting Information Table 2, Venn di-
agram in Fig. 1A and B). The results exceeded expectations.
We previously used a conventional cell sorter to sort 1000
MCF-7 cells, which resulted in unsatisfactory coverage (fewer
than 100 proteins from 1000-sorted cells, data presented at
the 19th IMSC, Kyoto), which we assume was due to the
use of a conventional cell sorter. A conventional cell sorter
employs high-pressure flow control (> 45 psi) and relatively
high-speed flow collisions (ex. 10 m/s); these factors generate
strong electric fields and high shear stress in cells, poten-
tially resulting in cell damage. Moreover, orthogonal sorting
may be disadvantageous for cell bursting. According to Mollet
et al., conventional cell sorting damages 15 to 55% of THP-1
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Scheme 1. Overview of the workflow in this
study. First, 100 or 1000 sorted THP-1 cells
were collected in a BSA-coated tube or a
hydrophilic-coated tube, and following each
sample processing procedure, protein profil-
ing was performed. Five Groups were pre-
pared: Group 1: 1000 cells in a BSA-coated
tube digested with medium; Group 2: 1000
cells in a BSA-coated tube with the medium
removed; Group 3: 1000 cells in a hydrophilic-
coated tube with the medium removed; Group
4: 100 cells in a BSA-coated tube digested with
medium; Group 5: 100 cells in a BSA-coated
tube with the medium removed. Schematic di-
agram of cell sorting in the microfluidic-based
cell sorter and 1000-sorted cells gated by HLA-
DR+. The original diagram was kindly pro-
vided by On-chip Biotechnologies Co., Ltd.

cells and sorting conditions greatly affected THP-1 cell recov-
ery, which ranged 59 to 81% [24]. A microfluidic chip-based
cell sorter is advantageous in these regards, leading to reason-
able coverage. Following cell sorting, microscopy confirmed
that the cell shape was normal; thus, the chip-based cytometer
successfully sorted 1000 or 100 cells without damage.

We further investigated the effect of centrifugation on mi-
croproteomics, comparing protein; the protein profiles from
Groups 1 and 2 or Groups 4 and 5. We found that the im-
pact of centrifugation differed between 1000-cell and 100-cell
samples. For 1000 cells, the proteome coverage was reduced
by centrifugation (Fig. 1A, Groups 1 and 2), and it appeared
that the cells were removed together with the medium. On
the other hand, proteome coverage was increased by cen-
trifugation in the groups with 100-sorted cells (Groups 4

and 5, Fig. 1B), suggesting that sample processing in the
presence of medium might be strongly influenced in sam-
ples with the extremely limited size of 100 cells. This find-
ing also indicated that multiple factors affect the proteome
coverage obtained for small-scale samples. Subsequently, we
evaluated the effect of the sheath liquid (i.e. the medium).
Since Trypsin and Lys-C can be used in the presence of rela-
tively high levels of salt, we attempted to proceed with further
sample preparation in the presence of medium and assessed
the number of miscleaved peptide sites. High levels of salt
can lead to incompletely cleaved peptides. As shown in Fig.
1C, the samples processed with medium (Groups 1 and 4)
showed more miscleaved sites than Groups 2, 3 and 5, which
were processed without medium. Compared with Groups 2
and 3 without medium, the percentage of completely cleaved
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Figure 1. Microproteome profi-
ling and characteristics (A)
Proteins identified from
1000-sorted cells: Group 1:
BSA-coated tube digested with
medium; Group 2: BSA-coated
tube with the medium removed;
Group 3: hydrophilic-coated
tube with the medium removed
(B) Proteins from 100-sorted
cells: Group 4: BSA-coated tube
digested with medium; Group
5: BSA-coated tube with the
medium removed. w. CENTRF:
with centrifugation (C) Miscle-
aved peptide sites under each
condition. Some error bars are
invisible because of low vari-
ability. Unpaired T-test: ǂ, Group
1 vs. Group 2, p< 0.05, #,
Group 1 vs. Group 3, p< 0.01
(D) Distribution of the peptide
GRAVY score from 1000-sorted
THP-1 cells in BSA-coated
or hydrophilic-coated tubes.
(N = 3).

peptides in Group 1 was significantly lower, at 42%, showing
an influence of the medium on enzymatic digestion. While
the number of miscleaved sites was increased, the unfavor-
able conditions were apparently acceptable for protein profil-
ing. Samples of 100 cells showed more frequent miscleavage
than samples of 1000 cells. As described above, centrifugation
provided better results in the samples of 100-sorted cells; thus,
the sample processing procedure for a sample of 100 cells
requires removal of the medium to increase coverage. Com-
plete cleavage of protein samples is considered critical for
increasing sensitivity; however, missed cleavages may be not
always be disadvantageous. In the case of extremely limited
samples, such as samples of 100 cells, further optimization
of the workflow might be required. Nevertheless, the number
of identified proteins was equivalent to the results obtained
for the bulk cell lysate (Fig. 2A), verifying the advantage of
single-pot sample preparation.

Sample loss due to surface adsorption is a critical factor
in microproteomics. Protein–surface interactions are driven
by multiple factors, including hydrophobic and hydrophilic
interactions. Various low-protein-adsorption tubes are com-
mercially available. In this study, we assessed a hydrophilic-
coated tube and its BSA-coated counterpart, which is non-
toxic to cells. The coating efficiency was directly com-
pared in the BSA-coated (Group 2) and hydrophilic-coated
(Group 3) tubes using 1000-cell samples without medium.
As shown in Fig. 1A, the BSA coating (Group 2) improved
proteome coverage compared with that of the hydrophilic
coating (Group 3). The coating efficiency was further evalu-
ated based on the peptide GRAVY score [25], which character-
izes peptide hydrophobicity, in Groups 2 and 3 (Fig. 1D). We

found that the peptides obtained using the hydrophilic-coated
tubes appeared to be more hydrophobic, whereas peptides
with a broader range of properties were identified using the
BSA-coated tubes. Peptide characteristics vary, and peptides
are commonly amphipathic in nature. The effects of surface
coatings are not yet fully understood due to this complicated
mechanism. In this study, we assessed the properties of the
peptides associated with each type of coating. BSA coating is
simple and is commonly used for ELISA and other applica-
tions [26], and this type of coating was shown to be successful
for reducing sample loss in our study and others [27]. No
contamination from antibody-derived peptides (i.e. murine
IgM- or IgG-derived peptides) was detected.

The results of protein profiling via microproteomics or
our conventional proteomics workflow using 1 �g equiva-
lent of bulk cell lysate were compared (N = 3). As previously
reported [12, 13, 19], we found that proteome coverage was
not proportional to cell numbers (Supporting Information
Table 2). Protein clustering, particularly in relation to cellu-
lar localization, is of interest. The profiling of 1000 or 100
sorted THP-1 cells or bulk cell lysate was further analyzed
through GO analysis of cellular components, for the top ten
components in each sample (Fig. 2B). The frequency of GO
terms for each component was similar between 1000- and
100-cell samples. The bulk cell lysate showed congenial pro-
filing with sorted cells, but a high frequency of almost all
GO terms, particularly for exosome and cytoplasmic proteins.
Further investigation suggested that these differences were
due to the tube coatings. Using the current workflow, the
number of identified proteins in each group was similar in
terms of cellular localization, regardless of the number of
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Figure 2. Proteome profiling in micro- and
conventional proteomics (A) Venn diagrams
comparing the proteins or peptides identified
from 1000-sorted cells, 100-sorted cells or bulk
cell lysate. (Groups 1, 4 and bulk cell lysate)
(B) GO analysis of cellular components for
the proteins identified from bulk cell lysate
(open), 1000-sorted cells (Group 1, gray) and
100-sorted cells (Group 4, striped). The results
are shown as the frequency (%) of the top ten
GO terms in each group.

cells. This finding suggested that our simple sample prepara-
tion processes could cover the proteome for almost all cellular
components, including membranes. The protein abundance
associated with each sample size is of interest, and quantita-
tive analysis will be performed in future investigations.

The current workflow enabled the identification of a sim-
ilar numbers of proteins from 1000 sorted cells and 1 �g
equivalent of bulk cell lysates; however, further improvement
is required. Variance frequently occurs during the analysis
of samples at trace levels (Supporting Information Fig. 1),
which we assume might represent the total variance from
each processing step (i.e. injection, adsorption to the whole
LC system, sample loss during sample preparation and the
number of missed cleavages). In general, we use at least one
million cells in the lysis step, and a 1 �g equivalent aliquot is
employed for LC-MS analysis, which results in greater than

60% of overlap across replicates. For 1000 or 100 cells, the
amount of protein obtained is less than 1 ng, and almost all
of the sample is injected for LC-MS at once, representing
technically difficult conditions. Switching from SUS tubing
and parts to other materials in an LC system may prevent
adsorption, although this is technically challenging. Next, we
compared the results of protein profiling for 1000 or 100 HLA-
DR+-sorted cells and unsorted bulk cell lysates (Fig. 2A). We
expected that the protein profiles would be similar across
the three groups because HLA-DR is a pan-surface antigen
of monocytes. However, the variation was greater than we
expected. We explored the cause of this variation focusing
on physicochemical properties, and it appeared that both an-
alytical and biological factors may have contributed to the
observed variation. Several physicochemical characteristics
were found to show a group-specific tendency, apparently
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reflecting the conditions of sample preparation. Such vari-
ance is the most challenging issue in microproteomics. Even
when millions of cells are used, some variance will occur
due to carry-over and lot-to-lot differences in tips, columns
and cell lines. In our microproteomics analyses, it should be
considered that we compared sorted cells and unsorted cells.
Sorted cells sometimes clog a c-tip, while bulk cell lysates and
culture media do so less frequently. Sample clogging in tips
may cause sample loss and is therefore likely to cause vari-
ance across triplicates, groups, and/or bulk cell lysates. Such
differences may be due to lot-to-lot variation in c-tips and/or
the effect of PE-Ab conjugates, but it is difficult to determine
the cause. In addition, the laser used in cell sorting may stim-
ulate cytokine release and/or protein production, potentially
representing one of the reasons that variation occurred. To
address the variance issue, we investigated the characteristics
of the common proteins across the three groups; these pro-
teins were both nucleus and cytoplasmic proteins and were
relatively abundant. Further information, such as the spe-
cific characteristics of the proteins, could not be obtained.
Sample loss during protein digestion and purification in mi-
croproteomics is a particularly critical issue, and alternative
desalting tools may be effective for preventing sample loss.

In this work, we used commercially available tools and
instruments, and it will be necessary to develop a specific
system to overcome these issues. However, our workflow
for quantitatively classifying cellular subpopulations and ob-
taining insight regarding cellular populations can be directly
linked with proteome profiling, which is the advantage of our
approach.

Microproteomics shows potential for clinical omics re-
search in cases where sample amounts are limited [17,28,29].
Recently, antibody-conjugated magnetic beads were used to
define single subpopulation in whole blood [13]. Cell sort-
ing using magnetic beads can be performed more gently and
faster than FACS. However, this approach can be applied to
only one cell surface marker. Most cell subpopulations are
defined by multiple surface markers, such as CD14++CD16+

and CD14++CD16− [6]. Our approach enables multicolored-
cell sorting and can define these subsets, allowing us to count
the ratio of each subset, which is not possible using current
magnetic bead-sorting methods. This type of multiplex anal-
ysis is essential for highly heterogeneous samples and clin-
ical specimens. As shown previously [13], microproteomics
requires multiple factors to be refined, including cell lysis,
the prevention of cell adhesion and chromatography. These
authors applied micro-extraction (SPE) and a PLOT system,
which uses an extremely slow flow rate, along with a highly
effective spray system. The combination of these approaches
successfully led to more in-depth proteomics results. With
further refinement of our current system, especially regard-
ing the prevention of sample loss, we can expect more robust
and deeper proteomics profiles to be obtained in samples of
a limited size.

In this study, we applied undamaged microfluidic chip-
based cell sorting combined with MS-based proteomics and

established a simple sample preparation method to mini-
mize sample loss. This is the first report of microproteomics
profiling using a limited number of THP-1 cells, which are rel-
atively small in size (10 �m) [30]. To elucidate the function of
monocyte subsets, the characterization of distinct functions
in each subset is crucial. One of the most significant func-
tions of monocytes is cytokine production, which can be de-
termined through multicolor flow cytometry or ELISA; thus,
sorted subpopulations can be easily applied for such anal-
yses. The production of different cytokines and the expres-
sion of different genes have been observed between subsets
[6]. Therefore, integration with microproteomics, cytokine as-
says or other omics techniques, including transcriptomics or
genomics, will further clarify the function of monocyte sub-
populations and disease states.
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