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1. Introduction

Recent advances in microfluidics for single-cell
functional proteomics

Sofani Tafesse Gebreyesus, ©+2° Gul Muneer, @+2%¢ Chih-Cheng Huang, @12
Asad Ali Siyal, @2 Mihir Anand,?®® Yu-Ju Chen®“ and Hsiung-Lin Tu @ *aPdf

Single-cell proteomics (SCP) reveals phenotypic heterogeneity by profiling individual cells, their
biological states and functional outcomes upon signaling activation that can hardly be probed via other
omics characterizations. This has become appealing to researchers as it enables an overall more
holistic view of biological details underlying cellular processes, disease onset and progression, as well
as facilitates unique biomarker identification from individual cells. Microfluidic-based strategies have
become methods of choice for single-cell analysis because they allow facile assay integrations, such as
cell sorting, manipulation, and content analysis. Notably, they have been serving as an enabling
technology to improve the sensitivity, robustness, and reproducibility of recently developed SCP
methods. Critical roles of microfluidics technologies are expected to further expand rapidly in
advancing the next phase of SCP analysis to reveal more biological and clinical insights. In this review,
we will capture the excitement of the recent achievements of microfluidics methods for both targeted
and global SCP, including efforts to enhance the proteomic coverage, minimize sample loss, and
increase multiplexity and throughput. Furthermore, we will discuss the advantages, challenges,
applications, and future prospects of SCP.

biological research.' Technological improvements in genomics
and transcriptomics have progressively advanced over the last

Complex biological systems are regulated by dynamic changes
in individual cells, including cell types and their biological
states, as well as their interactions with the cellular
microenvironments. The conventional ensemble measurements
of the population in many cases cannot represent the exact state
of an individual cell as it averages the differences among
different cells. The effect of such a heterogeneity on both
normal and pathological samples urges single-cell analyses at
the genomic, transcriptomic, and proteomic levels. The advent
of omics-based molecular profiling down to the single-cell level
has been one of the most important breakthroughs in recent
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two decades, enabling characterization of the whole genome
and transcriptome from a single cell due to the feasibility of the
genetic amplification.>™ While recent reports indicate that the
proteomic profiles poorly correlates with the mRNA
expressions,”® analyzing proteome from a single cell has been
challenging due to the lack of an amplification strategy and the
wide dynamic range of proteome.” To elucidate the missing
inference among translational processes, comprehensive
characterization of proteins is necessitated to complement
genetic measurements at the single-cell level.

Single-cell proteomics (SCP) is a fast-growing research field,
and its implementation to study biological systems has revealed
a plethora of key insights regarding phenotypes among isogenic
cells and cellular processes within the same cell.” " SCP
profiling has been majorly developed as targeted and non-
targeted (global) methods. Targeted methods are employed to
detect the secreted and intracellular proteins based on labeled
affinity probes such as antibodies. On the other hand, mass
spectrometry (MS) is the main instrumentation for global
proteomics analysis, which has been broadly used to profile
near-complete proteomes from bulk samples.'’ Yet, the
feasibility and sensitivity of MS are significantly compromised
at the single-cell level when using the traditional proteomics
preparation workflows.">

This journal is © The Royal Society of Chemistry 2023
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To address these limitations, enormous effort has thus
been devoted to the miniaturization of sample preparations,
optimization of analytical workflows, and integration of
instruments, aiming to achieve a more streamlined SCP
protocol with minimal sample-loss. Microfluidics, in
particular, has been well-suited and employed for such
endeavors. It is a multidisciplinary platform for accurate
handling, observing, and processing of nano- to femto-liter
fluidic samples into desired microengineered
compartments.”>*  In  addition,  microfluidics-based
methods possess intrinsic properties of cost-effective
analysis, low consumptions of samples and reagents,
increased reaction kinetics, and reduced contact area, hence
resulting in more sensitive detections."* Over the last
decade, microfluidics systems have prosperously emerged as
multi-tasking platforms on which single-cell studies can be
facilitated by versatile integrations, multiplexing capacity,
and maximized throughput (Fig. 1)."> The entire proteomic
workflow using microfluidics systems can be carried out
within several nanoliters of volume (e.g., one-pot protocol),
reducing sample loss significantly. Despite this, however,
SCP investigations using MS and microfluidics remain
challenging because of the overall system integration,

00,6 i Wy

= 4 \

Microengraving Droplet micro-

View Article Online

Critical review

desired proteome coverage, and required sensitivity, e.g., to
detect proteins ranging from high abundance to low copy
numbers.’® As heterogeneous individual cells express
unique proteome elicited from both intrinsic and extrinsic
factors, their roles towards advances in clinical medicine
and broader exploration of cell biology must be addressed
by SCP techniques.'”” Few reviews have discussed SCP
developments  with  respect to  microfluidics-based
strategies,"®'® yet most of their focus were on either multi-
omics approaches (with little emphasis on MS-based
SCp)teto2t or fundamentals of  microfluidics
technologies.””** In this review, recent developments in
microfluidics-based SCP, including their distinct features,
advantages, limitations, applications, and future prospects,
will be systematically discussed. We will introduce the
capabilities of microfluidics and targeted analysis of single-
cell proteins, and then describe in detail the state-of-the-art
microfluidics methods for MS-based global SCP analysis,
with particular attention on the miniaturization of sample
preparation, enhanced proteome depth, and the biological
information disclosed by these approaches. Lastly, we will
discuss the challenges and opportunities for advancing the
field of SCP.
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Fig. 1 Timeline showing the development of major miniaturized technologies for single-cell functional proteomics in recent years, classified by
the targeted and non-targeted (global) approaches. The abbreviations and acronyms are explained as follows: microfluidics IFC: microfluidics
imaging flow cytometry, SCBC: single-cell barcode chip, scWB: single-cell western blotting, scPISA: single-cell plasmonic immunosandwich assay,
cycMIST: single-cell cyclic multiplex in situ tagging, OAD: oil-air droplet, NanoPOTS: nanodroplet processing in one pot for trace samples, SCoPE-
MS: single-cell proteomics by mass spectrometry, DISCO: digital microfluidic isolation of single cells for omics, SCOPE2-MS: single-cell proteomics
by mass spectrometry 2, SciProChip: single-cell integrated proteomics chip, and T-SCP: true single-cell-derived proteomics method.
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2. Developments of microfluidics for
biomolecular analyses down to the
single-cell level

Historically, the inception of microfluidics devices correlates
with the start of microelectronics and semiconductor device
fabrications.>® Since the demonstration of the first lab-on-a-
chip device as a miniaturized chromatography system,*®
various microfluidics systems, such as a total chemical
analysis system (TAS),”® droplet microfluidics,”” digital
microfluidics,® and many others, have been developed to
address respective research needs.””?* Among notable
developments, G. Whitesides et al introduced the soft
lithography micropatterning which allowed the use of an
elastomeric material, poly(dimethylsiloxane) (PDMS), to
fabricate pattern transfer elements using replica molding.**
Subsequently, S. Quake et al. applied the soft lithography to
make multilayer microfluidics that enables custom fluid
control via embedded valves and peristaltic pumps.** Since
then, microfluidic systems have shown unparalleled
capabilities in the areas of bioengineering, biomedical
science, and cell biology.>*~** To further achieve biomolecular
sensitivity down to the single-cell level, reduction in reagent
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consumption and effective collection of cell contents play
pivotal roles. In the following sections, a few selected efforts
for cell processing, including cell isolation, manipulation,
lysis, as well as microfluidics interfacing towards downstream
instrumentations, are discussed.

2.1 Microfluidic devices for cell handling

Single-cell methods require isolation of individual cells prior
to subsequent sample processing. As such, cell-handling
techniques have been incorporated into various microfluidics
platforms for biological studies.®® Typical single-cell
methods, including droplets, micropillars, microwells, and
integrated valve traps, are briefly discussed below. In droplet
microfluidics, single cells are encapsulated, along with other
reagents, by segmentation of an aqueous flow forming
droplets within an immiscible carrier fluid (Fig. 2a(i)).>”** A
droplet size is controlled via tuning differential flow rates of
the immiscible fluid, thus enabling the production of
thousands of droplets within seconds.’®*° A micropillar array
exploits morphological traps to confine movement of cells
and thus capture them upon a cell suspension solution
flowing through. The cell capturing usually takes tens of
seconds, and micropillars can be chemically functionalized
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Fig. 2 Microfluidic devices used for cell handling and chip interfacing. (a) Cell capturing methods: (i) droplets, (i) U-shaped micro traps, (iii)
microwells, and (iv) valve-based traps. (b) Cell sorting methods: (i) acoustic waves, (ii) optics, (iii) magnetics, and (iv) dielectrophoresis. (c) Cell lysis
methods: (i) mechanical lysis, (i) laser lysis, (iii) thermal lysis using wireless induction heating system, and (iv) electrical lysis. (d) Chip-interfacing

methods: (i) integrated dual-probe interfacing microchip and (ii) 3D-printed multilayer interfacing microfluidic chip to LC-MS.
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to improve efficiency and selectivity (Fig. 2a(ii)).*""**
Microwells for cell trapping leverage size-dependent trapping
by molding wells into dimensions comparable to the size of
targeted cells. The ease of open-wells fabrication offers
adjustable scalability and functionality, which is ideal for a
high-throughput ~ workflow (Fig. 2a(iii)).*>™*” Another
approach utilizes pressure-controlled valves, coupled with
circuits of microchannels, to trap cells.*® This method allows
integration of a series of operations on the same chip,
enabling automation and parallelization (Fig. 2a(iv)). In
addition to the methods mentioned above, extra functions
like acoustics (Fig. 2b(i)),*® optical tweezers (Fig. 2bf(ii)),”°
magnetics  (Fig.  2b(iii)),”" and dielectrophoresis®>*
(Fig. 2b(iv)) have been applied to facilitate cell processing
and sorting on demand. These techniques of cell sorting
utilize external fields of force to deflect the flowing path of
the targeted cells as they travel through the microchannels.
Due to chip design flexibility, microfluidics-based single-cell
methods offer ease of integration to downstream cellular
manipulation and analyses, which is a feature most off-the-
shelf cell sorting instruments cannot provide.

2.2 Microdevices for cell lysis

To maximize analytical sensitivity, cell lysis methods that enable
effective extraction of intracellular content are of high
importance. As such, diverse microfluidics were demonstrated
for on-chip cell lysis.>* Chen et al. made a tri-layered structure
(PMMA-silicon sheet-PDMS) to pretreat rat whole blood and
extract PCR-amplifiable DNA from white blood cells in 50 min
via detergent-based lysis.”> Irimia et al coordinated
thermopneumatic actuators with valves to mix single-cell
suspension and minute lysing detergent (25 pL) in
microchambers where cell lysis was enabled by drawing out the
air along the virtual wall of liquid-air interfaces.® Another
chemical lysis working on pL-scale microwells was proposed by
Sasuga et al.>” This method followed a typical microwell-based
cell manipulation, in which the lysis reagent was injected
through a flow cell (between a PDMS slab and glass coverslip
bonded by double-sided tapes) to allow single-cell
measurements of intracellular proteins. Meanwhile, to avoid
sample clean-up steps, detergent-free lysis methods, such as via
mechanical (Fig. 2c(i)), laser (Fig. 2c(ii)), magnetic (Fig. 2c(iii)),
and electrical (Fig. 2c(iv)) perturbation, were developed using
microfluidic devices.”®*® In terms of mechanical lysis, sharp
nanostructured barbs rupture cells via shearing stress
(Fig. 2c(i)), and Lee et al. added a dielectrophoretic force
generated by multi-electrode pairs to position and lyse cells.*’
Lai et al shone a laser microbeam on cells to disrupt the
membranes through the creation, expansion, and collapse of
cavitation bubbles (Fig. 2c(ii)),*" enabling the lysis of specific
target cells without affecting nearby ones.®*®® To realize thermal
lysis, a temperature sensor and a micro-platinum heater were
deposited on a silicon substrate.** Also, wireless induction
heaters were equipped to heat up extensive surfaces on which
large volumes of samples can be processed at a time

This journal is © The Royal Society of Chemistry 2023
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(Fig. 2c(iii).®”) Note that the aforementioned microfluidics-
facilitated cell lysis methods are not necessarily deployed for
proteomic studies yet, nonetheless, they might ameliorate SCP
analyses. Overall, microfluidics present controlled lysis
capability using different modalities that are adjustable to the
single-cell assays. More importantly, this feature can be readily
integrated with existing functional modules within
microfluidics to build streamlined workflows, avoiding sample
losses (due to sample transfer) and hence improving sensitivity.

2.3 Microfluidics integration to downstream detection
techniques

Successful efforts into coupling microfluidics with analytical
techniques, such as matrix-assisted laser desorption/ionization-
time of flight MS (MALDI-TOF MS) and liquid chromatography
MS (LC-MS), improve the sensitivity of proteomics analysis for
mass-limited samples.®®® In this section, we focus on
microfluidics integrations to LC-MS. Pan et al. developed a
single-probe which was a miniaturized interfacing device
directly coupled to a mass spectrometer.”” This method
obviated the standard MS sample preparation and was
compatible with the MS inlet, allowing real-time single-cell MS
analysis. Furthermore, to address challenges in poorly-ionizable
samples, the dual-probe microchip (Fig. 2d(i)) equipped with a
3-in-1 setting (ie., sampling, solvent injection, and ESI) was
introduced by Huang et al’® An ultrahigh pressure sample
separation is generally required in most MS-based proteomic
analysis to improve a resolution of MS readouts and to reduce
analysis time;” "> however, this feature often brings on failure
of microfluidic chips and leakage at connectors. To address it,
Eeltink's group recently developed a microfluidic modulator
chip to interface with high-pressure LC operation (up to 65
MPa).”? Likewise, Chen et al also proposed a high pressure-
resistant and 3D-printed multilayered microfluidic chip that
could operate at a back pressure of 13.4 MPa in the LC-MS
system.”* The interfacing chip had two inlets, where one linked
to LC and the other for particle filling, and one outlet
connecting to a mass spectrometer (Fig. 2d(ii)). Collectively, the
endeavors to integrate functional modules within microfluidics
and directly couple them with LC-MS systems have an attractive
prospect for streamlined workflows, in order to significantly
minimize sample losses and increase analytical sensitivity. The
methods developed for single-cell proteomics are at the early
stage with regard to the required sensitivity and deeper
proteomic coverage. The ongoing progress of targeted and
global proteomic technologies will be discussed in the next
sections.

3. Microfluidics systems for targeted-
based single cell proteomics analysis
In targeted proteomics techniques, proteins are analyzed by
using the affinity probes with sensing labels (e.g., conjugated

fluorophores, isotope tags, or quantum dots), which emit or
transduce signals.">”*””® To achieve the high sensitivity and
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facilitate targeted proteomics identification at the single-cell
level, microfluidics have been increasingly used, primarily
because they offer advantages including higher effective
concentration during  labeling, controllable cell
manipulation, substantially reduced reagent consumption,
and design flexibility to increase multiplexity and
throughput.’®”*#° In the following, we review targeted-based
SCP methods that are enabled by microfluidics systems, with
particular focus on their developments in the last 5 years, as
their earlier developments had been discussed in the
previous reviews.®'

3.1 Cytometry-based single-cell methods

Flow cytometry (FCM) is a standard profiling technology that
offers enumeration and analysis of thousands of cells per
second, using quantification of fluorescent emissions and
scattered light of single cells.®> The use of FCM and fluorescent
antibodies to profile proteins from cells has been the
mainstream and widely used in the biological science.®
Nevertheless, FCM has limited intracellular spatial information,
and it typically requires sample volumes of tens-to-hundreds of
pL. When scaling a flow cytometer down to a microfluidic size,
the bandwidth of a multi-parametric measurement is
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compromised, e.g., characterization of cell morphology at a
high-throughput setting (>2000 cells per s) is challenging.®*%
To address it, imaging flow cytometry (IFC) hybridizes the
advantage of high-throughput FCM and high-resolution
imaging microscopy, enabling cellular information-rich
detections (Fig. 3a).%® Further, IFC integrated with
microfluidics allows a simple optical implementation and an
exquisite control on cell manipulations.”®** Note that, in most
IFC microsystems, the trade-off between a fluidic throughput
and an optical detection fuels a challenge in obtaining decent
spatial resolution at high throughput. To address this, Holzner
et al. introduced the multiparametric IFC using multi-color
fluorescence and bright-field analysis that enabled high-
resolution and high-throughput extraction of cellular
morphological features such as accurate cell sizing and
detection of cytoplasmic proteins in human cells.”® The
approach combined stroboscopic illumination (i.e., a technique
which generates blur-free images for objects moving at high
linear velocities) with elasto-inertial 3D cell focusing to
effectively control the flow velocity and cell positioning,
respectively, thus achieving acquisition rates of 10* cells per s.
One of the main limitations of FCM roots in spectral
overlaps of signals retrieved from fluorescent labels.”* To
address this issue, Bandura et al introduced the mass
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Fig. 3 Single-cell technologies for targeted proteomics. (a) Imaging flow cytometry (IFC). (b) Microengraving. (c) Single-cell barcode chips
(SCBCs). (d) Single-cell western blotting (scWB). (e) Droplet-based microfluidics. (f) Single-cell plasmonic immunosandwich assay (scPISA).
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cytometry (cytometry by time of flight (CyTOF)) that
synergized FCM and inductively coupled MS (ICP-MS), for
simultaneous immuno-detections of ~20 surface antigens in
single cells.”® In principle, up to 100 parameters can be
achieved from single-cell analysis, as ~100 isotopes are
available to label antibodies.’®®” Using this technique, cells
were immunostained by antibodies labeled with custom
multi-atomic tags, followed by submission to ICP-TOF-MS
analyses. Based on surface markers, single-cell CyTOF is
employed to identify heterogeneity in a human hematopoietic
7598 porpiglia et al. used single-cell CyTOF for the
concurrent analysis of cell surface markers and myogenic
transformation factors, whereby they were able to resolve
heterogeneity of myogenic compartments and characterize
myogenic progressions ranging from stem to progenitor in
skeletal muscle cells.” To address limited phenotyping and
resolutions in DNA barcodes, Wroblewska et al. developed a
barcoding system that operated at the protein domain where
a high-dimensional single-cell CRISPR screening was
facilitated by CyTOF.'°® With this method, more than 100
protein barcodes (Pro-codes) were generated through
synthesizing modules and encoding triplet combinations of
linear epitopes. The expressing vectors of Pro-codes
transfected cells were subjected to subsequent CyTOF
analyses, enabling the detection of 364 Pro-code populations
by using just 14 antibodies. CyTOF is also used for the
identification of clinically important immune
reconstitutions.'®" Recently, Stern et al. studied the evolving
changes in immune reconstitution at different phases of
human cytomegalovirus reactivation, which is a major
complication after allogeneic hematopoietic stem cell
transplantation.'® In this study, CyTOF maximized the data
capacity extracted from limited sample sizes (in terms of a
cell number and blood volume). In general, CyTOF is more
advantageous to multiplexed analyses than FCM is. Since
there is no overlap between detection channels, an absolute
quantification is possible due to independent elemental
responses to the sample matrix.

Meanwhile, FCM and CyTOF incur the loss of crucial
spatial information when processing single-cell suspension
for fluorescence. To address this, single-cell analysis of tissue
samples, including (but not limited to) frozen tissue sections
and formalin-fixed paraffin-embedded (FFPE) tissue, has
been devised by expanding mass cytometry into imaging
mass cytometry (IMC).'°*'®* IMC applies laser to ablate
tissues or tissue sections which are stained with isotope-
labeled antibodies, scanned and vaporized by pulsed laser,
and transferred to ICP-MS detection prior to mass cytometry
analysis. Jackson et al. recently utilized an IMC panel of 35
biomarkers to quantify clinical samples of breast cancer
tissues.’® A tumor single-cell phenotype was identified by
the expression of marker genes and the spatial features of
individual cells from ~8.55 x 10° cells in 381 images. Single-
cell IMC provides spatially-resolved analysis which potentially
sheds light on investigating phenotypic heterogeneity and its
role in tumor architecture. Currently, the multiplexing

continuum.
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capability of an IMC panel reaches to 40 biomarkers.'*® To
dig out the information undetectable in 2D IMC, Kuett et al.
expanded the spatial resolution to 3D to allow the study of
tumor invasion in TME.'” Gerdtsson et al also
demonstrated the integration of IMC with high definition
single cell analysis (HD-SCA) assays that wused
immunofluorescence to characterize rare tumor cells from
millions of leukocytes deposited on a glass slide.'®® By using
IMC, an in-depth phenotyping of a liquid biopsy was carried
out over subcellular localization of markers within CTCs
identified by HD-SCA.

3.2 Microengraving method

The microengraving method exploits sub-nanoliter wells to
trap cells, and cell-secreted proteins are captured by a
pretreated glass slide onto which affinity probes (either
antibody or antigen) are coated. Love et al pioneered
microengraving biochips, where microwells were prepared by
deposition of a cell suspension, allowing cells to settle down
prior to removing an excess of untrapped cells (Fig. 3b).' A
glass slide engraved with antibodies or antigens was then
taped on the confined single-cells, and the secreted proteins
were interrogated by fluorescence immunoassay. Schubert
et al. developed a single molecule array (SiMoA) platform that
was capable of counting a low number of proteins from
individual cells."'® SiMoA showcased that prostate-specific
antigen expression varied among prostate cancer cells and
shifted with genetic drift. Jia et al explored the
microengraving method to study longitudinal recall
responses of nonhuman primates to protein-conjugate
vaccine.""" Since the debut, continuous efforts to improve the
sensitivity of microengraving methods have pushed the
detection toward low abundant proteins from single cells. Li
et al. introduced a signal-amplifying method in protein
detection using a microwell platform where axial resolution
of optics (i.e., field of depth) was increased, and the captured
fluorescent tags at the side-wall and edge also contributed to
signal.""* Compared to traditional microengraving methods
that fluorescence solely emits from the flat surface, notably,
the edge-enhancement microwell immunoassay increased the
sensitivity by 6-fold. Another way to enhance fluorescence is
to replace organic dyes with semiconductor quantum dots,
which can be used as fluorescent reporters to detect secreted
proteins from single cells."*''* Altogether, microwell-based
assays exhibit improved sensitivity than conventional
enzyme-linked immunosorbent spot (ELISpot) assays do. In
addition, this method offers advantages such as cell isolation
adaptable to downstream analyses and enables kinetic
studies in single-cell secretomes via multiple antibody-
engraved glass slides."*>"'®

3.3 Barcode-based approaches

One of the first barcode-based methods for profiling single-
cell proteins was the single-cell barcode chip (SCBC)
developed by Heath's group.'”” In this system, single cells
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were processed through microfluidics and isolated in
microchambers where cell secretion or lysis is triggered, and
the targeted analytes are captured and fluorescently detected
by the “barcode array” where various DNA-encoded
antibodies are coated on the predefined regions of a glass
substrate (Fig. 3c). Using SCBCs, functional heterogeneity
from more than ten secreted proteins, collected from
macrophages and T cells, were characterized upon
microenvironmental activation."*” Since its introduction,
efforts are continuously made on SCBCs to improve the assay
performance and extend their utility for biomedical
applications."®*> For instance, the utility of an SCBC
uncovered mechanistic insights of drug tolerance via
obtaining time-resolved characterizations of trajectories
between the drug-naive and drug-tolerant states.''®'?°
Kravchenko-Balasha et al. exploited SCBCs to analyze the
secreted proteins of isolated glioblastoma brain cancer
cells."® Later, the multi-omics workflow was integrated with
SCBC: Xu et al. measured transcripts and lysed proteins,"'*
and Su et al investigated cellular heterogeneity by both
cytoplasmic proteins and metabolites associated with the
selected cancer markers that functionally changed during an
early drug response.">> More recently, Wang et al. introduced
a single-cell multi-index secreted biomarker profiling
approach using graphene oxide quantum dots (GOQD); the
results showed that GOQD-assembled substrate led to a 2x
higher density of antibody immobilization (compared to poly-
i-lysine substrate) and lower background noise."** Over the
years, the SCBC has been armed with evolving microsystems,
leading to an increased multiplexity (>42 proteins), improved
throughput (>1000 cells), and higher fluorescent resolution.
Zhao et al. also introduced another barcode-enabled SCP
strategy based on multiplexed in situ tagging (MIST), in which
tens-to-hundreds of molecular targets in single cells can be
analyzed."*"*® To achieve this, a monolayer of ssDNA-encoded
microbeads is patterned on a glass slide, hybridized with
complementary DNA-antibody conjugates and then enclosed by
PDMS microwells containing single-cells. Through fluorescence
sandwich ELISA, each kind of bead is then analyzed for
detection of a particular protein across thousands of arrays.
Subsequent development of this approach led to the single-cell
cyclic multiplex in situ tagging (CycMIST) platform, in which
UV-cleavable DNA-barcoded antibodies were used to enable
multi-round labeling and multi-cycle decoding processes for
achieving high throughput and sensitivity."”” The combined
effect of high-density DNA arrays and small-sized microwells
allowed the detection of ~180 protein copies from a single cell.

3.4 Microfluidic capillary electrophoresis and single-cell
western blotting

Capillary electrophoresis (CE) is an analytical method
highlighted by its high separation efficiency and sensitive ion
detection using a high electric field."*® Traditional CE suffers
from long separation time, large sample consumption, and slow
dissipation of joule heating. Microfluidic CE (MCE), on the
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other hand, is capable of addressing these limitations. MCE
uses microchannels for electrophoretic separation of
biomolecules in nanoliter-scale where the analysis time takes
tens of seconds,"*"** and it can be deployed for separation and
detection of intracellular content extracted from single cells.™"
Huang et al. developed an MCE to detect low-copy-number
(LCN) proteins from single cells by using single-molecule
fluorescence measurements.”>> Note that this method has
relatively low throughput and limited multiplexing capacity. To
improve throughput, Mainz et al. utilized a light-programmable
and cell-permeable reporter to simultaneously analyze kinase
activity from single cells."* Li et al. also proposed a multicolor
fluorescence detection-based microfluidic device for single-cell
manipulation, which offered effective electrophoretic separation
to realize concurrent detections of multiple small molecules."**
Overall, MCE leverages short distances and relatively short
timescales to allow rapid completion of all steps taken in the
traditional CE.

Another electrophoretic method used in microfluidics is
the single-cell western blotting (scWB) developed by A. Herr
group, where identification and quantification of specific
proteins depend on their migration through a thin layer of
gel matrix conjugated with antibody probing (Fig. 3d)."** The
scWB combined western blots with an open-microwell array,
thus increasing the assay throughput and enabling the
reliable handling of ~2000 neural stem cells. Note that
earlier developments of scWB primarily focused on handling
a larger amount, e.g.,, >1000, of input cells, and thus fell
short of processing mass-limited input cells."***” To
address it, Sinkala et al. integrated a rare-cell workflow with
SCWB to profile protein expression (plexity = 8) from single
circulating tumor cell (CTCs)."*® Specifically, cells collected
from patient's blood were selected by the size and
deformability, and the large nucleated cells were stained and
identified, followed by a transfer to microwells. These cells
were then lysed, and the associated proteins were
electrophoretically  injected into the gel, where
polyacrylamide gel electrophoresis (PAGE), blotting, and
immunoprobing steps were sequentially conducted. Recently,
differential fractionation was integrated into electrophoretic
separation: particularly, J. Vlassakis et al. introduced single-
cell protein interaction fractionation through electrophoresis
and immunoassay readout (SIFTER) for quantification of
multimeric protein-complex in single cells.”*® In this work,
bidirectional electrophoresis was performed, and monomers
and depolymerized protein complexes were fractionated and
immobilized in gel regions around the microwells, followed
by quantification using the in-gel immunoprobing. In
addition to the advantages of high throughput and an
affordable multiplexity, scWB increases the specificity of
antibodies due to electrophoretic separation.

3.5 Droplet-based microfluidics

Droplet microfluidics enables quantification of secretomes
released from single cells through a droplet encapsulation
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with fluorescent probes in nanoliter-volume droplets,
overcoming the technical limitations in microfluidic FCM
which is unable to detect secreted proteins.'***® Droplet
microfluidics was also employed in analyzing intracellular
proteins in which one to three cells were lysed electrically
prior to the formation of droplets.’*® Ding et al. recently used
co-flow droplet microfluidics to encapsulate primary cells
(taken from tissues) together with capture microbeads and
fluorophore-labeled antigens (Fig. 3e). During droplet
incubation, a desired cell (e.g., B-cell) secreted primary
antibody to mediate the binding between fluorophore-labeled
antigen and a microbead. Subsequently the desired droplets,
which were “labeled” by the fluorescent antigen, were sorted
by fluorescent signals (Fig. 3e)."° Droplet microfluidic
method yields high-throughput analysis; however, alignment
of detection beads (on a focal plane) makes quantifications
of the secreted antibodies challenging. To address this,
immobilization of droplets was demonstrated by
transforming the encapsulation of thermosetting oil into
solid after droplet generation.” Eyer et al, on the other
hand, introduced a droplet-based microfluidic technology
(DropMAP), eliciting single-cell analyses from droplets
immobilized on the 2D array. DropMAP enables real-time
measurements to quantify antibody-secreting rate,
immunoaffinity, and associated kinetics.'”*'** Regarding the
operating principle of DropMAP, two aqueous phases are
encapsulated in which one contained cells or calibration
antibodies and the other contains reagents (fluorescent labels
and 300-nm paramagnetic nanoparticles). The binding
capacity of antibodies were increased due to the use of
nanoparticles. When applying a magnetic field, the
nanoparticles  (designed to capture the secreted
immunoglobulin) crosslinked, forming a micrometer-sized
aggregate. To facilitate encapsulations of a single cell
inside droplets and increase multiplexity, Khajvand et al
integrated droplet microfluidics with antibody barcodes.'**
Arrays of ~180 pL-sized chambers were used to boost
single-cell capture efficiency (over 80% with a viability of
>90%), and this method substantially improves on-chip
trapping, isolation, and long-term incubation of single
cells in stationary droplets. Droplet-based microfluidics, in
general, boasts fast encapsulation, an increase of target
concentration, a reduction in cross-contamination between
samples, and capability to bridge genotype and

phenotype.

3.6 Other developing methods

Towards unraveling the heterogeneity and functional states
of cells, LCN proteins (existing at <1000 molecules per cell)
play an essential role as they are involved in multiple cellular
functions such as metabolism, signaling, and regulation of
gene expression.>"® Thus, methods that enable the in-
depth analysis of LCN proteins is essential. However, probing
these low-abundant proteins at a single-cell level poses a
daunting challenge due to instrumental limitations (e.g.,
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resolution, signal-to-noise ratio, and limit of detection (LoD)).
To address these unmet needs, Liu et al. reported a single-cell
plasmonic immunosandwich assay (scPISA) approach that
integrated an in vivo immunoaffinitive extraction with the
plasmon-enhanced Raman scattering (PERS) detection
(Fig. 3f).">”'°% ScPISA quantitatively assess the expression of
LCN proteins in single (living) cells, providing high sensitivity
(LoD = 7 molecules) and specificity (low cross-reactivity among
probes) at a single-molecule level.®

Taken together, microfluidics-coupled targeted SCP
methods discussed so far clearly showcased their potential in
driving key biological understanding for both basic and
translational research. Although targeted-based SCP methods
have intrinsic limitations due to the necessity for affinity
labeling, the synergistic coordination of microfluidics and
ultrasensitive biosensing approaches may complement the
field of LCN proteome in which MS-based global SCP falls
short. As no one-size-fits-all instrument exists, the
comprehensive mapping alternately retrieved from both
targeted and global SCP shall be combined together to
illustrate the unknown variation between genome and the
associated proteome. In the next section, MS-based global
SCP profiling technologies will be discussed."*

4. Mass spectrometry-based global
single-cell proteomics profiling
technologies

Substantial efforts have been devoted to increase the
sensitivity of non-targeted proteomic workflows to reach the
single-cell resolution with good coverage, robustness, and
reliability. Compared to affinity-based methods, non-targeted
proteomics profiling allows a global mapping of the cellular
proteome and thus is ideal for discovery-oriented basic
research and clinical investigations. Recent advances in
various  sample  preparation  methods, automated
instrumentations, and LC-MS developments have enabled the
quantification of >1000 proteins from a single cell using
label-free approaches. In the following, we will discuss these
exciting developments, which include a brief discussion
about evolution of LC-MS systems for single-cell analysis,
microfluidics-enabled upstream sample processing, and
subsequent data acquisition and analysis workflows (Fig. 4).

4.1 Evolution of MS for microproteomics and single-cell
proteomics

MS-based  proteomics is  undoubtedly the  most
comprehensive approach for large-scale analysis of the
composition, structure, and dynamic alterations of a
proteome, which can provide functional link and molecular
mechanism of proteins to biology or diseases. It has been
widely applied for the characterization of proteins, post-
translational modifications and proteform dynamics for
various samples such as cell lines, animal models, and
human clinical specimens. Its implementations for protein
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integrated proteomic microfluidic chip (SciProChip).

biomarker discovery have inspired tremendous advancements
in enhancing proteomics profiling sensitivity to overcome
analytical challenges of clinical specimens, which are usually
present in minute amounts such as a subset of primary
immune and rare cells.**>*** While MS-based proteomics
have identified >10°-10" proteins varying from a microscale
(microgram, >1000 cells) to bulk sample, MS-centric SCP was
primarily hindered by the lack of miniaturized sample
processing methods, efficient separation strategies, and
sensitive MS instrumentation.®'%¢>7*** With recent advances
in miniaturized sample preparation together with
improvements in LC separation and MS instrumentation, the
pursuits of sensitive measurement down to a single cell have
been rapidly expanding. These advances are discussed in the
following sections with a detailed focus on microfluidics-
based SCP analysis.

Miniaturized sample preparation. In the conventional
proteomics workflow, which usually requires a large amount
of samples (>10° cells; 20 pug to 1 mg protein), to the small-
scale microproteomics (<1000 cells; <1 pg protein),'%'>16¢
most endeavors focused on improving sample pretreatment
in the microvials and custom tips to enhance the profiling
sensitivity. For instance, Kulak et al. reported the in-StageTip
(iST) method, where sample manipulation was undertaken in
tips containing very small disks made of reversed phase
beads.’®” Manza et al. introduced the filter aided sample
preparation (FASP), in which sodium dodecyl sulfate (SDS)
and other contaminants that interfere the LC-MS/MS analysis
were removed by molecular weight cutoff filtration device."®®
Likewise, Hughes et al. developed the single-pot solid-phase-
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enhanced sample preparation (SP3) that used surface
functionalized paramagnetic beads for peptide desalting.'®’
These techniques minimized sample transfer processes,
enabling enhanced analysis down to a few hundreds of cells
with proteomics coverage in a range of 3500-4500."7°
Meanwhile, Chen et al reported an integrated proteome
analysis device (iPAD) for probing 100 cells (iPAD-100),
whereby live cells were injected into the device for
subsequent proteomic processing and analysis.'”* The device
consisted of an inlet needle dipped into a cell suspension, a
10-port valve controlling the process of sample treatment, a
micro syringe for delivering samples, a capillary loop (40 cm
long, 100 um inner diameter (i.d.)) for protein digestion, and
a C8 column for desalting. The iPAD-100 achieved
identification of 635 proteins from 100 cells. Later on, the
device was upgraded as an integrated system (iPAD-1) for SCP
profiling."”> With a key component of the 4.5-fold smaller
capillary (22 pm in i.d.) for input of single-cells, cell lysis and
protein digestion were accomplished within 2 nL, and the
results showed significantly reduced sample loss. Overall, the
iPAD-1 achieved identification of an average of 180 proteins
from a single HeLa cell.

Advancement in LC instrumentation. Significant
advancements in enhancing chromatographic separation and
resolution greatly contributed to the ultrasensitive proteome
analysis. Miniaturization of LC i.d. and a lower flow rate have
also been known to enhance the separation and hence
substantially increase the ion delivery to a mass spectrometer
and enhance the detection sensitivity.'®* Various narrow-bore
columns have been reported, including reduction in an i.d.
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ranging from 75 um to 30 um at a flow rate of 50 nL min™" to
enhance signal intensity by 3-fold,"”® ultranarrow-bore-
packed column with a 20 pum i.d. at a flow rate of 20 nL
min to achieve ~800 protein coverage from single cell,'®®
and 10- to 100-fold improvement in sensitivity using picoLC
system (2 pum i.d. and 800 pl min™') compared with a 30 um-
i.d. column."” Several groups reported microfluidic pillar
array columns (UPAC) for low input proteomics, which are
composed of narrower pillars with 2.5 um of interpillar
distance packed with highly-ordered stationary C18 beads
operating at 250 nL min' of a flow rate, demonstrating
consistent quantification of >1000 proteins from a single
Ce11.8,72,175

Advancement in mass spectrometry instrumentation. The
rapid technological advancements in sensitivity, speed, and
resolution of recent generations of MS instrumentation have
enhanced the sensitivity ranging from microproteomics to
SCP. To date, the majority of SCP studies have employed
various generations of orbitrap-based mass spectrometers
due to the high resolution, improved ion transmission, duty
cycle, and detector sensitivity."®® The recently released
timsTOF instrument equipped with a trapped ion mobility
device on time-of-flight (TOF) MS adds another dimension of
gas-phase ion fractionation, which enhances sensitivity in
proteome coverage by enabling efficient data acquisition of
peptide ions from single cells."”®""”
further improved by the parallel accumulation-serial
fragmentation of precursors either in the data-dependent
(ddaPASEF) or data-independent (diaPASEF) mode. The
addition of field asymmetric ion mobility spectrometry
(FAIMS), which filters out the singly charged ions prior to MS
analysis, also increased  over  twofold protein
identifications.®'®* Additionally, instrument parameters play
critical roles to detect extremely low-abundant proteins from
low-input samples. Parameters such as increasing maximum
ion input and long injection time have been optimized to
enhance ion signals. Multiple studies have demonstrated that
optimized acquisition methods (such as DIA) led to increased
ion utilization which further resulted in enhanced coverage
for SCP.'”®'7° Together, these improvements drastically
enhanced sensitivity resulting in increased protein
identification and quantification from single-cell samples.

SCoPE-MS. Slavov's group pioneered a multiplexed-based
single-cell proteomics by mass spectrometry (SCOPE-MS) that
achieved identification of >1000 proteins."® This method
has integrated several key components. To minimize the
cleanup-related losses, chemical lysis was replaced with
mechanical lysis using focused acoustic sonication. Secondly,
isobaric tandem mass tags (TMTs) were applied to add a
carrier channel with much higher protein abundance, such
as 200 carrier cells in one TMT channel to boost the low
abundant peptide signals at the MS1 levels, and then were
mixed for subsequent LC-MS/MS analysis. Since carrier cells
were more likely source-experiencing sample loss and can
increase the detectability of peptides, SCOPE-MS significantly
enhanced the proteome coverage to >1000 proteins from

Ton utilization was
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single cells.'”®*%'81 T further improve the protein
extraction step, the updated version (SCoPE2) adopted the
minimal proteomic sample preparation (mPOP) method, and
the sonication step for cell lysis was replaced by a freeze-heat
cycle in pure water.” The mPOP employed 384-well plates,
PCR thermocyclers, and liquid dispensers to automate the
sample preparation and increase throughput. Also, SCOPE2
employed a shorter LC gradient (60 min) and reduced lysis
volume from 10 to 1 pL (i.e., a 10-fold reduction). As such,
the method was able to quantify ~1000 proteins from a
single mammalian cell, and over 3000 proteins were detected
from 1490 single monocytes and macrophages cells by using
11-plex and 16-plex TMTs (Fig. 4a). Overall, these methods
brought a new perspective to enhance the sensitivity of SCP
profiling. However, like many label-based methods, SCoPE-
MS and SCoPE2 reported the challenges accompanied with
TMT labeling, including the inherent interference presented
from co-isolated precursors of the abundant carrier cells and
other non-targeted peptides,'®* as well as the compressed ion
ratios that reduce quantification accuracy.'®

SCeptre. Following the developments of SCoPE, Schoof
et al. reported a similar approach named as single cell
proteomics readout of expression (SCeptre).® This workflow
collectively offered (1) higher throughput, (2) improved
quantitative accuracy, (3) integrated cell-sorting data, and (4)
computational workflow.® In this method, the FACS-sorted
cells were dispensed into individual wells of a 384-well plate.
The individual cells were lysed via snap-freezing and heating,
followed by overnight trypsin proteolysis. The sensitivity is
boosted by the 16-plex TMT labeling and analysis by a
FAIMS-coupled orbitrap MS. In this study, the 14 TMT-
labeled single cells were pooled with 200-cell-equivalent
booster aliquot, thus 24 samples could be retrieved per 384-
well plate, representing high-throughput analysis of 336
single-cells per plate. Because large-scale multiplexed single-
cell analysis poses a challenge for data analysis, the
computational workflow based on python was also developed
to integrate cell sorting and downstream data analysis.
Altogether, SCeptre workflow allowed analysis of 112 cells per
day and quantifies nearly 1000 proteins per cell. This
approach demonstrated fast and high throughput sample
preparation as well as the ability to explore -cellular
heterogeneity in primary leukaemia.®

T-SCP. Recently, Mann and coworkers also introduced a
sensitive LC-MS based SCP workflow named true single-cell-
derived proteomics (T-SCP, Fig. 4b)."”” This workflow
consisted of major features including (1) miniaturized
sample preparation, (2) very low flow-rate LC (100 nL min ™),
and (3) an updated timsTOF MS, resulting in >10-fold
enhanced sensitivity. In principle, the sample preparation
starts with sorting individual cells into a 384-well plate which
contains 1 uL of lysis buffer, and lysis is facilitated by heating
at 72 °C. Next, extracted proteins were digested and the
resultant peptides were desalted with disposable trap
columns. The clean peptides were loaded to LC coupled to
timsTOF MS. The results showed that ~850-1900 proteins
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(with match-between-runs; MBR) were identified from 1-6
Hela cells using the ddaPASEF mode,"”” while the diaPASEF
mode was able to identify 2083 proteins from a single-cell.

Overall, the SCoPE-MS, SCP-SCeptre, and T-SCP
demonstrated the leaping advancements in improved
sensitivity, quantification accuracy, and throughput for
single-cell analysis in both conventional tubes and multi-well
plates. The potential sample loss from large surface contact
may leave room for further improvement from newer
generations of instrumentation. As a consequence,
microfluidics has emerged as a newly prevailing candidate to
address these limitations.

4.2 Digital microfluidics chips: DISCO and DMF-SP3

Digital microfluidics (DMF) devices are another version of
the stationery droplet microfluidics approach, in which a
discrete microdroplet (100 nL-10 pL) is manipulated on an
open array of adjacent electrodes driven by electrical
potentials. Pioneering works done by the Wheeler's group
has established DMF as a versatile platform for various cell-
based assays,'®* sample preparation for MS,"**™**” as well as
proteomic sample preparation including lysis, reduction,
alkylation, and digestion."®® Later on, on-chip sample clean-
up step was demonstrated by solid-phase extraction on
porous polymer monoliths."® To address the inherent
limitations in removing contaminant detergents, Leipert
et al. reported a DMF platform, based on the single-pot and
solid-phase-enhanced sample preparation (DMF-SP3), for
direct peptide cleanup on a magnetic bead.'®® The DMF-SP3
method enabled the identification of 1200 and 2500 proteins
from 100 and 500 Jurkat T cells, respectively.*® Subsequently,
the group enhanced the sensitivity of DMF-SP3 using a
FAIMS and ion fractionation to identify ~5000 proteins from
single nematodes."” Combining with isobaric labeling, a
recent extension of DMF-SP3 has reported an average of 1815
protein groups from 75 Jurkat T cells."®*

Recently, Wheeler's group developed a new DMF method,
named digital microfluidic isolation of single cells for omics
(DISCO), along with image-based data analysis (Fig. 4c).*° In
DISCO, the cells of interest, which were selected by manual
operation using the custom-controlled software or the
automated operation driven by artificial intelligence (Al),
were isolated on a device from the diverse and heterogeneous
population ranging from ~100 to 300 cells. The selected cells
were then lysed by focused high-energy laser pulse to skip
the peptide desalting step. This approach identified an
average of 88, 427, and 699 proteins from 0 (i.e., a control), 1,
and 5 U87 cells, respectively.

4.3 Droplet microchips: OAD and nanoPOTS

In this category of microfluidics approaches, stationary
nanoliter reactors were used to perform the one-pot
protocol for proteomic sample preparation in order to avoid
sample transfer, reduce contact surface area, and hence
minimize sample loss. Li et al. developed a disposable
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nanoliter scale oil-air droplet (OAD) chip to carry out multi-
step sample treatment and injection for SCP analysis. The
chip had four layers: the oil layer where evaporation was
substantially minimized, the isolation layer where oil was
separated from a droplet, the droplet layer where sample
preparation took place, and the chip positioning layers
where all layers were coaxially aligned and assembled.
Droplet manipulation was controlled by the tapered tip-
fused silica capillary probe connecting to a syringe pump.
Both the syringe and capillary probe were filled with water
and segmented from the aspirated solution by fluorinated
oil. To ease the coaxial alignment between a capillary probe
and an OAD, a self-aligning monolithic (SAM) device was
used. In the first step, a cell suspension was deposited on
the droplet layer and the proteomic workflow was
performed at a processing volume of ~550 nL. A minimum
sample loss was achieved through a direct coupling of the
miniaturized droplet microreactor and SAM via the LC
column. To benchmark the method, 100, 50, 10, and 1
HeLa cells were profiled for protein identification with
average numbers of 1063, 418, 108, and 36, respectively;
while 355 proteins were identified from a single mouse
oocyte."”?

On the other hand, Kelly's group introduced an open-well
based platform, named nanodroplet processing in one pot
for trace samples (nanoPOTS), for SCP profiling (Fig. 4d).'®
An array of 3 x 7 spots was formed on a glass slide using
photolithography and wet etching techniques, with elevated
hydrophilic nanodroplet reaction vessels (i.e., nanowells) on
a hydrophobic surface. In this platform, serially diluted cell
solutions were deposited onto nanowells and the -cell
numbers were confirmed by microscopy. A custom-made
liquid handling robotic system was used to dispense cells
and reagents to a single droplet for proteomic sample
preparation. A humidified chamber was constructed to
reduce sample evaporation during the operation. Fused silica
capillary was used to collect the digested peptides released
from the nanowell, and the desalting was performed by
further connection to SPE column with PEEK union, followed
by LC-MS/MS analysis. The platform achieved proteome
coverage of >3000 proteins collected from 10-100 HeLa cells
using the MBR algorithm. The platform was further
enhanced by improving both the sample preparation and LC-
MS sections. The earliest utilization of nanoPOTS for SCP
identified an average of 670 protein groups from single HeLa
cells.” To improve the throughput and robustness, a
nanoPOTS autosampler was developed to fully automate the
sample injection transferring from nanoPOTS to LC-MS
system.'® The combination of nanoPOTS with ultralow-flow
nanoLC and FAIMS further showed that the proteome
coverage of a single HeLa cell could be enhanced to identify
>1000 proteins.’®* Recently, the new version of a nested
nanoPOTS (N2) chip adopted further miniaturization of total
sample processing volume varying from 200 nL to 30 nL, as
well as incorporated isobaric labeling workflows to enhance
throughput ranging from 27 to 240 samples per assay and to
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improve the sample recovery.” The N2 platform enabled an
average identification of ~1500 proteins from mammalian
cells across a series of single cells.

4.4 Integrated microfluidics device: SciProChip-DIA

Multilayer microfluidic devices have been employed in
various research domains including life sciences and systems
biology due to their precise fluid manipulation and ability to
perform complex protocols.”***** To explore its utility in
SCP, Gebreyesus et al recently developed an integrated
proteomics chip (iProChip, for processing 1-100 cells) and its
extended version (SciProChip, for processing at the single-cell
level), coupled with data-independent acquisition (DIA) MS,
as all-in-one stations featuring the streamlined and
multiplexed workflow used in nanoproteomics and SCP.*
The chips have two layers: the flow-layer and the control-
layer. A flow-layer holds the entire proteomic workflow and
coheres with a control-layer, allowing automated and
accurate fluid manipulation via microvalves and the custom-
designed program (Fig. 4e). Basically, the microfluidics used
in iProChip and SciProChip is composed of three main
functional blocks: (1) cell-capture and lysis chamber, (2)
protein digestion vessel, and (3) C18 beads-packed peptide
desalting module. The cell chambers were composed of
wedge-shaped pairs of pillars with 5 um spacing, whose
numbers were determined according to the desired sample
sizes of 10-100 cells in iProChip and a single cell in
SciProChip. The flow of a cell solution of appropriate density
enabled the size-based capturing of mammalian cells within
a few seconds, accompanied by real time microscopy
monitoring. The protein digestion vessel was designed to
have a total processing volume of ~300 nL (iProChip) and
~78 nL (SciProChip), assisting the digestion of proteins into
peptides at the nanoliter scale. The desalting module was
fabricated by packing a serpentine channel with C18 beads to
facilitate an efficient on-chip peptide clean-up. As such, the
streamlined workflow enables an all-in-one operation,
obviating the need to externally perform cell sorting and
peptide desalting.

Data-dependent acquisition (DDA) is one of the most
common data acquisition approaches, where most intense
peptide ions are selected serially for fragmentation. Despite
its wide acceptance, the semi-stochastic nature of DDA leads
to inherent limitations of missing values compromising the
proteome coverage depth. Recently, DIA MS has emerged as
a powerful alternative technique allowing to record peptide
ions in parallel fashion in a series of small isolation
windows over multiple scans, thereby achieving enhanced
and reproducible proteome identification. Compared to
previous SCP reports, to our knowledge, DIA MS was firstly
introduced in this study. The application of DIA MS using
custom-made spectra libraries constructed by samples of
comparable cell numbers significantly enhanced 2.3-fold
more protein identifications for mass limited samples when
compared to DDA mode. At single cell level, coupling
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SciProChip with DIA MS achieved an average identification
of ~1500 protein groups, highlighting one of the most
sensitive proteomic coverages from a single mammalian cell.
Such proteomics coverage allowed the detection of
important yet low abundant lung cancer druggable target
proteins (e.g., EGFR, TP53, CDK1) at different sample
amounts. Besides, the platform achieved the identification
coverage of kinase proteins and key immune-related surface
receptors. This method offers advantages of completely
streamlined and simultaneous single-cell analysis in semi-
automated fashion, within a single chip. The method
efficiently avoided sample losses related to sample transfers
and ease of operation. However, the platform still depends
upon manual transfer of resulting peptides to the LC-MS/
MS, incurring sample loss. The future effort is required to
interface the chip directly to the LC-MS/MS. In addition, the
proposed design considerations of the microfluidic system
must address the concern of relatively low throughputs to
strengthen the merits of the method.

4.5 Other recent developments: proteoCHIP, WinO, and
PiSPA

Very recently, a new automated and miniaturized device,
called proteoCHIP, in combination with cellenOne single-cell
isolation instrument was introduced for multiplexed SCP.'%°
The proteoCHIP is made up of PTFE-based slides and
consists of two parts. The nanowell module contains 12 sets,
and each set has 16 nanowells each designed to process 192
single-cells simultaneously. Another part is the funnel
module designed for sample pooling, and it is directly
interfaced with an HPLC autosampler. The sample
preparation starts with dispensing a 40 nL cocktail buffer
(containing lysis buffer and enzymes) into each nanowell
using the cellenOne platform. Then, image-based sorted cells
are deposited into nanowell, and the chip is incubated at 50°
for two hours to enable cell lysis and protein digestion. The
reaction is performed at elevated humidity by using a layer of
hexadecane to prevent sample evaporation. After TMT
labeling, the samples are pooled via centrifugation and
directly injected to LC-MS/MS. The approach identified
>2500 proteins across 170 multiplexed single cells from HeLa
and HEK-293 cells. Utilizing a TMT-based multiplexed
workflow, the proteoCHIP platform allows profiling up to 572
single cells per experiment. The developed platform is
accessible via commercial products.**®

Recently, Masuda and colleagues introduced a water
droplet-in-oil digestion (WinO) approach.’®” This method
uses immiscibility of solvents (water and oil) to reduce
sample loss during sample preparation and to increase
protein recovery. Briefly, an extraction buffer containing 1 pL
of water droplet is prepared with phase transfer surfactants
and hydrophobic carboxyl-coated nanomagnetic beads, and
then cells are loaded in ethyl acetate to mix with the
extraction buffer. After adding 1 pL of reduction and
alkylation buffer, proteins are digested overnight. The
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resulting peptides are TMT-labeled and pooled together, and
surfactants were removed by using phase transfer approach.
Finally, the peptides were purified by using the stop-and-go-
extraction tips prior to injection into the LC-MS/MS. This
approach identified nearly 500 proteins from single cells.

The abovementioned SCP methods are capable of
identifying 500 to 1500 proteins from individual single cells.
A very recent SCP workflow called pick-up single cell
proteomic analysis (PiSPA) achieved deep identification of
3000 proteins in 3 different kinds of single tumor cells. This
method employed a microfluidic liquid handling 