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Abstract

The ability to comprehensively profile cellular heterogeneity in functional proteome is crucial in
advancing our understanding of cell behavior, organism development, and disease mechanisms.
Conventional bulk measurement by averaging the biological responses across a population often
loses the information of cellular variations. Single-cell proteomic technologies are becoming
increasingly important to understand and discern cellular heterogeneity. The well-established
methods for single-cell protein analysis based on flow cytometry and fluorescence microscopy are
limited by the low multiplexing ability owing to the spectra overlap of fluorophores for labeling
antibodies. Recent advances in mass-spectrometry, microchip, and reiterative staining-based
techniques for single-cell proteomics have enabled the evaluation of cellular heterogeneity with
high throughput, increased multiplexity, and improved sensitivity. In this review, we describe the
principles, developments, advantages and limitations of these advanced technologies in analysis of
single-cell proteins, along with their biological applications to study cellular heterogeneity. At last,
we discuss the remaining challenges, possible strategies, and future opportunities that will
facilitate the improvement and broad applications of single-cell proteomic technologies in cell
biology and medical research.
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Introdcution

No two cells are exactly alike. Cell-to-cell heterogeneity is an intrinsic trait of any advanced
organisms where cells are specialized to carry on various functions. Decades of studies
confirm that cellular heterogeneity plays critical roles in disease occurrence and drug
responses [1-3]. The causes for cellular heterogeneity are mainly attributed to variable
biochemical processes including stochastic gene and protein expression, functional
differences in cell development or cell cycle status, and tissue microenvironmental changes
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[1, 4]. The ever-increasing appreciation of the significance of cellular heterogeneity in tissue
development and disease progression has been gradually changing the paradigm of
therapeutic intervention and propelling the discovery of new targeted drugs [5]. However,
the complexity of cell diversity in a system poses major challenges to the identification of
key cellular subsets that may be responsible for systemic diseases, such as autoimmune
diseases, Alzheimer’s disease, and various types of cancers [3, 4, 6].

Single-cell technologies for profiling cellular heterogeneity have advanced rapidly in the
past decade. Varied by the measurement targets, those technologies can be grouped as
genomics-, epigenomics, transcriptomics-, proteomics, or metabolomics-based approaches
[5, 7]. Next-generation sequencing technologies have powered the dramatic progress of
single-cell genomics, epigenomics and transcriptomics, and these analytical methods are
commercially available [8-10]. On the contrary, single-cell proteomics at the genomic scale
is still not attainable yet. Arguably, the proteomic level of knowledge is equally important
since proteins carry most of the biological functions and participate in almost all cellular
processes including signal transduction, migration, transportation and secretion,
differentiation, proliferation, and apoptosis [11-13]. Both the qualitative and quantitative
measurements of gene expression and mutations in single cells can only infer the possible
functional consequences which have to be presented by proteins. Studies also confirm that
the gene expression is not quantitatively equivalent to protein expression since there are
multi-step post-translational modification in between, and protein’ life span is in general a
few orders of magnitude longer than mRNA [13-15]. This is validated by Xie group that the
protein and mRNA copy numbers for any given gene in single Escherichia coli cell are
highly uncorrelated [15]. For these reasons, there remains an urgent need to develop single-
cell proteomic tools for elucidating cellular identity and heterogeneity, and to provide
another layer of knowledge other than that by single-cell transcriptomics and genomics.

Nevertheless, analysis of the entire proteome at the single-cell level is extremely
challenging. The major bottleneck is the miniscule amount of protein in individual cells,
which often leads to high noise background for protein assays. Different from DNAs and
RNAs, proteins cannot be amplified directly to increase copy number to overcome signal-to-
noise limitations [7, 16]. Particularly, some functional proteins such as secreted signaling
proteins and intracellular phosphoproteins can present as low as tens of copies and exhibit a
large discrepancy of protein abundance (generally spanning several orders of magnitude)
[17], thereby requiring extremely sensitive assays for single-cell protein measurement.
Another challenge lies in the enormous complexity of the proteome, meaning that a myriad
of proteins (e.g., intracellular proteins, surface markers, and secreted proteins) can be
spliced, modified, and activated on different epitopes in the same cell [18]. It is estimated
that the human proteome may have over 1 million species, however only ~1,200 proteins
that are functionally related have been quantitatively detected to date [19]. The level of
complexity, with cellular variations at the same time, requires multiparametric and dynamic
analysis of plenty of individual cells, of which information are crucial to multidimensional
profiling of cell-to-cell heterogeneity and dictating the role of a cell in the entire population
[18]. Therefore, a single-cell functional proteomics assay must be both high-throughput and
high-multiplexity to discover biomarkers and provide quantitative correlations or inter-
relationships within complex protein interacting networks.
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Conventional fluorescence microscopy-based imaging approaches have been routinely used
to quantify proteins in individual cells. These techniques are highly sensitive and
commercially available, but the range of attainable information normally only span a few
proteins per cell, which is not sufficient to cover the whole spectrum of the functional
proteome. State-of-the-art multicolor flow cytometry technique can detect ~10 different
types of proteins in single cells with a high-throughput manner but still limited by the low
multiplexing capacity because of spectral overlap of fluorophore-labeled antibodies, and it
cannot capture secreted proteins that are essential to understand cell signaling functions [20].
Besides, these techniques tend to be the end point readouts where cells are fixed and lose
viability, preventing the study of protein secretion dynamics in single cells and interactions
of individual cells [21].

To enable deep profiling of cellular heterogeneity, new methods for single-cell protein
analysis with high detection sensitivity and multiplexing capability have recently developed,
which herein be categorized as mass spectrometry-based, microchip-based, and reiterative
staining methods. Mass spectrometry (MS)-based methods feature with high specificity,
wide molecular coverage, semi-quantification, and structural identification capabilities [22,
23]. Microchip-based devices hold unique advantages due to their powerful single-cell
handling capability, flexible custom design, and multifunctional integration within a single
system [7, 24]. Reiterative staining techniques as emerging and high-content tools have a
tremendous potential for single-cell protein assays with high-throughput and multiplexity
[20, 25]. In this review, we will discuss these techniques that can be used for highly
multiplexed single-cell proteomic assays with an emphasis on the profiling of cellular
heterogeneity. Additionally, the latest advances for these assays will be presented and their
distinct advantages and limitations will be compared. Finally, the future development in the
field will be proposed to help us gain a deeper understanding of cellular diversity and
heterogeneity.

Mass spectrometry-based method

Mass spectrometry

The modern mass spectrometry has shown great potential in multiplexed analysis of
proteome in single cells [22]. This analysis is primarily based on liquid chromatography
(LC) combined with electrospray ionization (ESI) and tandem MS, usually abbreviated as
LC-MS/MS [26]. Briefly, LC-MS/MS starts with cell lysis, then purification of cell lysate
proteins, followed by separation of peptides through a nano-liquid chromatographic column,
and finally ionization for analysis. In the early stage, LC-MS/MS has been applied to single-
cell lysates for deep and accurate quantitation of proteins from bulk samples [26-28], and it
has also enabled proteomic analysis of giant cells, such as oocytes (450~800 proteins/cell)
[29, 30] and muscle fibers (~2100 proteins/cell) [31, 32]. However, the detection limit is far
not enough for analysis of signaling proteins that only have no more than thousands of
copies. Throughput at only 10 cells/h per instrument also limits the practical use [29, 30].

To address these issues, the Slavov group developed Single-Cell ProtEomics by Mass
Spectrometry (SCoPE-MS) through introducing the concept of carrier proteins barcoded
with tandem-mass-tags [33, 34]. The use of these tags not only reduces the sample loss and
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enhances the detectability of ions, but also provides fragment ions for peptide sequence
identification. By combining this concept with mechanical cell lysis, Slavov and coworkers
utilized the SCoPE-MS to analyze over a thousand proteins in differentiating mouse
embryonic stem cells and classify cell types based on their proteomic profiles [33]. To
further improve the quantification and throughput of the LC-MS/MS method, the Slavov
group proposed a next generation SCoPE-MS version, SCoOPE2 (Fig. 1a) [35]. It integrates
the SCoPE-MS with automated and miniaturized sample preparation, substantially lowering
cost and hands-on time. Specht et al. used SCoPE2 to quantify ~2,000 proteins in 356 single
monocytes and macrophages, and analyzed the emergence of cellular heterogeneity as
homogeneous monocytes differentiated into macrophage-like cells in the absence of
polarizing cytokines [35]. The results showed a continuous gradient of proteome states for
the macrophage-like cells, indicating that the individual macrophage-like cells are highly
heterogeneous even though they originate from homogeneous monocytes exposed to
identical environmental conditions.

A challenge in the further development of LC-MS/MS technique is that without an external
standard, quantitative measurements of more complex proteoform stoichiometrically is
rather difficult due to ratios between specific peptides [36]. Quantification is impaired by
current MS proteomics methods because of peptide associated biases. In efforts to avoid
these biases, the Slavov group developed a first principles model (HIquant) for quantifying
proteomics stoichiometrically [37]. Based on accurate relative quantification, the Hlquant
explicitly models peptide levels measured across conditions as a superposition of the levels
of the proteins from which the peptides came from. The Hlquant model can infer the protein
levels independently from noise and make stoichiometric estimates between homologous
proteins and proteoform by coupling the equations for different peptides. Although the MS
methods have allowed for the measurements of thousands of proteins, the instruments are
expensive and rare in ordinary laboratories, and also need professionals and skilled
technician to operate, which may limit their broad applications.

2.2 Mass cytometry

Mass cytometry developed by the Nolan group is a combination of flow cytometry and
inductively coupled plasma mass spectrometry (ICP-MS), which enables high-throughput,
highly multiplexed, and quantitative single-cell analysis (Fig. 1b) [38]. In this approach,
multiple protein targets in individual cells are labeled with antibodies coupled with transition
element isotopes instead of fluorophores. Subsequently, labelled cells are sprayed as single-
cell droplets, and transported into plasma by laminar flow of argon gas. The individual cells
are ionized and filtered through a quadrupole, and then measured by their m/z ratio in a time
of flight mass analyzer. The signal for each transition element isotope is translated to the
abundances of the proteins in single cells. A distinct advantage of mass cytometry is that the
use of metal isotopes tagged antibodies on targeted biomolecules overcome the spectral
overlap observed in fluorescent-based cytometry, thus allowing for a greater number of
parameters to be analyzed in single cells [23]. More than 36 different types of proteins can
be simultaneously detected at the single-cell level with approximately 1000 cells per second
throughput [39, 40]. Besides, the transition metal isotopes have low abundance in biological
samples, which greatly reduces background noise [41].
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Mass cytometry can measure large panels of surface markers, functional cytoplasmic
proteins, and even secreted proteins from large numbers of single cells. This abundant
proteomic information from single cells are useful in different types of biological researches,
such as deep cellular phenotyping for discovery of heterogeneous cellular subsets and
studying the relationship between disease pathology and intracellular signaling networks
[38, 42—47]. Bendall et al. utilized single-cell mass cytometry to examine human bone
marrow cells by simultaneously monitoring 34 cellular parameters [38]. An antibody panel
targeting 13 core- and 18 subtype-specific surface markers was used for deep phenotypic
profiling under a set of ex vivo stimuli and drug inhibitors. The spanning-tree progression
analysis of density-normalized events (SPADE) multidimensional clustering method
revealed the systematic organization and lineage relationships among the different cellular
subtypes, providing a global view of immune signaling in the human hematopoietic and
immune systems. Fragiadakis et al. used a mass cytometry assay to simultaneously examine
the phenotype and intracellular signaling activities of all major immune cell subsets derived
from fetal umbilical cord and maternal peripheral blood samples [42]. Distinct immune cell
subsets can be visualized by single-cell analysis, and functional differences can be identified
between fetal and maternal immune systems. The results provided a high-resolution
reference map of the cellular composition and functional organization of the healthy fetal
and maternal immune systems at birth. Bodenmiller et al. developed mass-tag cellular
barcoding (MCB) by using 7 metal ion tags to multiplex up to 2”7 samples, significantly
improving mass cytometry throughput as well as reducing antibody consumption [43]. The
authors used the MCB to characterize human peripheral blood mononuclear cell (PBMC)
signaling dynamics and cell-to-cell communication. Through measuring the effects of 27
inhibitors on 14 phosphorylation sites in 14 PBMC types at 96 conditions, the data set
revealed 18,816 quantified phosphorylation levels from each multiplexed sample. This large
number of simultaneously measured parameters enabled the high-content, high-throughput
classification of inhibitors and cell types based on the cellular signaling network, which
could be used as an effective tool for personalized medicine and new drug discovery.

Cancer is a heterogeneous disease with distinct genetic and phenotypic properties that can
differentially promote progression, metastasis and drug resistance. Mass cytometry is also an
ideal technique for highly multiplexed analysis of cancer cell and its association with tumor
progression [48-50]. Giesen et al. coupled immunohistochemical and immunocytochemical
methods with high-resolution laser ablation to mass cytometry, enables the simultaneous
imaging of 32 proteins and protein modifications at subcellular resolution [48]. The authors
applied this imaging mass cytometry to human breast cancer samples, allowing delineation
of cell subpopulations and cell-cell interactions and highlighting tumor heterogeneity.
However, the mass cytometry approaches usually require large amounts of input materials
(>106 cells) for effective analysis [23]. Meanwhile, the sample introduction efficiency for
mass cytometry is relatively low (generally ~30%-40% injected cell samples can be
analyzed), which may prohibit the application to rare cells and precious clinical samples
[51]. Additionally, the enriched metal isotopes typically contain 1% of isotope impurities,
and some isotope ions form oxide in the plasma, causing interference to the accurate data
analysis [23]. Also, as the measured cells are atomized during the assay, the cells measured
by mass cytometry are hard to be retrieved for downstream analysis.

Proteomics. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 6

3 Microchip-based method

3.1 Microengraving

The Love group demonstrated the adaptation of a soft lithographic method, called
microengraving, to parallelly detect secreted proteins from large numbers of individual live
cells (>100,000 cells/assay) [52-54]. This technique uses a planar array of microwells to
confine individual cells in small volumes (0.1-1 nL), and subsequently generates
microarrays of proteins from each microwell (Fig. 2a). A glass slide bearing specific
antibodies is compressed on the array to capture proteins secreted by confined cells. After
short periods of incubation, the slide with captured proteins is removed and interrogated by
sandwich-type immunoassay. Release of proteins from a cell into the enclosed small volume
allows for highly sensitive detection of low abundance analytes [52]. Meanwhile,
microengraving can be repeatedly performed on the same population of cells in a
nondestructive manner via replacing the antibody-coated glass slides, enabling dynamic
analysis of multiple parameters (e.g., cytokines, surface markers) [53]. This is a unique
analytical process that are not feasible by the end-point measurement technologies like mass
cytometry or immunofluorescence staining [54].

Embracing these advantages, the microengraving method can generate unique biological
insights into various cellular systems of interest at the single-cell level, especially for
immune cells [53, 55-57]. For example, Han et al. investigated the Kinetics of cytokine
secretion (IFN-y, IL-2, and TNF-a) from single primary human T cells through sequential
microengraving analyses [53]. Most of the T cells were found to initiate the multifunctional
cytokine responses asynchronously, but the ensuing dynamic trajectories of these responses
evolved programmatically in a sequential manner, which indicated that cells predominantly
release one of these cytokines at a time rather than maintain active secretion of multiple
cytokines simultaneously. Varadarajan et al. examined the relationship between cytolysis and
the induction of secreted cytokines from thousands of individual CD8" T cells in HIV-
infected patients [55]. The cytokine secretion by CD8* T cells isolated ex vivo from the
patients, particularly IFN-y, was found largely independent of cytolytic activity. Only a
small minority of cells exhibited both functions simultaneously, while the majority of
individual, functional antigen-specific cells either lysed target cells or secreted IFN-y. The
microengraving method has also been utilized to identify immune cells functional response
to diseases for predicting disease progress [58, 59]. Torres et al. combined both imaging of
immunological synapses formed on mobile lipid bilayers and the capture of cytokines
released from individual activated T cells by microengraving [58]. This combination allowed
both the physical isolation of individual cells and the parallel activation of single T cells in
either pan-specific or antigen-specific manners, elucidating the biophysical and structural
effects of the synapse on the activation of individual T cells and their complex functional
responses. In all, the microengraving method enables facile operation and sequential
detection, but it is limited by its multiplexing capacity due to the spectral overlap of organic
fluorophores and fluorescent proteins.
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3.2 Single-cell western blotting

Almost all the detection methods for single-cell proteomics rely on antibodies to target
proteins. This antibody-dependence may generate false positive signals due to the non-
specific binding from antibody cross-reactivity. The Herr group developed single-cell
western blotting (scWestern) to overcome that limitation by integrating conventional protein
electrophoresis and antibody recognition (Fig. 2b), and thus to add another dimension to
validate the detection result [60-64]. In scWestern, the proteins from cells can be separated
by their molecular mass before antibody probing, which allows for the on-target and off-
target signals to be clearly differentiated [60]. This method is performed on a microchip that
comprises an array of ~7670 microwells molded in a layer of polyacrylamide gel. Individual
cells are first settled into the gel-coated microwells and lysed /n situwith a denaturing
buffer. The cell lysates run through gel electrophoresis, subsequently exposed to ultraviolet
(UV) light for protein immobilization and detected by antibody immunoprobing. Through
antibody stripping and target reprobing rounds, multiplexed protein detection can be
achieved. The scWestern permits simultaneous assays of ~2,000 individual cells in <4 h and
supports analyses of low starting cell numbers (~200), which addresses the need for high-
specificity and high-sensitivity protein assays at single-cell level.

The Herr group used the scWestern method to measure cell-to-cell heterogeneity within
complex populations of neural stem cells (NSC) and their differentiation responses to
homogeneous /n vitro stimuli [60]. After stimulation by fibroblast growth factor 2 (FGF-2),
PERKS signal (the off-target band for pERKY2) was unexpectedly identified by scWestern
analysis, and the signal was found uncorrelated with on-target pERK signal and contributed
up to 52% of the overall pERK signal in unstimulated cells. Under mixed differentiation
conditions that yielded both astrocytes and neurons, the scWesterns revealed high cell-to-cell
marker expression variability, including profound increases in glial fibrillary acidic protein
(GFAP) expression in the relatively rare astrocyte population. In addition, scWestern has
been applied in assessing glioblastoma heterogeneity response to chemotherapy and
profiling protein expression in circulating tumor cells, which provides useful information
designed for personalized cancer therapy and prognosis [63, 64].

Later on, Duncombe et al. reported an advanced scWestern by using spatial and temporal
control of polyacrylamide gel (PAG) [65]. The introduction of the PAG material enables
thousands of pore-gradient electrophoresis microgels to be created on a standard microscope
slide and also resolves a wide mass range of proteins which is essential for assessing
signaling pathways. Employing the pore-gradient microgels to study HER2-related signaling
in single cells dissociated from breast tumor biopsy, a five to tenfold difference in
representative signaling proteins expression (MTOR, ERK, and elF4E) was observed.
Nonetheless, scWestern may have a relatively lower detection sensitivity, as up to 40% of the
proteins can be lost during cell lysis, protein immaobilization, and repeated antibody
stripping [60].

3.3 Droplet-based microfluidics

Droplet-based microfluidic approaches for single-cell analysis permits greatly enhanced
throughput of cell screening and reduce sample-handling complexity [66, 67]. They also
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overcome one of the major limitations of traditional flow cytometry on detection of secreted
proteins [68—70]. In general, highly monodisperse aqueous droplets carrying single cells and
antibody-functionalized-beads flow into an inert oil on a microchannel chip (Fig. 2c) [71].
Up to several hundred droplets can be generated per second, and each droplet serves as a
miniaturized assay vessel of picoliter-nanoliter volume. The functionalized beads capture
secreted proteins and then being visualized by fluorescent probes. Another distinct
advantage of the droplet-based microfluidics for single cells analysis is its capability of
linking cellular genotype with phenotype [24]: the same cell can be subject to cytokine
detection first and subsequently be sorted and lysed for downstream genetic analysis.

This technique has greatly contributed to the quantitative understanding of cellular
heterogeneity and maps subsets within cell populations with specific functions [71, 72].
Chokkalingam et al. used monodisperse agarose droplets to encapsulate single activated T-
cells and detected cytokine (IL-2, IFN-y, and TNF-a) secretion of the cells over time [71].
Analysis of 7415 cell-containing beads by flow cytometry revealed the presence of 8
different cellular subpopulations. ~85% of T cells secreted one or more cytokines upon
overnight in-droplet stimulation, while ~57% of stimulated T cells secreted all 3 tested
cytokines. In-depth heterogeneity analysis demonstrated that cells that secreted large
amounts of IL-2 also secreted significantly higher levels of TNF-a and IFN-vy, but a
subpopulation of cells that secreted intermediate levels of 1L-2 had significantly higher
levels of TNF-a.. Debs et al. presented a droplet microfluidic platform allowing the
functional screening of up to 300,000 individual hybridoma cell clones within reasonable
time [72]. The authors used this platform to perform a model screen for therapeutic
monoclonal antibodies (mABSs) that inhibit angiotensin converting enzyme 1. The cells
expressing these mABs were spiked into an unrelated hybridoma cell population in a ratio of
1:10,000, and a 9,400-fold enrichment was observed by fluorescence activated droplet
sorting.

High-throughput droplet generation and high-performance screening suggest that the
droplet-based technology can perform as a potential platform for multiomics approaches,
especially for single-cell proteomics. However, this technique also suffers from the low
multiplexing capacity because of the lower probability of loading unique beads in droplets
as a result of the Poisson distributions [73]. In addition, it cannot perform washing steps to
remove excess reagents, thus resulting in nontrivial background fluorescence within the
droplets.

3.4 Single-cell barcode microchip

The first generation of barcoded microfluidic device for multiplexed protein analysis, the
single cell barcode chip (SCBC), was developed the Heath group [74, 75]. In SCBC
platform, thousands of nanoliter-sized microchambers, which patterned as parallel antibody
stripes, are utilized to isolate individual cells for simultaneous protein measurement (Fig. 2d)
[75]. As the key to this platform, the antibody stripes are fabricated by a microchannel-
guided flow patterning of a single-stranded DNA (ssDNA) barcode and DNA-encoded
antibody library (DEAL) approach [76, 77]. Briefly, oligonucleotides are first immobilized
on a poly-lysine (PLL)-coated surface as high-dense ssDNA microarrays using microfluidic
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flow channels. The immobilized oligonucleotides are hybridized by barcoded DNA-antibody
conjugates to convert the ssDNA microarrays into antibody microarrays. Proteins from
individual cells are captured by the antibody microarrays and quantified by using a
sandwich-type immunoassay. The generated fluorescence signals are compared with a
calibration curve (built by using protein standards) to determine the abundances of the
secreted proteins.

The SCBC platform has been broadly used in single-cell proteomics for deep profiling of
functional heterogeneity since its birth in 2011 [75, 78-89]. Ma et al. applied this platform
for ex vivo quantification of T cell polyfunctional diversity via the simultaneous
measurement of a dozen protein molecules secreted from tumor antigen-specific cytotoxic T
lymphocytes (CTLs) [75]. Highly heterogeneous and functional diversity in active tumor
antigen-specific CTLs, with the major functional phenotypes quantitatively identified, was
observed compared to the samples from healthy donor controls. Later on, Shi et al. modified
the initial SCBC design to incorporate a cell lysis module by using pneumatic valves [78].
The valves can be utilized for isolating the chambers and controlling fluid paths, enabling
the introduction of lysis buffers to the microchambers for cell lysis and follow-up
intracellular proteins assay. They applied this new design to uncover EGF-receptor-mediated
P13K signaling pathway in single cancer cells by quantifying 11 intracellular proteins, and
they revealed the cellular heterogeneity on organ-specific markers in circulating tumor cells
[78-80]. Another significant progress in SCBC platform has been reported by Wang et al
[81]. The authors built a valve-less architecture by employing a set of deformable, three-
state polydimethylsiloxane (PDMS) posts for controlling cell loading, on-chip cell lysis and
antibody assay. This SCBC platform not only features with significantly higher density of
antibody array, but each array element has a unique molecular identity for localizing an
appropriately labeled capture antibody. Besides, the valve-less architecture permits 30-fold
more cellular assays than the previous SCBCs that involve cell lysis. Likewise, Lu et al.
developed an advanced SCBC platform by integrating a sub-nanoliter microchamber array
and high-density antibody barcodes, which allows a simultaneous detection of 14 cytokines
from more than a thousand single cells in parallel [82]. Analysis of the single cell secretomic
signatures revealed cellular heterogeneity is related with biophysiological activities such as
migration.

To further increase the multiplexing capacity of SCBC platform, Lu et al. combined the
spatial and spectral barcodes on one chip [83]. Each microchamber consists of 15 isolated
antibody stripes, and each stripe contains three different antibodies that are later labelled by
detection antibodies with 3 different fluorescent colors. Thus, up to 45 different proteins
from cells can be verified (three of them serve as positive controls), which keeps the record
of the highest multiplexing capacity for a single-cell secretion assay to date. In addition,
SCBC platform has also been widely applied in the study of intracellular metabolite
heterogeneity, cell-to-cell communication, and cell response to drug treatments [84-88].

SCBC has many advantages compared with other single-cell proteomic technologies. First,
it enables the analysis of secreted proteins from live cells, which is not possible in flow
cytometry and mass cytometry where cells need to be fixed. Apart from secreted proteins,
cytoplasmic and membrane proteins together with metabolites from the same single cells
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can be quantified simultaneously [90]. Secondly, the method can be high throughput, and a
statistically significant number of single cells can be analyzed [82]. Finally, this technique
can be standardized through external recombinant protein experiments, and semiquantitative
fluorescence intensity can be converted to the number of molecules for each protein in single
cells [73]. Despite those advantages, SCBC also has some limitations. The analytes are
spatially patterned on a two-dimensional plane, on which the protein type is encoded by
position [83]. There is a tradeoff between the multiplexing capacity and detection sensitivity:
higher multiplexity requires expansion of microchamber size and volume, which inversely
decreases assay sensitivity. Additionally, the SCBC platform suffers from complex antibody
barcodes fabrication and limited high-quality capture and detection antibody pairs.

3.5 Microbeads method

Microbeads-based techniques hold a high potential for multiplexed single-cell proteomic
analysis, as microbeads are not spatially limited compared to SCBC techniques and can be
densely packed into a microchip [73, 91]. The microbeads are spectrally encoded with two
or more fluorescent dyes and loaded into a microchip manually. Each of the microbeads are
conjugated with antibodies for capturing specific proteins and then subjected to a standard
ELISA procedure. All channels use the same fluorescent readout for protein quantification,
and the microbeads are subsequently decoded by imaging the different barcoding channels
and mapping them to their specific bead-coding regions. Diercks et al. used the similar
concept for protein standard samples analysis and measured four different proteins within a
microchip [91]. The microbeads in this technique do not need to be precisely positioned
within the microchip, because the identity of each microbeads with captured proteins is
determined by fluorescent imaging after the assay is complete. The sensitivity of this
microchip is sufficient to detect thousands of copies of tumor necrosis factor in a very small
volume (4.7 nL). In addition, the dynamic range of the measurement can be easily tuned for
each protein by varying the number of beads in the microchip. For example, Junkin et al.
developed a time-resolved system to dynamically measure key immune parameters from
individual cells by using beads combined with fluorescent imaging [92]. Beads are initially
loaded into a microchamber and then exposed to medium coming from individual cells
through peristaltic pumping. After specific capture of proteins of interest, the beads are
rinsed and moved back to the original microchamber. This process is repeated with a new set
of beads for the next round, enabling multiparameter analysis of single-cell dynamics. After
analysis of individual macrophage cell signal under pathogen inputs, TNF secretion from the
cell was found highly heterogeneous and surprisingly uncorrelated with the dynamics of NF-
xB, the transcription factor controlling TNF production.

Recently, Wang group advanced the microbeads techniques by presenting a multiplexed /in
situtagging (MIST) strategy (Fig. 2e), which can potentially detect tens to hundreds of
molecular targets in single cells with high throughput and high sensitivity [93, 94]. This
approach is based on ssDNA encoded microbead arrays integrated with a DNA encoded
antibody library. Through multicolor and multicycle successive imaging, comprehensive
protein profiling can be achieved. For example, with M color type of fluorescent dye and N
staining cycle or imaging round number, an overall MN protein targets can be profiled in situ
in the same sample [93, 94]. After conversion of the microbeads arrays into barcoded
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antibody arrays and analysis of differentiated single macrophage cells upon
lipopolysaccharide (LPS) stimulation, significant cellular heterogeneity was observed when
the secretion of ten immune effector proteins were quantified. This technique allows easy
fabrication and assay operation, as well as exhibits an unprecedented level in multiplexity,
but it is also limited by high-quality antibody pairs.

4 Reiterative staining method

4.1 DNA barcoding method

Popular multiplexing methods for single-cell proteomic analysis often utilize a fluorescent
antibody labeling technique, but the caveat is that there is a limit to the number of distinctive
fluorescent colors [95]. The use of DNA barcode for multiplexing provides an opportunistic
platform to which an unlimited number of distinctive codes can be generated based on their
size or sequence [96-98]. The Weissleder group developed antibody barcoding with
cleavable DNA (ABCD) platform to increase the multiplexing capacity of single-cell
analysis [96]. In this method, each different antibody is tagged with a unique and short DNA
barcode through a photocleavable linker. After the DNA barcoded antibody binding to cells,
the cells are exposed to UV light to release the unique DNA barcode. The released DNA can
be detected by gel electrophoresis or fluorescence hybridization technique, and then be
translated to protein expression levels [96, 97]. This method enables characterization of the
heterogeneity among different cell types with high reliability validated by flow cytometry. In
addition, it allows for quantitative, high-sensitivity, and multiplexed detection of proteins in
live single cells, which is very helpful for analyzing rare but biologically important cells in
clinical samples. Ullal et al. used this approach to profile ~90 proteins at the single-cell level
and subsequently investigated inter- and intra-tumoral heterogeneity as well as the pathways
in drug response [97].

One limitation in the aforementioned platform is that short fluorophore-labeled DNA
barcode is vulnerable to problematic, non-specific binding to cellular endogenous molecules
(e.g., nuclei, plasmid) when applied to cells for /n situhybridization. This undesired staining
is hard to quench by previously used cleavage method, thus resulting in considerable
background noise during fluorescence imaging. To overcome this obstacle, the Weissleder
group recently proposed to pre-hybridize fluorescent DNA imaging strands to matching
DNA-antibody barcodes /n vitro and use the fluorescent DNA-antibody conjugates for
subsequent cellular staining (Fig. 3a) [98]. As hybridization strength is dependent on salt
concentration, the fluorescent strands can be stably attached to the barcoded antibody in
PBS, and can then be simply washed off with melting buffer (MB) after imaging, which can
effectively reduce the background by cycle-to-cycle staining. Weissleder and coworkers
demonstrated that this advanced platform can be used to interrogate drug-relevant pathways
in clinical samples [98]. Using the PI3K/PTEN/CDK4/6 pathways in breast cancer as an
example, considerable heterogeneity in protein expression and dose-dependent suppression
were observed in given patients and between patients. Likewise, the DNA barcoding method
is limited by the antibody cross-reactivity.
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4.2 Cyclic immunofluorescence

One of the advantages of fluorescence staining is that ultra-high sensitivity and resolution
are achievable [99]. Fluorescent hybridization probes have been utilized to quantify location
and expression heterogeneity of genetically identical cells in relation to their own spatial
context [100, 101]. Multiplexed single-cell in situ analysis via cyclic immunofluorescence
has capabilities of quantifying over hundreds of different proteins in one tissue section or
cell sample [102-106]. In principle, antibodies are labeled with distinct fluorophores for
specific target proteins of interest. Once the fluorescent images are collected, the fluorescent
signals are removed to initiate the next fluorescent cycle. The reiterative process of target
recognition, fluorescence imaging, and fluorophore signal removal, has potential for high-
content analysis of individual cells.

The ability to remove the fluorescence signals effectively in cellular environments is a key
requirement for success of this technique. Both photo- and chemical-based bleaching
methods have been developed to erase the fluorescence signals [100, 102, 103]. Such add-on
type technologies are ready to use in many labs, but they are either suffering from long assay
time and low throughput or compromising the detection sensitivity duo to the damage of
antibody epitopes. Recently, Guo and coworkers demonstrated the use of an azide-based
cleavable linker for the conjugation of antibodies and fluorophores (Fig. 3b) [107]. After cell
staining, the linker of the antibody-fluorophore conjugates can be efficiently cleaved by the
mild reducing reagent tris(2-carboxyethyl)phosphine (TCEP) within 30 minutes. Even with
a 24-hour incubation, the epitopes of the conjugates remain intact without loss of protein
target antigenicity. The authors labeled twelve different proteins in single HelLa cells using
cleavable antibodies conjugated with three fluorescent color, and thus at least three distinct
proteins can be quantified at the same time in one immunofluorescence cycle. Their protein
measurement showed a combination of a basal state of low expression and a long tail of high
expression, suggesting that these proteins are generated in bursts, rather than at a constant
rate. The Guo group further developed the cyclic immunofluorescence probes for
multiplexed proteomics and even to genetic analysis using cleavable fluorescent tyramide
and biorthogonal cleavable fluorescent oligonucleotides, which both allows for the detection
of cell-to-cell expression heterogeneity [108, 109]. Although this method has a large sample
throughput and features with high sensitivity, it is experimentally time-consuming for the
antibody-fluorophore conjugation. In addition, the relative size of cleavable linker may
interfere with the binding specificity and affinity site for antibodies.

5. Conclusions and future perspectives

The enormous progress and rapid expansion of single-cell proteomic techniques offer
unprecedented opportunities for the study of cellular functions and development. The new
discoveries and perceptions of cellular diversity and heterogeneity from the advanced
technologies have shown their great potential for numerous practical applications, including
cancer diagnostics and prognosis, drug discovery, regenerative medicine, and many others. A
comparison of the techniques discussed in this review is summarized in Table 1. Each of
these technologies has its distinct advantages. Mass cytometry and SCBC allow the high-
throughput and multiparameter analysis of single cells. Droplet microfluidics and
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microbeads methods enable the detection of secreted proteins from live cells. DNA
barcoding method has the highest multiplexing capacity among all these techniques, and
scWestern avoids the misleading background signals by cross-reactivity and nonspecific
binding on antibody-based assays.

Despite these remarkable achievements, the single-cell proteomics techniques are still in
their infancy, and several challenges remain. The low multiplexing capacity is the major
technical bottleneck for the current methodologies. Although the mass cytometry and SCBC
methods can quantify dozens of proteins and the DNA barcoding platform even exhibits a
multiplexing capacity of ~90 proteins, the number of proteins that can be measured only
represent a tiny fraction of the whole proteome, which impairs the characterization of
complex signaling network and the comprehensive information of cellular subsets. The main
cause for the low multiplexing capacity is attributed to the limited antibody-encoding
strategies relied on fluorophores and transition metal mass labels. In addition, not all the
antibodies of desired proteins are commercially available, especially for those techniques
(e.g, SCBC and microbeads method) that use antibody pairs, thereby requiring careful
selection of protein panels before assays. For this concern, there is a great need to develop
other high affinity probes for the recognition of proteins in cells. Some promising candidates
include single-chain variable fragments, aptamers, and fluorescent biorthogonal probes [11].

In addition, to achieve multifaceted analysis of cellular types and heterogeneity, single-cell
protein analysis can be coupled with other “-omics” tools and phenotypic measurements,
such as genomics, transcriptomics, epigenomics, metabolomics, and cell size and
morphology. For example, the biological sample can be first analyzed by genomics and
transcriptomics to select the cell types of interest. The identified cells can be profiled by the
following single-cell proteomics to generate the most informative footprints of proteins.
After a combination of the information from these integrative multi-omics and cell behavior
analysis (e.g., cell growth, proliferation and migration), a whole picture and detailed
dynamic information on cellular states can be obtained.

Moreover, with the fast growth of single-cell methods for protein measurements and the
increase of multiplexing capacity, data analysis and standardization should be carefully
considered. For instance, new algorithms and multitask-handling software packages for
statistics and bioinformatics need to be developed for the increasingly large datasets
generated from multiple individual cells [2]. Similar to the development of multicolor flow
cytometry technique, it is essential to standardize the experimental protocols, the reagents,
and the data analysis routines. At last, the commercialization of the above single-cell
proteomic techniques is far from mature. Most methods discussed herein have just recently
emerged from academic laboratories and require significant skill sets in engineering,
technology, biology, and computational analysis. To accelerate the widespread use of these
technologies in broad clinical applications, it is highly desired to develop ease of use,
trustworthy, and cost-effective systems in the future studies. Despite these technical
challenges encountered by single-cell protein analysis, it promises new insight into
fundamental research of cell biology and modern medicine. We expect that the ongoing
developments of the single-cell proteomics will facilitate our deeper understanding of
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cellular heterogeneity and further contribute to the related biomedical applications including
disease diagnostics, personalized precision therapy, and the discovery of novel drug targets.
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Fig. 1.
Representative mass spectrometry-based methods for single-cell proteomic analysis. a)

Single-Cell ProtEomics by Mass Spectrometry (SCoPE2): single cells are isolated in
individual wells, lysed, and the proteins digested to peptides. The peptides from each single
cell are covalently barcoded with tandem-mass-tags. The MS instrument isolates labeled
peptides with the same sequence and fragments them. The fragmentation generates reporter
ions, whose abundances reflect protein abundances in the corresponding single cells.
Reproduced from ref. [35] with permission from bioRxiv. b) Mass cytometry: individual
cells are stained with epitope-specific antibodies conjugated to transition elemental isotope.
After nebulized into single-cell droplets, the cells are measured by their m/z ratio in a time
of flight mass analyzer and can then be analyzed in an elemental mass spectrum for each
individual cell. Reproduced from ref. [38] with permission from the American Association
for the Advancement of Science.
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Fig. 2.

Representative microchip-based methods for single-cell proteomic analysis. a)
Microengraving: individual cells are enclosed into microwells and generate microarrays of
proteins from each microwells. The protein microarrays are identified by an antibodies-
coated glass slide. The slide is replaced at various time points for dynamic analysis.
Reproduced from ref. [53] with permission from the Proceedings of the National Academy
of Sciences. b) Single-cell western blotting: single cells are captured into polyacrylamide gel
microwells and go through /n situ cell lysis, electrophoresis for protein separation, photo-
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induced protein immobilization. Through cycles of antibody stripping and protein reprobing,
multiple proteins from the same cell can be detected. Reproduced from ref. [64] with
permission from Nature Publishing Group. c) Droplet microfluidics: single T cells are
encapsulated in agarose-gel droplets together with functionalized capture beads, and then
secrete cytokines that bind to the beads confined within the droplets. The droplets are gelled
and washed to break the emulsion, incubated with fluorescently labeled detection antibodies,
and quantified by flow cytometry. Reproduced from ref. [71] with permission from the
Royal Society of Chemistry. d) Single-cell barcode microchip: single cells are loaded and
isolated into high-throughput microchambers. The secreted proteins from cells are captured
by multiplex antibody barcode arrays coated on a glass substrate, and then verified by
sandwich-type immunoassay. Reproduced from ref. [75] with permission from Nature
Publishing Group. €) Microbeads array: each microbeads are functionalized by a specific
ssDNA sequence and then converted into antibody microbeads array by cDNA-antibody
conjugates for secreted proteins detection. Successive hybridization (labeling) and
denaturation (quenching) are continuously performed for decoding process, exhibiting
ordered fluorescent colors on every microbead. The ordered colors are corresponding to
different types of antibodies carried on the microbeads. Reproduced from ref. [93] with
permission from Wiley.
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L)
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Representative reiterative staining method for single-cell proteomic analysis. a) DNA
barcoding method: target proteins in individual cells are interrogated and quantitated by
antibody-DNA conjugates hybridized to complementary fluorochrome strands. After
imaging of each cycle, the fluorescent strands are washed off with melting buffer (MB), and
the primary strands are capped with an unlabeled strand to reduce background during
subsequent cellular staining. Reproduced from ref. [98] with permission from Nature
Publishing Group. b) Cyclic immunofluorescence: antibodies are labeled with fluorophores
for specific target proteins via a cleavable linker. After imaging, the fluorophores are
removed to initiate the next fluorescent cycle. Through reiterative process of recognition,

imaging, and removal, different protein in single cells can be identified. Reproduced from
ref. [107] with permission from Wiley.
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