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Single-cell Proteomics: Progress and Prospects
Ryan T. Kelly*

MS-based proteome profiling has become increasingly
comprehensive and quantitative, yet a persistent short-
coming has been the relatively large samples required to
achieve an in-depth measurement. Such bulk samples,
typically comprising thousands of cells or more, provide
a population average and obscure important cellular heter-
ogeneity. Single-cell proteomics capabilities have the
potential to transform biomedical research and enable
understanding of biological systems with a new level of
granularity. Recent advances in sample processing,
separations and MS instrumentation now make it possi-
ble to quantify >1000 proteins from individual mamma-
lian cells, a level of coverage that required an input of
thousands of cells just a few years ago. This review dis-
cusses important factors and parameters that should be
optimized across the workflow for single-cell and other
low-input measurements. It also highlights recent devel-
opments that have advanced the field and opportunities
for further development.

Complex biological processes are rooted in dynamic inter-
actions between individual cells, often spanning multiple cell
types as well as different states, fates and susceptibilities
within a given cell type. Global MS-based proteome meas-
urements have historically been limited to bulk samples com-
prising thousands or millions of cells. Such measurements
can provide a quantitative and nearly comprehensive profile
of protein expression (1), yet they fail to account for hetero-
geneity within the sample. Single cell protein measurements
can resolve this heterogeneity, yet the prevailing antibody-
based approaches such as immunofluorescence, flow
cytometry and mass cytometry have limited specificity and
are confined to measuring a small number of preselected
proteins per cell. Filling in this gap to achieve an in-depth
and unbiased profile of protein expression within single cells
is expected to have broad impact in biomedicine by, for
example, elucidating microenvironmental factors that pro-
mote or inhibit tumor growth (2) and identifying novel cellular
subpopulations (3) or developmental trajectories (4) that may
be obscured in bulk measurements. Developing new technol-
ogies for single cell proteomics also renders accessible many
other limited samples such as rare circulating tumor cells iso-
lated from whole blood and fine needle aspiration biopsies,

and enables protein expression to be mapped across tissues
with high spatial resolution (5).

Although many of the analytical requirements for single cell
and other low-input proteomics have been in place for some
time, including efficient nanoflow separations (6) and sensi-
tive MS instrumentation (7), innovations in sample processing
have lagged. As such, thousands of mammalian cells or large
single cells (e.g. oocytes or blastocysts) have been required
to achieve an in-depth measurement (8–10). With recent
innovations in sample preparation and experimental design,
the first reports of profiling hundreds of proteins from single
mammalian cells were published in 2018 (11, 12). The field
has advanced rapidly since those initial reports. More than
1000 protein groups can now be reliably profiled from single
cells using both label-free (13), and isobaric labeling work-
flows (14–16), and ;6000 protein groups can be profiled
from samples comprising just a few hundred cells (17). Thus,
a tradeoff still exists between sample size and proteome cov-
erage, but it has dramatically shifted in favor of much smaller
samples. These advances have been applied to a wide vari-
ety of cell and tissue types, including dissociated cells and
microdissected tissues as described below.

For such nanoscale analyses to be successful, every
aspect of the workflow must be carefully optimized. This
article takes a detailed look at sample isolation and prepara-
tion, liquid-phase separation and ionization, and gas-phase
separation and MS. For each step, important factors affecting
sample recovery and detection are discussed, examples are
described, and opportunities for continued development are
highlighted. The relative advantages of label-free and isobaric
labeling workflows are also considered. Data analysis is of
course a crucial component of any experiment, but as existing
software packages using standard settings have thus far
largely been employed for single-cell proteomics, data analysis
is only touched on lightly here. It is hoped that the present
work will emphasize the progress to date and the tremendous
opportunities that lie ahead in advancing the nascent field of
single-cell and low-input proteomics.

SAMPLE ISOLATION AND PREPARATION

Miniaturization—Sample preparation workflows for bottom-
up proteomics aim to (1) quantitatively extract proteins from
isolated cells or tissues, (2) chemically and enzymatically
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process the extracted proteins to generate peptides, and (3)
deliver the peptides to a separation platform in ready-to-ana-
lyze form and in sufficient quantities to enable a robust mea-
surement. Protein extraction, which encompasses cell lysis
and protein solubilization, often requires harsh chemical or
mechanical conditions such as SDS detergent, urea or bead
beating to disrupt tissues and liberate proteins, which then
necessitates extensive cleanup and buffer exchange steps to
remove insoluble debris and reagents that may interfere with
the downstream analysis (18). During these cleanup steps,
and indeed throughout the entire sample preparation pro-
cess, proteins and peptides are exposed to various surfaces
that incur losses due to nonspecific adsorption (19). Assum-
ing these surfaces contain a finite number of adsorptive sites,
sample losses that may be negligible for a bulk analysis can
become prohibitive or even total for a small sample subjected
to the same workflow. As evidence of this, Wu et al. showed
15% sample losses following multiple sample transfer steps
for 50mg protein samples, which increased to 89% losses
for 2 mg samples (20). These losses would have undoubt-
edly been far greater for single-cell-sized samples contain-
ing ;4 orders of magnitude less protein. Minimizing
adsorption is thus of crucial importance for trace sample
analysis, and because no surface can eliminate adsorption
of all proteins and peptides (19), this can most effectively
be achieved by dramatically reducing sample processing
volumes to avoid as much surface contact as possible.

Another key consideration for proteomic sample process-
ing is the impact that sample and reagent concentrations
have on reaction rates. For example, tryptic digestion follows
Michaelis-Menten kinetics and under conditions of low sub-
strate concentration, the digestion rate becomes directly pro-
portional to both enzyme (trypsin) and substrate (protein
sample) concentration (21). As such, digestion conditions
that work well for bulk samples in standard processing vol-
umes of tens of microliters may become ineffective when
processing a single cell in the same volume because of the
greatly reduced protein concentration. Dramatically increas-
ing the concentration of trypsin can partially offset the effects
of reduced substrate concentrations, but there is likely a limit
beyond which autolysis and the resulting chymotryptic activ-
ity (22) from excess trypsin will interfere with the analysis.
Minimizing sample processing volumes thus provides the
dual benefits of reducing surface adsorption and increasing
sample concentrations and thus should significantly enhance
single-cell proteomics.

Simplification—Although miniaturizing sample preparation
can be challenging, some aspects of the workflow fortunately
become more favorable when preparing small samples.
Buffer exchange and sample cleanup become increasingly
unnecessary, as salts and insoluble cellular debris can be of
insufficient quantities to interfere with the downstream analy-
sis. Similarly, consider that a single cell has a surface-area-
to-volume ratio (SA:V) that is hundreds of times larger than

that of, for example, a tissue sample obtained by core needle
biopsy. Sample processing reagents can therefore more
readily access the single cell and its contents without requir-
ing aggressive approaches for tissue disruption and protein
extraction. Avoiding such steps can eliminate the need to ex-
pose a trace sample to surfaces of beads or filters during
preparation, further reducing adsorptive losses. Given these
factors, sample preparation workflows that are both smaller
and simpler than their bulk-scale counterparts appear to be a
winning combination for single-cell proteomics.

Open Format—An otherwise perfect sample processing
platform would be of no value without a way to transfer sam-
ples to the platform in the first place. Although enclosed
microchannel-based microfluidic devices (23) appear at first
glance to be ideal for manipulating nanoliter volumes that
benefit single cell analyses, the so-called “world-to-chip”
interface problem (24) can be very difficult to overcome. In
contrast, open microfluidic platforms (25) that reduce dimen-
sions but maintain the general form factor of the microwell
plate can be directly interfaced with all common single-cell
sample isolation techniques including limiting dilution (11, 17,
26), micromanipulation (13, 27), FACS (4, 14, 28) and laser
capture microdissection (LCM) (11, 13, 17, 26, 29–32), pro-
viding broad compatibility with cells in suspension as well as
spatially resolved regions of tissue sections. In addition, open
reactors minimize surface exposure, and sample retrieval can
be accomplished through nanopipetting. This is not to say
that there are no prospects for enclosed channel-based
microfluidics for preparing and analyzing trace proteomic
samples, but rather that there appear to be substantial head-
winds for such developments.

Progress

A variety of approaches have been employed to prepare
trace samples and single cells for proteome profiling (33),
many of which combine the benefits of miniaturization and
simplification as discussed above. A few recent examples
are described here for illustrative purposes and are depicted
in Fig. 1. Shao et al. reported on an integrated proteome
analysis device (iPAD) (34) in which a mixture of reagents
including trypsin and the chaotrope guanidine hydrochloride
were added directly to a suspension of cells. Single cells and
the added reagents were then rapidly aspirated into a capil-
lary in a volume of just 2 nL surrounded by plugs of air to
create a nanoliter reactor (Fig. 1A). Cell lysis and digestion
took place at elevated temperature and with sonication, after
which the capillary was connected to a short separation col-
umn for rapid LC–MS analysis with a 30-min gradient. The
entire preparation workflow consisted of just cell lysis and
trypsin digestion, and any sample cleanup took place on the
reversed-phase separation column. Using this approach, the
authors identified an average of 128 protein groups by MS/
MS and 271 including identifications from MS1-level feature
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matching using MaxQuant’s Match Between Runs (MBR)
algorithm.

Li et al. developed a disposable oil-air-droplet (OAD) de-
vice (35) (Fig. 1B) in which nanoliter volumes of cells and
reagents were sequentially added and incubated in a reactor
made of low binding polypropylene or hydrophobized glass
for sample confinement. A suspended disc of oil over the
sample could be penetrated with a capillary nanopipette tip,
which then automatically resealed upon removal of the tip to
minimize droplet evaporation. Following digestion, the device

was inserted into a high-pressure chamber for direct transfer
of the sample to the head of an LC column for analysis. An
average of 35 and 108 proteins were identified from 1 and 10
HeLa cells, respectively.

Our group developed the nanoPOTS (Nanodroplet Proc-
essing in One pot for Trace Samples) platform (11) (Fig. 1C)
in which a nanopipettor sequentially dispenses nanoliter vol-
umes of cells and reagents into nanowells. The nanowells are
;1-mm-diameter glass pedestals that are patterned on a
standard glass microscope slide; each nanowell is sur-
rounded by a hydrophobic barrier. Evaporation is minimized
by dispensing reagents inside a humidified chamber and
then applying a removable cover over the array of nanodrop-
lets for extended incubations. Prepared samples can then be
loaded into a capillary and transferred to a solid-phase
extraction column that is subsequently interfaced with a
nanoLC column. The minimal sample losses and efficient
preparation, combined with highly sensitive nanoLC-MS,
enabled 211 and 1517 protein groups to be identified from 1
and ;10 HeLa cells, respectively, which increased to an av-
erage of 669 and 3092 identifications for the same samples
with MBR identifications included (11, 28).

Budnik et al. prepared single cells for analysis using a Tan-
dem Mass Tag (TMT) workflow termed SCoPE-MS. In the
first-generation platform (12), single cells were lysed by soni-
cation in 10mL volumes and finally processed in a total vol-
ume of ;12mL before combining single cell samples with a
larger carrier sample for analysis. In the second iteration
(SCoPE 2) (16), lysis was accomplished through a combina-
tion of freeze/thaw and heat in a 1mL volume. Although this
preparation workflow was not miniaturized to the nanoliter
range, it was nonetheless greatly simplified relative to a
standard bulk preparation and thus avoided cleanup-related
losses.

Prospects

Although there are undoubtedly as-yet-unimagined improve-
ments to be made in nanoscale proteomic sample processing,
a few points are becoming clear:

� Minimizing sample preparation volumes is beneficial for
reducing adsorptive losses and increasing sample concen-
trations for more efficient reaction with trypsin and other
reagents.

� Open microfluidic processing platforms have a substantial
advantage over closed systems in terms of minimizing SA:
V, and they facilitate direct coupling with widely used sam-
ple isolation strategies including micromanipulation, FACS
and LCM.

� Solution-based sample processing reduces surface expo-
sure relative to immobilized enzymatic reactors (36) and fil-
ter-based protocols (e.g. FASP (37) and micro-FASP (38))
and have thus far proven more effective for trace samples.
However, bead, column or functionalized surface-based
methods may still be required for enrichment of post-

FIG. 1. Strategies for sample preparation of low input samples based
on (A) iPAD, (B) OAD, (C) nanoPOTS and (d) SCoPE-MS. Adapted with
permission fromReferences 31, 32, 7, and 8, respectively.
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translationally modified proteins, etc., despite some
expected sample losses.

� Sample cleanup and aggressive protein extraction steps
that are sometimes required for bulk workflows may be
unnecessary for low input samples, thus providing opportu-
nities to simplify sample preparation and further reduce
losses.

As the picture becomes clearer, there are additional areas
relating to low-input sample preparation waiting to be
explored. First, while reducing sample processing volumes to
a few hundred nanoliters has greatly benefitted single-cell
proteomics, the contents of a single cell (with a volume of a
few picoliters) are still being diluted by a factor of ;100,000.
It remains to be seen whether further miniaturization will pro-
vide substantial additional gains or if a point of diminishing
returns has been reached. Other aspects of sample prepara-
tion, including reagent compositions, incubation times and
temperatures may be further optimized to provide increased
sample recovery, time savings and compatibility with more
challenging samples such as formalin-fixed, paraffin-embed-
ded tissues. The stability of prepared samples during
extended storage under both wet and dry conditions may dif-
fer from that of bulk samples and should be carefully studied.
Finally, autosamplers are not typically compatible with nanoli-
ter volumes, and interfacing single cell preparation with sepa-
rations has largely required manual handling by a highly
skilled operator. Automating the entire workflow will facili-
tate the dissemination of single-cell proteomics to many
additional laboratories. To this end, Williams et al. have
developed a custom autosampler for nanoliter samples
(39), but opportunities for further automation and simplifi-
cation remain.

SEPARATIONS AND IONIZATION

Efficient chemical separations reduce the complexity of the
sample composition entering the mass spectrometer at a
given time, expanding dynamic range and reducing ionization
suppression. The characteristic elution times in combination
with accurate mass measurements can also provide informa-
tion for identification using, for example, accurate mass and
time tag (40) or MBR (41) approaches. Reducing the flow rate
of the separation and its corresponding electrospray ioniza-
tion (ESI) source to the low-nanoliter-per-minute or even
picoliter-per-minute range can dramatically increase ioniza-
tion efficiencies and further reduce ionization suppression
(42, 43). In addition, operating at low flow rates increases the
proportion of ions resulting from peptides rather than solvent
contaminants. Various separation strategies that have proven
successful for low-input samples are discussed below.

Progress

Narrow-Bore Packed Columns—Most proteomics separa-
tions use particle-packed reversed-phase liquid chromatog-

raphy (LC) columns having a 75-mM bore and operating at
;300 nL/min (44). Not all such columns are created equal
however, and high-efficiency, low-dead-volume columns
such as those produced by Ion Opticks can produce very
narrow peaks containing peptides at higher eluting concen-
trations for improved detection (45). Yet much lower flow
rates are required to fully reap the sensitivity benefits pro-
vided by nanoESI (46). High-efficiency custom-packed
nanoLC columns having inner diameters as small as 15 mM

and operating optimally at ;20 nL/min were developed and
evaluated by Shen et al. in the early 2000s (6, 47, 48), thus
predating single-cell proteome profiling by nearly two deca-
des. These separations required highly custom apparatus as
they predated nanovolume fittings, nanoLC pumps capable
of delivering reliable programed linear gradients, and com-
mercial nanoESI emitters. Of course, they also substantially
predated effective sample processing methods for single cells
and modern mass spectrometers that could rapidly perform
tandem MS measurements on such small samples. Despite
these challenges, the authors were impressively able to iden-
tify standard peptides present in 75 zmol quantities and iden-
tify hundreds of proteins from low-nanogram samples (6).

More recently, we have revisited similar nanoLC columns
in the context of single-cell analysis and modern MS instru-
mentation. We showed a substantial increase in proteome
coverage for 30-mM-i.d. columns operating at ;50 nL/min rel-
ative to standard 75-mM-i.d. columns (49), and these 30-mM

columns have been used for most of our work since. In ana-
lyzing single nanoPOTS-prepared HeLa cells with these col-
umns, we identified at average of 211 protein groups/cell
using an Orbitrap Fusion Lumos mass spectrometer, which
increased to 669 including MBR identifications (28). We have
since further miniaturized our LC separations for single-cell
proteomics to 20-mM-i.d. columns operating at ;20 nL/min
(Fig. 2A), and the average MS/MS-derived identifications
increased by .40% to nearly 300 protein groups using the
same cell type, preparation method and mass spectrometer
(27). This illustrates the benefits of further miniaturizing sepa-
rations, although challenges with reproducibly preparing and
operating these 20-mM-i.d. (or smaller) packed columns may
preclude their routine use.

PLOT Columns—Given the difficulties with extreme minia-
turization of packed nanoLC columns, a variety of alternative
approaches have been explored. One highly promising option
is to instead use monolithic or narrow-bore porous layer
open tubular (PLOT) columns (Fig. 2B). Yue et al. originally
developed ;4-m-long, 10-mM-i.d. PLOT LC columns that uti-
lized in situ-polymerized poly(styrene-divinylbenzene) as sta-
tionary phase (50). These operated at ;20 nL/min, had a
low-fmol loading capacity and achieved impressive peak
capacities of ;400. More recently, the same group applied
similar PLOT columns to low-input proteomics (51). They
achieved detection limits ranging from 10–100 zmol for
spiked peptides and identified .2500 protein groups from

Single-cell Proteomics

1742 Mol Cell Proteomics (2020) 19(11) 1739–1748



aliquots of spiked MCF-7 cells corresponding to ;100 cells
that were captured from whole blood.

mPAC—An exciting recent development has been the com-
mercialization of microfluidic pillar array columns (mPAC) (52)
for nanoLC by PharmaFluidics. Rather than randomly pack-
ing separation media into capillaries, the mPAC columns have
an ordered stationary phase micropatterned onto a silicon
wafer. These ordered separations reduce dispersion and pro-
vide highly efficient separations at much lower operating
pressures than a typical nanoLC column. They also promise
improved robustness with no clog-prone frits and have dem-
onstrated outstanding retention time reproducibility. How-
ever, the cost of the columns is several times that of a typical
packed column. At present, mPAC columns are designed to
operate in a flow regime similar to that of a 75-mM-i.d. column
(.100 nL/min) but creating narrower pillar beds that operate
optimally at much lower flow rates should be possible. Using
a commercial 50-cm-long mPAC column, Stadlmann et al.
(53) reproducibly identified .2400 protein groups from 10-ng
cell lysate digests, indicating substantial promise for this sep-
aration technology with further miniaturization.

Capillary Electrophoresis—Capillary electrophoresis (CE)
separations have also proven highly capable for nanoscale
bottom-up proteomics (54). CE separates liquid-phase ionic

species according to their differential migration rates in an
electric field. Because CE lacks a stationary phase, it should
in principle reduce any adsorptive losses that may take place
in an LC separation. CE is also largely orthogonal to LC sep-
arations, with advantages for analyzing species that are ei-
ther unretained or fully retained on a RPLC column. Recent
improvements in ionization sources such as the electrokineti-
cally pumped sheath-flow electrospray interface (55) (Fig. 2C)
have enabled sensitive analyses with detection limits as low
as 1 zmol (56). Zhang et al. identified .3500 protein groups
from 48ng of mammalian protein digest (57). CE has been
used extensively for single-cell proteomics, but so far the
cells analyzed have generally been oocytes and blastocysts,
etc. (9, 10, 38, 58–60), all of which are much larger than typi-
cal mammalian cells. One current disadvantage for CE rela-
tive to LC is that a packed LC column naturally cleans up
and preconcentrates samples into focused plugs at the inlet
of the column prior to gradient elution, whereas effective pre-
concentration prior to separation for CE is less straightfor-
ward. Still, it is likely that CE-based separations will continue
to make important contributions to nanoscale proteomics.

2D Separations—Achieving deep proteome coverage of
.5000 protein groups generally requires a multidimensional
separation that provides greater peak capacity than that of a

FIG. 2. Separation methods for single
cells and other trace samples. A, Narrow-
bore packed LC columns.B, Porous layer
open tubular columns. C, Capillary elec-
trophoresis with electrokinetically driven
sheath flow interface. D, Nanowell-medi-
ated 2D LC. Adapted with permission
from References 23, 48, 52 and 13,
respectively.
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one-dimensional separation. However, fractionation schemes
typically lose significant amounts of sample to the collection
vessels between the two separation dimensions, thus posing
a significant challenge for low-input proteomics (61). To
address this, we recently developed nanowell-mediated 2D
LC in which the same glass chips used for nanoPOTS sam-
ple preparation served as fraction collectors between two
dimensions of nanoLC (17) (Fig. 2D). The reduced surface
losses enabled identification of nearly 6000 proteins from
50ng lysates as well as from low-input nanoPOTS-prepared
cell and tissue samples comprising a few hundred cells. A
similar fractionation scheme was implemented for LC
coupled with ion mobility spectrometry (62), and with some
modest upscaling, the platform was rendered compatible
with a commercial autosampler and microwell plates (63).
The latter implementation identified 6700 protein groups from
100ng lysate samples and 20,000 phosphopeptides from
100mg samples. Although these 2D separations have not
been evaluated at the single-cell level, further optimization
should make possible single-cell analyses with greater depth
of coverage, albeit with a significant tradeoff in measurement
throughput.

Prospects

Whether using LC or CE, cutting-edge separations have
tended to operate at minimum flow rates of no less than 20
nL/min. This is not because optimum conditions are achieved
at these flow rates, but rather that it becomes increasingly
difficult to maintain a stable electrospray with further flow
reduction. To explore the sub-nanoflow regime, we devel-
oped chemically etched fused silica emitters having 2-mM

inner diameters that provided stable operation at flow rates
as low as 400 pL/min (43). In direct infusion experiments, we
found that detection limits decreased substantially at flows
close to 1 nL/min. More recently, Xiang et al. employed 2-
mM-i.d. open tubular “picoLC” columns for trace proteomic
analyses (64). The separations operated at just 790 pL/min
and achieved a respective proteome coverage of 78 and 949
protein groups for 7.5 and 75pg of bacterial lysate tryptic
digest, which is far less protein than is found in a typical
mammalian cell. This platform is not yet ready for single cell
applications as it currently lacks a mechanism for lossless
sample introduction, but these studies strongly suggest that
further miniaturization of separations to the ;1 nL/min range
will greatly benefit single-cell and subcellular proteome
profiling.

MASS SPECTROMETRY AND GAS-PHASE SEPARATIONS

To determine protein expression from a sample as small
as a single mammalian cell, analyte losses through every
step of sample preparation and analysis must be carefully
minimized. Before such trace analyses could be considered,
MS instrumentation had to become far more efficient in

transmitting electrosprayed ions, which are typically gener-
ated at atmospheric pressure, to the high vacuum region of
the mass analyzer. Conventional gas conductance-limiting
orifices such as the heated capillary inlet and skimmer are
necessarily narrow to enable efficient differential pumping
with modestly sized rough pumps. These were originally able
to sample and transmit �1% of ions to high vacuum where
more efficient ion optics could convey ions through the mass
analyzer and to the detector (65). Fortunately, more efficient
ion transmission, made possible by the electrodynamic ion
funnel (66) and related advances such as the SPIN source
(67), has made it possible to ionize and transmit ;50% of so-
lution-phase molecules to the high-vacuum region of the
mass spectrometer (68). Also fortunate for the researcher
interested in single-cell proteomics, many of these advances
in ion transmission efficiency and MS sensitivity have been
incorporated into commercial instrumentation such that one
need not be an expert in MS instrumentation to benefit.
Indeed, low-input proteome profiling efforts have generally
utilized unmodified commercial MS instrumentation as
described below.

Progress

Orbitrap MS—The vast majority of low-input proteome anal-
yses have used Orbitrap-based instruments and have bene-
fitted from ongoing improvements provided by successive
generations of these mass spectrometers with respect to ion
transmission efficiency, detector sensitivity, duty cycle, and
resolution (69, 70). We have evaluated these cumulative ben-
efits across different Orbitrap platforms. In analyzing 2ng ali-
quots of bacterial lysate tryptic digest, we identified nearly 3
times more unique peptides using an Orbitrap Fusion Lumos
compared with an LTQ Orbitrap XL mass spectrometer (49).
More recently, we observed an increase in peptide and pro-
tein coverage of 36 and 20%, respectively, when analyzing
single HeLa cells on the latest-generation Orbitrap Eclipse
mass spectrometer compared with the Orbitrap Fusion
Lumos (27). In all cases, MS acquisition settings tend to differ
substantially from those used for bulk studies. Most impor-
tantly for label-free analyses, the decreased ion fluxes asso-
ciated with trace samples require much longer MS2 ion injec-
tion times to reach the AGC target. As such, using a typical
maximum injection time of, e.g. 50ms will result in few usable
spectra. On the other hand, an overly long maximum injec-
tion time will excessively reduce duty cycle, again reducing
the number of productive MS2 spectra. For single-cell stud-
ies using an Orbitrap mass analyzer for MS2, we typically set
the maximum injection time to ;500ms. For TMT-based
studies employing a carrier channel, it is beneficial to increase
the AGC target beyond a standard (instrument-dependent)
setting to ensure a sufficient number of peptides from the
sample channels (e.g. single-cells) are trapped along with
the carrier peptides (15, 71). The higher AGC target reduces
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the duty cycle of the instrument but ensures a sufficient re-
porter ion signal for accurate quantification.

Ion Mobility—Drift tube-based ion mobility spectrometry
(IMS) and high-field asymmetric ion mobility (FAIMS) can
increase selectivity and separate or filter singly charged spe-
cies from the multiply charged peptides that are generally
used for identification and quantification in bottom-up pro-
teomics (72, 73). Removing singly charged species is espe-
cially beneficial for trace sample analyses, as solvent clusters
and contaminants that may be negligible in bulk studies can
become predominant for low-input studies. These contami-
nants increase spectral complexity and occupy the finite
charge capacity of ion trapping instruments, effectively
crowding out the multiply charged peptides. We analyzed
single HeLa cells and microdissected neurons from human
spinal tissue by incorporating the FAIMS Pro interface into
our workflow and identified ;1100 protein groups per cell,
with ready differentiation of closely related neuronal subtypes
based on label-free quantification (13). This unprecedented
coverage indicates that the added selectivity more than com-
pensates for the signal attenuation that takes place during
transmission through the FAIMS interface. Although we
scanned between two compensation voltages (CVs) in our
study, the added selectivity from additional CVs may provide
additional coverage. Other ion mobility-based strategies are
also being brought to bear on low-input proteomics. For
example, researchers at Brüker Corp. reported identifying
3300 unique peptides and nearly 700 protein groups from
0.15ng of K562 tryptic digest samples using their trapped
ion mobility (TIMS) TOF platform despite employing an LC
separation that operated at conventional flow rates (74).
These results highlight the promise of ion mobility approaches
for dramatically enhancing single cell proteomic analyses.

Prospects

Single cell proteomics has only become possible with the
development of suitable MS instrumentation, and new gener-
ations of instruments will only improve in terms of sensitivity
and speed. However, even without further improvements, the
full parameter space available to researchers with available
instrumentation remains to be fully explored in terms of instru-
ment settings, acquisition modes (including data independent
acquisition (75), BoxCar MS (76), etc.) and data analysis strat-
egies. In addition, given recent results with FAIMS and other
ion mobility platforms, gas-phase separation and filtering will
lead to enhanced measurements at and near the single cell
level.

To TMT or Not to TMT—Single cell proteome profiling efforts
have employed both label-free and isobaric labeling work-
flows. For the latter approach, samples are labeled with dis-
tinct tandem mass tag (TMT) reagents and pooled and ana-
lyzed together in a single LC–MS experiment. Of particular
interest for low-input proteomics, samples can be analyzed

in the presence of a much larger carrier sample, which pro-
vides for strong MS1 and MS2 spectra while still enabling
quantification of each sample based on reporter ion intensity.
This general approach was first used by Russell et al. to
identify low-abundance proteins in body fluids using solid tis-
sue samples in carrier channels (77), and its application to
proteome profiling of single mammalian cells was introduced
by Budnik et al. in the SCoPE-MS workflow (12).

As with bulk proteome profiling, label-free and isobaric
labeling experiments each have advantages and disadvan-
tages that must be carefully considered (78). The ability to
measure multiple samples in a single LC–MS analysis gives
TMT experiments a clear throughput advantage, particularly
with the 16-plex reagents that are now available. The com-
bined signal from carrier and sample channels also enables
detection of peptides that might otherwise fall below detec-
tion limits if analyzed individually, and the multiplexed analy-
sis may reduce surface losses during separation (12). How-
ever, potential pitfalls also exist for TMT experiments.
Although ratio compression resulting from precursor co-isola-
tion is common to many TMT studies, this is likely more sig-
nificant for single-cell experiments where offline fractionation
and other strategies such as MS3 (79) are not generally
employed. The added steps during sample preparation, and
the need to combine samples in a larger well or vial prior to
analysis also provide additional surface exposure with poten-
tial for losses. Finally, although the use of a carrier channel
can improve detection, it can simultaneously impair quantifi-
cation as carrier peptides limit the sample ion population in
the mass analyzer. Thus, multiple groups (14, 15, 71) have
shown that limiting the size of the carrier proteome is critical
for maintaining accurate quantification. Importantly, Cheung
et al. have developed a program called Single Cell Proteo-
mics Companion that analyzes isobaric labeling datasets to
evaluate data quality and recommend modifications to MS
acquisition parameters for improved performance (71). Given
the tradeoffs between label-free and isobaric labeling work-
flows, it seems likely that both approaches will continue to
be developed and applied to single-cell studies. Regardless
of the selected method, experiments will greatly benefit from
optimizing each step of the workflow, from sample prepara-
tion to separation and MS analysis as described above to
reduce sample losses and increase sensitivity.

SUMMARY

The field of single-cell proteomics is still in its infancy but
is advancing very rapidly. For example, we have seen label-
free proteome coverage increase from ;200 protein groups
for single HeLa cells (without MS1-level feature matching) to
.1000 protein groups through improved separations, MS
instrumentation and the incorporation of FAIMS filtering, etc.
Progress has been similarly rapid for isobaric labeling work-
flows (15, 16). Although the technology has improved, the
application space for low-input and single cell proteomics
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has also broadened from cultured cells to spatially resolved
mammalian and plant tissues (29, 30, 32), with fundamental
insights being provided by these studies. As mentioned
throughout this perspective, there are still many ways to
improve measurement throughput, proteome coverage and
quantitative accuracy for global studies, as well as opportuni-
ties to extend functional measurements of post-translational
modifications and the determination of proteoform activities
to the nanoscale. We must also continue to invest in efforts
to automate and simplify the techniques currently required
for low-input proteomics without sacrificing performance,
which will significantly broaden accessibility. Finally, data
analysis strategies that maximize the information extracted
from sparse and noisy datasets will be tremendously benefi-
cial. With continued refinement and maturation, single cell
proteomics will follow other techniques such as mass cytom-
etry and scRNA-seq to become a powerful and widely used
tool in biomedical research.
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