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progress in sample preparation
and liquid-phase separation-mass spectrometry for
proteomic analysis of mass-limited samples

Zhichang Yang and Liangliang Sun *

Mass spectrometry (MS)-based proteomics has enabled the identification and quantification of thousands of

proteins from complex proteomes in a single experiment. However, its performance for mass-limited

proteome samples (e.g., single cells and tissue samples from laser capture microdissection) is still not

satisfying. The development of novel proteomic methodologies with better overall sensitivity is vital.

During the last several years, substantial technical progress has been achieved for the preparation and

liquid-phase separation-MS characterization of mass-limited proteome samples. In this review, we

summarize recent technological progress of sample preparation, liquid chromatography (LC)-MS,

capillary zone electrophoresis (CZE)-MS and MS instrumentation for bottom-up proteomics of trace

biological samples, highlight some exciting applications of the novel techniques for single-cell

proteomics, and provide a very brief perspective about the field at the end.
Mass spectrometry (MS)-based proteomics has become one of
the major tools to measure protein molecules in a biological
system globally. Studies on protein identity, quantity, post-
translational modications (PTMs), localization, temporal and
spatial dynamics, and even structural assembly have been
implemented using MS-based proteomics. One of the ultimate
goals of proteomic research is comprehensive proling of whole
proteomes of cells. Typically, a comprehensive proling study
requires at least tens of micrograms of starting proteinmaterial.
The requirement of a large amount of protein material is mainly
due to two reasons: rst, protein abundance in cells can have
a very high dynamic range, from one copy per cell to millions of
copies per cell, and second, the sensitivity of modern MS-based
platform is not high enough.1–3 The protein mass in a single
human somatic cell is on the order of sub-nanogram,4,5 and tens
of micrograms correspond to hundreds of thousands of human
cells. In this kind of bulk studies, the proteome heterogeneity of
individual cells is lost.

Proteomic measurement of individual cells is vital for
understanding the roles played by cell-to-cell heterogeneity in
fundamental biological processes and disease development.6–8

Even in one cell type, various cell populations exist and have
distinct gene expression proles.9 Signicant cell-to-cell
heterogeneity exists in cellular responses to dynamic environ-
mental stimulus.10 Even under a seemingly stable and identical
environment, cells can display heterogeneous behaviors.11

During the early embryogenesis, blastomeres in one embryo
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gradually differentiate from each other at the molecular level
(e.g., protein), establishing the foundation for organogen-
esis.12,13 Strong protein-level heterogeneity across cancer cells in
one tumor makes drug development for cancer treatment
challenging.6,14,15 Technical breakthrough in developing
extremely sensitive proteomic methodologies will enable global
characterization of proteins in a small number of cells and even
single cells, leading to substantial impact on the understanding
of various biological questions in cancer biology, develop-
mental biology, neuroscience, etc.

The state-of-the-art proteomic platforms have achieved the
sensitivity of 1–100 zmol for proteins.4,16–21Mammalian cells can
express 12 000 to 15 000 different proteins spanning seven
orders of magnitude in concentration. With the modern pro-
teomic techniques, over 4000 proteins could be identied in
theory from a single mammalian cell.22 However, only few
studies have reported the identication of hundreds of proteins
from single human cells.21,23 One of the major challenges of
comprehensive characterization of the mass-limited samples is
the sample loss during the sample preparation and liquid-
phase separation caused by dead adsorption of proteins/
peptides on surfaces, such as processing containers, pipette
tips, the stationary phase of liquid chromatography (LC)
columns, and sample loading valves in LC, leading to low
sample recovery from sample preparation and limited sensi-
tivity of LC-MS for proteomics.

Researchers have been dedicating to explore novel sample
processing and liquid-phase separation-MS methods to
decrease the sample loss and boost the overall sensitivity of
proteomics. Several review papers have been published and
This journal is © The Royal Society of Chemistry 2021
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summarized the recent advances in proteomic studies of mass-
limited samples, including the development in sample pro-
cessing, fractionation, separation, and MS instrumentation.24–29

In this review, we highlight the most recent technical progress
of sample preparation, LC-MS, and capillary electrophoresis
(CE)-MS, and MS instrumentation for proteomic analyses of
mass-limited samples and some exciting single-cell proteomics
studies of various biological questions.

1. Development of novel sample
preparation methods with better
sample recovery for proteomics

Reducing sample loss due to non-specic interactions between
proteins/peptides and surfaces is critical in processing trace
proteome samples. It can be achieved by minimizing sample
processing volume, eliminating sample transferring, and
blocking the non-specic interactions.

1.1 Minimizing sample processing volume

Controlling the sample processing in a minimal volume (i.e.,
nanoliters) is one efficient approach for preparing mass-limited
samples. In 2018, Zhu et al. developed a strategy called Nano-
POTS (nanodroplet processing in one pot for trace samples)
platform for proteomic analyses of small numbers of human
cells.21 Nanowells were manufactured on a glass chip with
a hydrophilic surface and with diameters of 1 mm, Fig. 1A. All
steps of sample processing, including protein extraction,
reduction and alkylation, and digestion, took place in the
nanowells with a total volume of 200 nL. The NanoPOTS plat-
form signicantly reduced the reaction volume by 99.5%
compared to regular sample processing in a 0.5 mL Eppendorf
tube. In addition to the nanowell, the hydrophilic surface can
reduce hydrophobic adsorption. Rapigest was used as the
surfactant to facilitate cell lysis while did not affect trypsin
digestion and MS signal.30 The NanoPOTS has been applied to
few-cells and even single-cell proteomics,31 laser capture
microdissected (LCM) tissues with a diameter low to 50 mm,32

and circulating tumor cells.33 Hundreds or over one thousand of
proteins were identied from single HeLa cells with or without
the match-between-runs algorithm.34 The algorithm is inte-
grated with the MaxQuant soware.35 The fact that the match-
between-runs algorithm boosted the number of protein identi-
cations drastically indicated the value of high mass accuracy
and reproducible retention time of parent peptides on protein
identication from trace proteome samples.

A nanoliter-scale oil-air-droplet (OAD) chip was introduced
in 2018 by Li et al. for sample preparation of a low population of
cells.36 In a sandwiched device, a droplet containing cells was
deposited on to a low retention millimeter-sized chip. It was
isolated from the outside world by an oil layer to prevent
evaporation of liquid, Fig. 1B. Surface tension prevented the
direct contact of the oil and sample droplet. Followed by the
deposition of the cell droplet, a series of reagents were added
into the droplet to implement cell lysis, protein reduction,
alkylation, and digestion. The total droplet volume was
This journal is © The Royal Society of Chemistry 2021
estimated at around 550 nL. A C18 prepacked capillary was then
inserted into the droplet. Peptides were directly loaded onto the
capillary column from the droplet through pressurization, and
online desalting was performed. Using this approach, 51 to
1360 protein groups were identied from 1 to 100 HeLa cells.
When comparing the OAD and NanoPOTS methods, we noted
that the number of protein identications from single HeLa
cells using the OAD chip was much lower than that using the
NanoPOTS platform (tens of proteins vs. hundreds of proteins).
However, it doesn't necessarily indicate lower sensitivity or
more sample loss of the OAD method compared to the Nano-
POTS method because different LC-MS/MS systems were used
for the twomethods (50 i.d. LC column plus Orbitrap Elite vs. 30
i.d. column plus Orbitrap Fusion Lumos or Orbitrap Eclipse
Tribrid).

Recently, another on-chip based microuidic device was
developed by the Vinh group.37 The device integrated an ultra-
ltration membrane in a micro-reaction chamber with 1.2 mL
volume in total. The membrane divided the chamber in half
with one side (0.6 mL) for protein extraction and digestion. The
membrane played the role of ltrationmembrane applied in the
lter aided sample reparation (FASP) technique38 for protein
clean up and allowed clean peptides to be eluted for the
downstream LC-MS/MS. A multi-reagent pump system and
multi-way valve were integrated with the chiplter device to
deliver sample and reagent, Fig. 1C. The chiplter method
achieved ten times higher sensitivity compared with the tradi-
tional FASP strategy when the starting protein material was 1
mg. Although the chiplter was not applied on low numbers of
human cells as NanoPOTS and the OAD chip, the chiplter has
great potential on preparing low numbers of cells. First, it is
directly connected to the LC-MS/MS platform with no need for
material transfer. Second, all the sample processing steps occur
in one side of the reaction chamber upstream of the membrane,
which is only 600 nL, leading to a comparable volume level as
the NanoPOTS and OAD chip. Third, the excellent sealing of the
chamber prevents liquid evaporation. Further sensitivity
improvement is highly possible with a smaller chamber volume
and a special surface treatment device to reduce dead
adsorption.

An integrated proteome analysis device (iPAD), Fig. 1F, was
developed by the Zhang group in 2015 for ultrasensitive pro-
teome proling of only 100 living cancer cells.39 Cells were
suspended in a cold solution (4 �C) containing salts (NH4HCO3,
guanidine hydrochloride, and EDTA) and trypsin at a known
cell concentration. An exact proportion of cell solution con-
taining 100 cells was directly drawn into a fused silica capillary
loop (100 mm i.d. � 40 cm, 3.2 mL in volume). One hour of heat
treatment (50 �C) facilitated the cell lysis and digestion in the
capillary loop. The digested peptides were then directly loaded
onto a trap column for further LC-MS analysis. 813 proteins
were identied from the 100 cells. In 2018, Shao et. al. devel-
oped an optimized version of iPAD technique, iPAD-1, for pro-
teomics analysis of single HeLa cells.40 In iPAD-1, a narrower
capillary and simpler valve system were applied, Fig. 1G. Single
HeLa cell was aspirated into the capillary under microscope
monitoring. The total volume of the processing capillary in
Anal. Methods, 2021, 13, 1214–1225 | 1215
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Fig. 1 Schematic diagrams of different sample preparation methods. (A) NanoPOTS. Reproduced from ref. 21 with permission from Springer
Nature, copyright (2018); (B) OAD. Reproduced from ref. 36 with permission from American Chemical Society, copyright (2018); (C) ChipFilter.
Reproduced from ref. 37 with permission from American Chemical Society, copyright (2020); (D) MicroFASP. Reproduced from ref. 41 with
permission from American Chemical Society, copyright (2020); (E) SP3; (F) iPAD. Reproduced from ref. 39 with permission from American
Chemical Society, copyright (2015); (G) iPAD-1. Reproduced from ref. 40 with permission from American Chemical Society, copyright (2018).
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iPAD-1 is only 20 nL (22 mm i.d. � 5 cm). In addition to heat
treatment, an ultrasonication probe was placed close to the
capillary to facilitate cell lysis and protein digestion. The pro-
cessing capillary was then connected to an LC column through
a union with zero dead volume for LC-MS analysis. Over 180
proteins were condently identied with MS/MS from one HeLa
cell. The ultrasensitive performance of the iPAD-1 device can be
attributed to the tiny sample processing volume (20 nL) and the
direct connection between sample processing capillary with LC-
MS without sample transfer.
1216 | Anal. Methods, 2021, 13, 1214–1225
All the methods we discussed above handle liquid at the
nanoliter level and require special liquid handling systems. For
example, NanoPOTS requires 70% humidity to reduce liquid
evaporation so the entire sample processing is implemented in
a closed humid chamber. The OAD chip method requires an
installation of a self-alignment monolithic device for droplet
deposition, pressurization, and sample loading for LC-MS/MS.
The chiplter technique requires specialization of a multi-
reagent pump and multi-way valve for reagent delivering and
a good sealing reaction chamber for sample processing. The
This journal is © The Royal Society of Chemistry 2021
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iPAD method also requires a multi-port valve to integrate the
pumping system, processing capillary, and LC system together.
The requirement of specic instrumentation limits the adapt-
ability of the methods across different labs.

To overcome the instrumentation availability issue of the
above-mentioned methods, a micro-FASP technique was pub-
lished by Zhang et al. recently.41 The strategy adapted the idea of
conventional FASP but reduced the surface area of the ltration
membrane to 0.1 mm2. The membrane was integrated within
a 20 mL pipette tip with bottom and top support for immobili-
zation, Fig. 1D. The sample loading, buffer washing, and elution
volume were all controlled at microliter level. Peptides were
directly eluted into sample vials for LC-MS/MS analysis to avoid
additional liquid transferring. The micro-FASP identied
a comparable number of proteins and 20% more peptides
compared to the conventional FASP when 10 times lower of
protein amount (1 mg vs. 10 mg) was consumed. Over 3000
proteins were identied, starting with 1000 MCF-7 cells, indi-
cating the great potential of the micro-FASP method for pro-
teomic analysis of few human cells. More importantly, it does
not require special instrumentation for sample preparation.
1.2 Eliminating sample transferring

Another crucial point on treating trace amount of protein
materials is to reduce liquid transferring as much as possible
during sample processing. Proteomic sample preparation nor-
mally employs detergents (e.g., SDS) or chaotropic reagent (e.g.,
urea) to facilitate cell lysis and protein extraction. Most of the
detergents and chaotropic reagents are incompatible with
downstream enzymatic protein digestion and LC-MS analysis.
Detergents usually need to be removed through ultraltration
or precipitation, and chaotropic reagents need to be removed
through desalting to ensure compatibility with follow-up LC-MS
experiments. Those steps lead to limited sample loss when
hundreds of micrograms of proteins are available but result in
serious sample loss for trace protein materials.

Researchers have been searching for ways to avoid further
sample clean up to reduce sample loss. Budnik et al. used water
as lysis buffer, lysed single cells throughmechanical sonication,
and denatured proteins through high temperature.2 Since
chemicals were obviated, no further clean-up was applied.
Detergent Rapigest was applied in the preparation of mass-
limited proteome samples because Rapigest is compatible
with enzymatic digestion and is degraded into non-interfering
products under an acidic condition.21 Organic solvent tri-
uoroethanol was also employed for the preparation of mass-
limited samples.4,42 Triuoroethanol can assist the cell lysis
and protein denaturation. More importantly, it can be removed
easily by lyophilization.

In 2014, Hughes et al. introduced a single-pot solid-phase-
enhanced sample preparation (SP3) method.43 The method
utilizes strong detergents (e.g., SDS) for protein extraction from
cells. The cell lysates are incubated with carboxyl-coated para-
magnetic nanoparticles under a high concentration of aceto-
nitrile (>70%). Proteins are captured on the beads through
hydrophilic interaction, and detergents can be removed
This journal is © The Royal Society of Chemistry 2021
efficiently via washing multiple times with organic solvents.
Then the captured proteins are digested by enzymes on beads,
followed by peptide elution from beads using an aqueous
solution for LC-MS/MS analysis, Fig. 1E. The paramagnetic
nanoparticles have a large surface area, ensuring strong inter-
action with proteins and supporting extensive washing. The SP3
method achieves sample preparation in a single Eppendorf
tube, reduces sample loss during sample transferring, and
enables the preparation of mass-limited samples for proteomic
analysis. Multiple studies have used the SP3 method for pro-
cessing the mass-limited samples and achieved good sensitivity
on proteome proling. Hughes et al. processed single
Drosophila embryos containing only 200 ng of proteins and
identied almost 3000 proteins when using SP3 for sample
processing.43 Griesser et al. applied SP3 to process proteins
extracted from formalin-xed paraffin-embedded (FFPE)
sample. From tissue containing about 3000 cells, over 5600
proteins were condently quantied.44 Yang et al. identied
3600 proteins from a protein amount equal to 1000 HEK-293t
cells using CE-MS/MS, when SP3 was used for sample process-
ing.45 We need to point out that the SP3 method is operated in
Eppendorf tubes and requires microliter-level solutions for
sample preparation, resulting in a limited performance for the
preparation of low nanograms of proteome samples.
1.3 Blocking the non-specic interactions

Blocking the non-specic adsorption of proteins/peptides on
the surfaces of Eppendorf tubes, sample vials, and even beads
packed in the LC columns has also been implemented in pro-
teomic analyses of mass-limited samples. Yang et al. proved
that treatment of the sample vials with bovine serum albumin
(BSA) improved the number of protein identications (IDs) by
40% and peptide intensity by 4-fold compared to that without
treatment when only nanograms of peptides were in the sample
vials for MS analysis.45 BSA peptides were also used to block the
dead adsorption of beads packed in reversed-phase LC columns
before the columns were used for LC-MS/MS analysis of trace
amounts of peptides.46 Similar treatment of LC columns with an
E. coli digest was also reported when mammalian proteome
samples were analyzed.36 Dou et al. applied n-dodecyl b-D-mal-
toside (DDM) (0.01%) as a collection buffer additive in the
process of fraction collection and achieved signicantly higher
numbers of protein IDs compared to that without the DDM
additive.47 This outcome is because of the reduced interaction
between peptides and the collection device surface in the
presence of low-concentration DDM.48 Another effective
approach for reducing non-specic binding between peptides to
the potentially interacting surface is to introduce carrier
peptides into the peptide samples. The carrier peptides have
a much higher concentration than the peptides in the samples
and are responsible for blocking the dead adsorption. One of
the perfect examples is the Single Cell ProtEomics by Mass
Spectrometry (SCoPE-MS) method developed by Budnik et al.2

In the SCoPE-MS method, one of the tandem mass tag (TMT)
channels is used to label the carrier sample, and other TMT
channels are used to label the target mass-limited samples (i.e.,
Anal. Methods, 2021, 13, 1214–1225 | 1217
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single mammalian cells). The carrier sample derives from the
same source of protein materials as the single-cell samples but
with a signicantly higher peptide amount. The use of a high
concentration of TMT-labeled carrier sample not only reduces
the peptide loss of mass-limited samples but also boosts the
peptide signal in mass spectra, facilitating the identication
and quantication of peptides from the mass-limited samples.
In addition, the involvement of TMT labeling also improves the
throughput of proteomic analysis of trace proteome samples,
such as single cells.49,50
2. Development of novel LC-MS and
CE-MS methods for highly sensitive
proteomics

Coupling liquid-phase separations (LC and CE) to MS and MS/
MS plays vital roles in comprehensive and sensitive proling
of complex proteomes with high concentration dynamic ranges.
Millions of different peptide molecules exist in a typical pro-
teome digest. Highly efficient separation of peptides before MS
and MS/MS reduces ionization suppression and boosts the
sensitivity of peptide measurement.

RPLC-MS is routinely used for proteomics. The ow rate of
mobile phase can have a signicant effect on the electrospray
ionization efficiency of peptides and usually, a low ow rate
yields better ionization efficiency.51,52 Researchers have
deployed RPLC columns with narrow inner diameter (i.d.) to
accommodate lower ow rate of LC separation and to increase
the sensitivity of LC-MS. It has been pointed out that the
sensitivity of LC-MS can be boosted by decreasing the inner
diameter (d) of the RPLC column from d1 to d2, and the
improvement factor (f) is equal to d1

2/d2
2.53 The i.d. of RPLC

columns has been decreased from 75 mm as the most routinely
used for RPLC-MS to 30 mm or smaller.17,18,21,23,54,55 The ow rate
is on the order of tens of nanoliter per min to even picoliter
per min. Extremely high sensitivity has been achieved for
bottom-up proteomics by applying such small i.d. RPLC
columns. In 2004, a trace proteomics study was performed by
Fig. 2 (A) SEM image of the cross section of a PLOT column. (B) The orth
from ref. 45 with permission from American Chemical Society, copyrigh

1218 | Anal. Methods, 2021, 13, 1214–1225
coupling a 15 mm-i.d. RPLC column with an 11.4 T FT-ICR mass
spectrometer. The ow rate of the system was controlled at 20
nLmin�1, and a peak capacity of 103 was achieved.17 About 14%
of the total proteome of Deinococcus radiodurans were con-
dently identied when only 2.5 ng of peptides were consumed.
The sensitivity was proved to be at the low zmol level, corre-
sponding to thousands of peptide molecules. Recently, 20 mm-
i.d. RPLC columns have been applied to the characterization
of peptides of single human cells processed by the NanoPOTS
method, enabling the identication of over 300 proteins from
single cells by MS/MS.23 Porous layer open tube (PLOT) columns
with small i.d. have also been employed for proteomics of mass-
limited samples.18,54 In PLOT, a poly(styrene-divinylbenzene) in
situ polymerization was implemented in a 10 mm-i.d. capillary
column with polymer thickness of 1–2 mm, Fig. 2A. The thin wall
of the polymer as stationary phase signicantly reduces the
resistance to mass transfer and boosts the separation effi-
ciency.54 By applying a 10 mm i.d. PLOT column, 4000 proteins
were identied with the consumption of peptides correspond-
ing to 100–200 cells.18 Recently, Xiang et al. introduced an
extremely narrow open tubular (NOT) column with only 2 mm
i.d. for trace proteomics analysis.55 The 2 mm-i.d. NOT column
was operated at a ow rate lower than 1 nL min�1 and achieved
over 1000 protein IDs when only 75 pg of tryptic peptides were
loaded onto the system, demonstrating the tremendous
potential for single-cell proteomics. The PLOT/NOT columns
still have some limitations. For example, they could be clogged
easily due to the extremely small i.d. and further improvement
on robustness is essential before their widespread adoption.

Besides RPLC-MS, capillary zone electrophoresis (CZE)-MS
has also shown great potential for proteomic analysis of mass-
limited samples. Multiple studies have compared the perfor-
mance of CZE-MS and RPLC-MS for discovery proteomics in
terms of sensitivity.56–60 It has been found that CZE-MS
outperforms RPLC-MS regarding the number of peptide and
protein IDs when the sample size is smaller than 10 ng. The
higher sensitivity of CZE-MS can attribute to several reasons.
First, CZE can achieve very high separation efficiency for large
biomolecules. One million of theoretical plates have been
ogonal separations of peptides using nanoRPLC and CZE. Reproduced
t (2019).

This journal is © The Royal Society of Chemistry 2021
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achieved by CZE for separation of proteins.61 Second, the ow
rate in CZE separation is on the order of low nL min�1 when
capillaries with neutral coatings are employed, ensuring the
high electrospray ionization efficiency of peptides and proteins.
Third, the absence of stationary phase and direct sample
injection from a sample vial without a valve and transferring
tubing reduce sample loss. Low zmol peptide detection limits
have been reported using CZE-MS.16,62

CZE-MS typically has an excellent mass detection limit but
a poor concentration detection limit because of the low sample
loading capacity of CZE (low nL). The low sample loading
capacity had impeded CZE-MS/MS for large-scale proteomics of
mass-limited samples. During recent years, various online
concentration approaches have been evaluated for boosting the
sample loading capacity of CZE-MS for large-scale proteomics of
nanograms of proteome samples. Sun et al. applied CZE-MS/MS
for large-scale proteomic analysis of a HeLa cell proteome digest
with a led enhanced sample stacking method for increasing
the sample loading volume (100 nL), identifying 10 000 peptides
and 2000 proteins from only 400 ng of Hela digest.63 Chen et al.
optimized the dynamic pH junction-based sample stacking
method for CZE-MS/MS according to work reported by the
Dovichi group64 and reported a CZE-MS/MS system with
a microliter-scale sample loading volume and an over 2 hour
separation window, establishing the foundation of using CZE-
MS/MS for large-scale proteomics.65 More recently, the
dynamic pH junction-based CZE-MS/MS has shown great
potential for large-scale proteomics of mass-limited
samples.45,66 The CZE-MS/MS system identied on average 100
proteins via consuming only 250 pg of an MCF7 proteome
digest, corresponding to the protein content of roughly one
MCF7 cell in mass.66 Yang et al. reported the identication of
over 6500 proteins from an MCF7 cell lysate starting with only
500 ng peptides via coupling the nanoow RPLC (nanoRPLC)
fractionation with the dynamic pH junction-based CZE-MS/
MS.45 The well orthogonal separations of nanoRPLC and CZE
for peptides guarantee the high peak capacity of the nanoRPLC-
CZE-MS/MS platform for bottom-up proteomics, Fig. 2B.
Coupling the SP3 sample preparation method and nanoRPLC-
CZE-MS/MS enabled the identication of nearly 4000 proteins
from 5000 HEK293T cells with the consumption of a peptide
amount that corresponded to only roughly 1000 cells. One
technical challenge still exists for using CZE-MS/MS for mass-
limited samples and it is how to fully use all the available
mass-limited materials for the measurements.

Coupling SPME (solid phase microextraction) to CZE-MS/MS
could be an efficient approach for mass-limited proteome
samples because it theoretically can eliminate the limitation of
sample loading volume of CZE as peptides can be preconcen-
trated by the SPME material before CZE-MS. In addition, the
eluted sample plug from SPME can be further online concen-
trated with transient isotachophoresis (tITP)58 and dynamic pH
junction via carefully choosing the elution buffer and separa-
tion buffer.67,68 The SPME-CZE-MS has shown over 3-folds more
protein IDs than nanoRPLC-MS when only 5 ng peptides were
used, clearly demonstrating the advantage of SPME-CZE-MS for
trace proteome samples.58 Zhang et al. reported the
This journal is © The Royal Society of Chemistry 2021
identication of over 1000 proteins from 50 ng of Xenopus laevis
proteome digest with the SPME-CZE-MS/MS.68 However, the
robustness of the SPME-CZE-MS/MS needs to be improved, and
SPME-CZE-MS/MS needs to be coupled with the sample prepa-
ration methods mentioned above for validating its performance
for analyses of mass-limited proteome samples.

Both CZE-MS and nanoRPLC-MS have demonstrated the
power of large-scale proteomics of mass-limited samples. We
believe that better separation of peptides will lead to higher
overall sensitivity of bottom-up proteomics, beneting the
characterization of mass-limited samples. Our recent successes
in coupling nanoRPLC to the dynamic pH junction-based CZE-
MS/MS for highly sensitive proteomics further prove this
point.45 We expect that improved versions of the nanoRPLC-
CZE-MS/MS system via employing smaller i.d. RPLC columns
and the SPME-CZE-MS/MS will certainly advance the proteomic
analysis of mass-limited samples substantially.
3. Advances of MS instrumentation
for highly sensitive proteomics

Advances of MS instrumentation in the last decade have played
a crucial role in enabling ultrasensitive characterization of
proteins from complex but mass-limited samples.

Ion mobility MS (IMS) separates gas-phase ions by their
mobility within gas media. It provides an additional dimension
of separation of analytes besides liquid-phase separations (i.e.,
LC/CE) and MS. High eld asymmetric waveform ion mobility
spectrometry (FAIMS) separates gas-phase ions based on their
characteristic difference in mobility in a high and low electric
eld.69 FAIMS provides some advantages for mass-limited yet
complex samples such as single cells, including reducing mass
spectrum background noise and providing reproducible online
fractionations of ions.70 FAIMS was not widely applied in MS
instrumentation until recently because it attenuated ion signal
up to one order of magnitude, and because the long ion trans-
mission time of FAIMS resulted in delay switching of compen-
sation voltage (CV). In 2018, Pfammatter et al. introduced
a novel FAIMS device with shorter CV switch time and improved
sensitivity, and integrated it with the Orbitrap Tribrid mass
spectrometer.71 The novel FAIMS-Orbitrap platform achieved
better detection of low-abundance peptides that were under-
represented in the platform without FAIMS and effectively
reduced ratio compression effect in TMT quantication.72

FAIMS-Orbitrap has shown superior performance on proteomic
analysis of trace samples. For example, more than 1000 proteins
were identied from 5 ng of a HeLa digest with only a 5 min
gradient.3 In another example, more than 1000 proteins were
identied by MS/MS from a single HeLa cell using FAIMS-
Orbitrap, which is 2.3 times more protein IDs than the plat-
form without FAIMS.73

Another IMS, trapped ion mobility MS (TIMS), has also been
integrated with time-of-ight (TOF) MS for proteomic analysis
of mass-limited samples. Unlike FAIMS, TIMS separates gas-
phase ions based on their collision cross sections. The separa-
tion is typically performed within 10 s or 100 s milliseconds.74
Anal. Methods, 2021, 13, 1214–1225 | 1219
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Fig. 3 (A) Volcano plot revealing significant proteomic differences between blastomeres from animal and vegetal poles. Reproduced from ref.
80 with permission from American Chemical Society, copyright (2019). (B) Volcano plot of the quantified proteins from single cells in the two
drug arrested states. Reproduced from ref. 77 with permission from bioRxiv, copyright (2020). (C) Violin plot of total protein signals of the
analyzed single cells in the indicated cell cycle stages as enriched by the drug treatments. Reproduced from ref. 77 with permission from bioRxiv,
copyright (2020). (D) Volcano plot showing significant proteomic differences between FM1-43high/FM1-43low cells (hair cell/supporting cell).
Reproduced from ref. 81 with permission from eLife, copyright (2019). (E) Weighted principal component analysis (PCA) of 1490 single cells using
all 3042 proteins, signaling proteins and least abundant proteins quantified across single cells. Cells are colored by cell type. The more spread-
out of macrophage cells indicates significant cellular heterogeneity after differentiation from homogeneous monocytes cells. Reproduced from
ref. 82 with permission from BioMed Central, copyright (2021). (F) Hierarchical cluster analysis-heat map of quantified proteins from single
Xenopus blastomeres isolated from various developmental stages. Reproduced from ref. 80 with permission from American Chemical Society,
copyright (2019). (G) Absolute expression dynamics (log2 niBAQ) of 5 proteins as a function of pseudotime. Reproduced from ref. 81 with
permission from eLife, copyright (2019).
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TOF-MS is famous for its extremely high scan speed, making it
perfect to be coupled with TIMS since ions that emerge from
TIMS can be efficiently sampled by TOF analyzer. Bruker's
1220 | Anal. Methods, 2021, 13, 1214–1225
timsTOF pro is a representative of interfacing TIMS with TOF-
MS. By applying Parallel Accumulation – SErial Fragmentation
(PASEF)75 in timsTOF pro, peptide sequencing speed is
This journal is © The Royal Society of Chemistry 2021
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signicantly improved without loss of sensitivity. By using
timsTOF pro, more than 2500 proteins were identied from 10
ng of a HeLa digest within a 30 min acquisition time.76 Very
recently, timsTOF pro was applied for a single-cell proteomics
study. Over 800 proteins were identied from single HeLa cells,
and over 420 single HeLa cells were analyzed, representing one
of the largest data sets of single-cell proteomics.77

Orbitrap-based instruments have been widely used by the
proteomics community. Since the rst commercial instrument
incorporated with Orbitrap analyzer was introduced in 2005,
successive generations of Orbitrap-based instruments have
been developed with improved scan speed, sensitivity, and
resolution.78 Up to 40 Hz acquisition rate (at resolution setting
of 7500 at m/z 200) and half million resolution (m/z 200) were
achieved in the latest model of Orbitrap instrumentation. The
superior resolving power, scan rate, and sensitivity make Orbi-
trap instrumentation the most widely used MS in proteomic
analysis of trace materials, especially single cells.23,36,73

Not only MS instrumentation, the data acquisition strategies
also play vital roles for sensitive and reproducible character-
izations of trace protein materials. Compared to conventional
data-dependent acquisition (DDA), the data-independent
acquisition (DIA) strategy has unique advantages, especially
for proteomics analysis of trace protein materials. Saha-Shah
et al. systematically compared DDA and DIA for proteomics
analyses of single blastomeres from Xenopus laevis embryos (1-
cell to 128-cell stages), and observed that DIA had better
sensitivity when tiny quantities of proteome samples were
analyzed and exhibited great quantitative reproducibility.79
4. Applications of the techniques to
single-cell proteomics

The advance of techniques regarding sample preparation,
separation and MS instrumentation enables researchers to
explore proteome difference at single-cell resolution. Lombard-
Banek et al. used a capillary microprobe to sample cellular
proteins from single blastomeres in Xenopus early-stage
embryos, followed by CZE-MS/MS-based label-free quantitative
bottom-up proteomics.80 Signicant proteome differences were
observed at the single-cell level between blastomeres collected
from the animal pole and vegetal pole, Fig. 3A. Brunner et al.
processed FACS isolated single cells in 384-well plate with very
small processing volume (1–2 mL) and applied an improved LC-
MS platform to study proteome difference in cells at different
cell-cycle stages.77 Cell-cycle of HeLa cells was arrested by drug
treatment to produce four cell populations enriched in specic
cell-cycle stages. Although all cells were HeLa cells, signicant
proteome differences were observed between cells at different
cell-cycle stages, Fig. 3B. This single-cell proteomics result also
reected different protein amounts in cells at different prolif-
eration states by summarizing identied peptides intensity,
Fig. 3C. Signicant cell-to-cell heterogeneity at the proteome
level was also demonstrated in a single cell proteomics study of
progenitor cell and descendant cell.81 In the study, Zhu et al.
processed individual hair cells and its progenitor, supporting
This journal is © The Royal Society of Chemistry 2021
cells, with NanoPOTS, and performed single-cell proteomics of
these two kinds of cells with LC-MS equipped with an ultra-
narrow bore separation column (30 mm i.d.). By using FM1-43 as
a labeling reagent (a membrane probe for identifying actively
ring neurons), hair cells and supporting cells were distin-
guished through uorescence-activated cell sorting, based on
the fact that hair cells can be labeled more strongly by FM1-43
than supporting cells. The NanoPOTS-assisted single-cell pro-
teomics study identied 60 proteins from a single hair cell and
600 proteins from a pool of 20 hair cells. By checking the
identied proteins from a pool of 20 cells in each population
(hair and supporting cells), different proteins were signicantly
enriched in different cell types, Fig. 3D. Specht et al. applied
SCoPE2, an optimized version of SCoPEmethod, for proteomics
analyses of 1490 single cells (monocytes and macrophage cells)
and quantied over 3000 proteins from those single cells.82

Principle component analysis of the large single-cell-proteomics
data set clearly separated the two cell types and revealed cellular
heterogeneity, Fig. 3E.

Single-cell proteomics can shed light on the molecular
mechanisms of cell differentiation. In the Lombard-Banek's
work, cellular proteins were sampled from a blastomere called
midline animal-dorsal cell (at 16-cell stage) and its descendant
cells at different cell-division stages (at 32, 64, and 128-cell
stages) prior to mid-blastula transition (MBT).80 Before MBT,
there is no de novo transcription. Since all descendant cells arise
from the same founder cell, it is surprising to see the proteome
change over embryo development as shown in the hierarchical
cluster analysis result, Fig. 3F. In the Zhu's work, although less
than 100 proteins were identied from a single cell due to the
extremely small cell size, with sufficient sample size, develop-
mental trajectories from various protein expression patterns at
the single-cell level can be established, Fig. 3G.81 These single-
cell proteomics studies revealed the protein expression
dynamics during cell differentiation.

5. Conclusions

Proteomics of mass-limited samples has been advanced
aggressively in recent years because of signicant technical
progress in sample preparation, liquid-phase separation, and
MS instrumentation. It took over 20 years from the detection of
hemoglobin from single erythrocytes83 to the identication of
hundreds of proteins from a single HeLa cell23 using MS. We
expect that with further advancement of sample preparation
methods and nanoRPLC/CE-MS platforms, the sensitivity and
throughput of proteomics will be improved drastically, enabling
routine proteomic characterization of mass-limited samples
(e.g., single cells) with high proteome coverage.

We also need to note that in almost all the proteomic studies
of mass-limited samples, bottom-up proteomics is employed
due to the fact that it has drastically better sensitivity than the
top-down proteomics that directly measures intact proteins
(proteoforms) instead of peptides. However, the most recent
top-down proteomic studies of mass-limited proteome samples
demonstrated the identication and quantication of thou-
sands of proteoforms from nanograms of proteome samples
Anal. Methods, 2021, 13, 1214–1225 | 1221
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using CZE-MS/MS61 as well as the identication of over 600
proteoforms from only �770 HeLa cells using nanoRPLC-MS/
MS and NanoPOTS-based sample preparation.48 The data
suggest the potential of using top-down proteomics for the
characterization of mass-limited proteome samples, even single
cells.
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