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Single-cell protein profiling energized by
microfluidic technology
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Single-cell protein profiling furnishes exclusive insights into understanding and describing phenotypic
heterogeneity in large populations, garnering significant attention from researchers. However, investigating
protein information at single-cell resolution has presented significant challenges on account of the small
size of cells, low abundance of proteins and scarcity of sensitive analytical methods. Microfluidics has
emerged as a powerful platform for single-cell protein profiling because it enables efficient single-cell
isolation, high-throughput processing of small-volume samples, and integrated microscale reactions in a
user-friendly format. This review provides a broad perspective on the leading-edge microfluidic platforms
for single-cell protein profiling. It showcases different microfluidic layouts for single-cell separation and
explores how cutting-edge analysis techniques are integrated with these platforms for protein profiling.
Furthermore, the potential challenges and future trends of microfluidics-based single-cell protein profiling

rsc.li/loc are presented and evaluated.
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Introduction

Cellular heterogeneity, encompassing variations in morphology,
cellular functions, and molecular identities, holds an essential
position in diverse biological processes, such as cell
differentiation,®®  disease = progression,”'® and  cell
metabolism.”*'* With advancements in cellular component
processing and profiling, previously undetected heterogeneity
within cell populations and complex tissues have been
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discovered. However, accurately classifying cells remains
challenging due to the substantial difficulties inherent in
characterizing the properties of individual cells. Single-cell
omics provides exclusive insights into understanding and
describing cellular heterogeneity and has seen dramatic
advances within the past decade.’* Numerous research studies
have been presented in conjunction with the rapid development
of innovative technologies, paying attention to the profiling of
important biomolecules in individual cells, including DNAs,*
RNAs,** proteins,”” and metabolites.®® Deeper insight into
single-cell omics enables the discovery of novel results and the
advancement of clinical applications grounded in the
phenotypic identity of cells.

Proteins are crucial due to their roles in forming the
cellular cytoskeleton and structures, as well as their
involvement in essential cellular processes. By serving as
intermediaries that connect gene expression to cellular
functions, proteins can offer valuable insights into cellular
behaviors and phenotypic identities. Therefore, analyzing the
composition and dynamics of proteins is crucial for the
elucidation of molecular pathways underlying cellular
processes and disease progression. Furthermore, gaining a
thorough understanding of biological processes and diseases
necessitates measuring protein expression at the single-cell
level.*>*®  Considering this reason, single-cell protein
profiling has emerged as a critical necessity for uncovering
pivotal features in biological processes of single cells. In this
work, single-cell protein profiling refers to the systematic and
multiplexed characterization of proteins in individual cells,
including quantitative measurements of protein expression
and protein states such as post-translational modifications
and interaction-related features, enabled by microfluidic
handling and integrated analytical readouts. This capability
offers a quantitative framework for understanding cellular
heterogeneity based on protein-level measurements.*"**

Nevertheless, profiling the proteins of individual cells
remains a significant challenge in terms of efficient sample
preparation and reliable signal outputs as a consequence of
the low protein abundance, the intricacy of the required
sample processing, and the absence of powerful analytical
tools. The primary challenge of the low abundance in
individual cells necessitates the utilisation of highly sensitive
assays in proteomic analysis. The routine approaches for
proteome analysis, such as mass spectrometry (MS)** and
microarray,** lack adequate signal amplification and enough
sensitivity for detecting low-abundance proteins in single
cells. Secondly, in single-cell measurements, it is crucial to
handle samples with high precision, as even minor analyte
losses, which might be overlooked in cell population-based
methods, can cause significant fluctuations at the single-cell
level. A great deal of effort has been invested by researchers
to tackle these barriers. This has involved employing low-
binding sample tubes® and utilizing “one-pot” digestion
protocols to minimize total surface exposure.*®*” Third,
unlike for single-cell nucleic acid analysis, powerful tools for
single-cell protein analysis are still lacking. Fluorescence
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microscopy and flow cytometry (FCM) have been employed
for measuring single-cell protein levels.*® However, the
spectral overlap of the commonly used fluorescent labels
restricts these imaging-based techniques from detecting
numerous proteins in a single sample.* Consequently, to
facilitate single-cell protein profiling, novel methodologies
with enhanced detection sensitivity, enhanced sample
processing efficiency, and multiplexing capability are
required.

Microfluidic techniques have recently accelerated the
rapid expansion of single-cell protein profiling.’>*" It is
capable of providing extremely efficient isolation and
processing of numerous single cells in a miniaturised device,
significantly simplifying workflows, improving integration
and throughput, and enhancing detection sensitivity. Single-
cell protein profiling has been achieved using a microchip
that manages cell separation, processing, and the
quantification of proteins.”® This review outlines how the
recent advancements in microfluidic technologies have been
employed to upgrade single-cell protein profiling through
representative  platform architectures and integrated
analytical readouts (Fig. 1). Firstly, we examine the various
microfluidic layouts applied to isolate and manipulate single
cells for protein analysis. Following this, we explore the
principles and representative applications of microfluidic
platforms coupled with other cutting-edge analytical
instruments for single-cell protein analysis and compare the
utility of these methods. Finally, we discuss future
developments and potential challenges of microfluidic single-
cell protein profiling technologies.

Microfluidic approaches for single-
cell separation

Effective separation of single cells is fundamental for
accurate protein analysis. Currently, a variety of microfluidic
layouts have been established for single-cell handling based
on a range of fundamental fluid management technologies,
including traps, valves, droplets, microwells and fields.”*>®
Compared with conventional isolation methods (e.g, limiting
dilution, micromanipulation, and laser microdissection),
microfluidic approaches enable more controlled handling
with reduced dilution and facile integration with downstream
assays.

Notably, rare-cell samples such as circulating tumor cells
(CTCs) pose additional challenges relative to typical single-
cell inputs because targets are extremely sparse and
embedded in a high-background matrix (whole blood).
Therefore, clinically oriented workflows often incorporate an
explicit enrichment or pre-concentration step prior to
downstream single-cell proteomic analysis. Immunocapture
strategies are widely used to suppress leukocyte background
and improve purity; a representative example is the EpCAM-
functionalized CTC-chip that isolates CTCs directly from
patient blood.>® To reduce marker bias, label-free size-based
enrichment is frequently adopted; for instance, spiral inertial
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Fig. 1 Overview of various microfluidic systems for protein measurements in single-cell protein profiling.

microfluidics has been demonstrated for ultra-fast, label-free
CTC enrichment from clinically relevant blood volumes.””
Beyond simple size filtration, deterministic lateral
displacement (DLD) offers geometry-defined, continuous
fractionation and has been integrated into clinically oriented
CTC workflows; the antigen-independent CTC-iChip
combines DLD-based debulking with inertial focusing and
magnetic depletion to isolate rare CTCs from blood.*®
Dielectrophoresis (DEP) provides an additional marker-free
handle based on dielectric properties; for example, an
optically induced DEP (ODEP) microfluidic system has been
integrated with flow-velocity control to further isolate and
purify CTCs after an initial conventional enrichment step,
enabling selective manipulation of rare tumor cells under
continuous-flow conditions.>

These rare-cell workflows impose tighter downstream
constraints than bulk-cell analyses: even minor blood
carryover can dominate analytical background. Moreover, the
low protein mass per cell amplifies losses due to adsorption
and sample handling in MS-based proteomics, motivating
nanoliter-scale, low-loss processing formats (e.g., the nested
nanoPOTS (N2) chip®®). In addition, mass cytometry readouts
can be affected by channel spill over, which typically requires
appropriate compensation. In the following section, we
discuss representative microfluidic platforms for single-cell
protein profiling, focusing on their working principles and
relative merits.

Traps

The hydrodynamic-based cell trap represents a structural
system whereby single cells are extracted from a cell
suspension flow when they become obstructed by a
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microscale structure.®” As a cell suspension stream traverses
the structure, cells within the flow are directed and
channeled towards the weir. Once a single cell fills the weir,
the flow resistance rises sharply, diverting the main flow and
directing subsequent cells towards the slots on either side
(Fig. 2A). Recent years have seen transformative
improvements in hydrodynamic trap architectures for single-
cell capture. Nguyen et al.®* devised a novel three-micropillar
(3 wPF) hydrodynamic trap that interleaves micropillars to
distribute shear forces and enhance cell exposure to culture
medium, thereby enabling prolonged dynamic culture with
reduced mechanical collisions, as confirmed by finite-
element simulations.

Valves

A valve-based platform typically comprises soft elastomeric
membranes that function as pressure valves that can confine
a single cell in the chamber by blocking the flow
pathways.®>®* When air or liquid is applied to the interior of
the perpendicular valve, a bulge is raised towards the
channel, forming a separated chamber (Fig. 2B). In this way,
a single cell flowing through this area can be captured.
Additional valves can be used to mix or transfer reagents for
downstream protein analysis. Valve-based microfluidic
platforms are well-suited for executing intricate single-cell
molecular profiling workflows. They can be easily integrated
with various sensors and detection systems, allowing for the
simultaneous isolation, reaction, and measurement of
hundreds to thousands of single cells. One of the classical
cases is the platform named Fluidigm C1, developed by
Genshaft and coworkers.®® By controlling the valves, the
fluidic channel is separated into several micro-chambers

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Microfluidic methods for single-cell separation: (A) traps, (B) valves, (C) droplets, (D) microwells, (E) DEP, and (F) EWOD devices.

used for single-cell capture, lysis, and protein analysis,
respectively. Thus, a series of reactions for single-cell analysis
can be integrated on only one chip.

Droplets

Droplets have been used to compartmentalize and study
single cells since the 1950s.°*%” Usually, cells are separated
from each other by water-in-oil droplets, which provide an
independent enclosed microenvironment for each cell,
enabling the target signals to be enriched separately and
avoiding contamination (Fig. 2C). The flow-focusing structure
is most commonly used in droplet-based microfluidic
devices, providing higher pressure to the continuous aqueous
phase, which reduces size differences and enhances droplet
separation. The droplet-based platform can generate
thousands of droplets per second with the volume ranging
from femtoliter to nanoliter according to the design and flow
velocity, allowing for high-throughput single-cell analysis.***®
However, due to Poisson-based cell distribution and limited
control within individual droplets, the droplet workflow can

This journal is © The Royal Society of Chemistry 2026

be inherently disordered. Therefore, hybrid microfluidic
approaches combining droplet-based encapsulation with
other compartmentalization or control modalities have
emerged as effective solutions to the limitations inherent in
droplet-only systems.

Hybrid platforms that integrate droplet microfluidics with
microwell arrays or pneumatic microvalve circuits enable
deterministic cell loading and fluid manipulation, thereby
substantially reducing the stochastic variation and doublet
contamination associated with Poisson-distributed cell
encapsulation. For example, a recent platform integrates
droplet generation, incubation, and phenotypic sorting on a
single chip: droplets are formed first, then pneumatic
microvalves route selected droplets through modules that
enable precise capture, buffer exchange, and sorting
according to fluorescence or other criteria, thereby enhancing
processing accuracy and flexibility.*”

More recent innovations have paired droplet microfluidics
with external physical fields—including fluorescence-
activated droplet sorting (FADS), acoustic waves, electric or
magnetic fields, and picoinjection—to impart active control
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post-encapsulation. A notable example is the spinDrop
platform, which first applies in-line FADS to enrich droplets
containing viable single cells or target nuclei, and then uses
picoinjection to add reagents such as lysis buffer and reverse
transcription enzymes directly into selected droplets.”® This
multi-step, field-driven workflow yields a fivefold increase in
gene detection rates, while halving the background noise
compared to conventional inDrop approaches. These hybrid
strategies have become common practice in single-cell
proteomics applications.

Microwells

The microwell-based platform usually comprises high-density
microwells fabricated onto the surface of glass or
polydimethylsiloxane,  serving as individual reaction
microchambers for single cells.”””® A cell suspension
characterized by statistical sparsity is usually deposited into the
microwells by gravity. To ensure isolated environments and
prevent cross-contamination, each well can be sealed, for
example, with a glass coverslip or an oil overlay (Fig. 2D). The
Love group developed a soft lithographic microwell-based
method for the rapid selection of single cells producing
antigen-specific antibodies.”* In this method, a glass slide
covalently immobilized with capture-antibody creates an
isolated environment for reactions and enables the detection of
proteins liberated from cells in each well. A significant
advantage of microwells is their ability to operate easily and
efficiently in a highly parallel manner. Alternatively,
centrifugation or dielectrophoresis can be combined with
microwell-based platforms to elevate the efficiency of single-cell
separation.””

Field

Due to the advantages of precise control, flexible manipulation,
and contactless manner, field-based microfluidic methods are
widely used for single-cell analysis, including electric, optical,
magnetic, and acoustic microfluidics.”® Among these methods,
electrical techniques are more broadly employed due to several
advantages. Electrical fields do not require labeling, are easier
to handle, and typically exert less physical pressure on cells
compared to other methods. The two main methods of
electronically controlled single-cell separation based on
electrical control are dielectrophoresis (DEP) and electrowetting-
on-dielectric (EWOD).

Dielectrophoresis (DEP) was the first electrical method
developed for single-cell separation. It leverages the
difference in conductivity between the cell and its
surrounding medium to manipulate and separate individual
cells.”” In the DEP system, specific voltages and frequencies
are used to generate gradient electric fields that induce
polarizable particles to move towards regions of higher
(positive DEP) or lower (negative DEP) electric field gradients.
This approach enables single-cell separation and selective
capture derived from the dielectric properties of the cells.
Additionally, when combined with conventional microfluidic
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microchambers, it allows for the dispersion of individual
cells into separate chambers for subsequent analysis
(Fig. 2E). Wu et al. described a planar chip integrating cell
capture microarrays with positive dielectrophoresis (pDEP),
which achieved single-cell pairing efficiencies exceeding
70%.%° This device holds significant potential for further
studies on cell-cell interaction. Qin and colleagues developed
a self-digitization dielectrophoretic (SD-DEP) chip hybrid with
a microchamber array structure.®' In this device, cells were
captured by pDEP at the inlet of each chamber and then
sequentially passed into each reagent for subsequent
reactions. To prevent contamination, the chambers are
encapsulated by passing immiscible oil phases between
reaction steps. This method enables the integration of all
processing steps for single-cell isolation, treatment and
subsequent nucleic acid analysis. More recently, Li and
Anand have developed an improved single-cell capture system
utilizing arrays of bipolar electrodes, which achieves an
84.4% efficiency in capturing single cells into nanoliter
chambers.®>%

EWOD technology, also known as digital microfluidics
(DMF), facilitates the management of picoliter-to-microliter
droplets with programmatic control, making it highly
suitable for integrated single-cell analysis.**®*> The most
efficient method for single-cell analysis using DMF is limiting
dilution. This method is implemented by dividing droplets
containing several cells into multiple sub-droplets, to ensure
that each sub-droplet contains only one cell.*® Furthermore,
EWOD can isolate single cells by altering the local
hydrophilicity or hydrophobicity of the EWOD electrode
surfaces. When droplets pass over the hydrophilic sites, the
action of surface tension leaves behind a smaller sub-droplet
at the site, thereby achieving passive isolation of single cells
(Fig. 2F). The Wheeler group further showed the digital
microfluidic isolation of single cells for -omics (DISCO),
allowing the user to pick out distinct individual cells from a
heterogeneous population and collect the cellular contents.”®
The integration of EWOD technology with conventional
microfluidic systems enables precise hydrodynamic single-
cell isolation through microstructures on functionalized
electrode substrates. Ruan et al. designed wettability-based
hydrodynamic traps, called butterfly structure, combining
hydrodynamics with surface wettability techniques to furnish
high single-cell capture efficiency.’” The butterfly structure is
designed to concentrate cells in the suspension flow into the
weir at its center. When a single cell occupies the weir, the
increased flow resistance redirects subsequent cells to the
sides. Concurrently, the hydrophilic sites beneath the
butterfly microstructure retain the captured cells within the
weir for further analysis. More recently, Samlali et al
developed a three-layer microfluidic chip for single-cell
manipulation, comprising a patterned indium tin oxide (ITO)
electrode, a silicon nitride dielectric layer, and a PDMS
microchannel network.®® In this system, cells are
hydrodynamically captured in the upper microchannel and
encapsulated into picoliter-scale droplets. Programmable

This journal is © The Royal Society of Chemistry 2026
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electrowetting actuation triggers controlled cell release
through dielectrophoresis or droplet fusion, achieving precise
single-cell isolation.

Although electric field-based methods offer
advantages, such as simple operation, high capture efficiency,
minimal cell damage, and automated control, they still face
significant limitations. The need for specific electrode designs
and the limitation of electrode numbers are the primary
constraints on the widespread use of this technology.
Addressing these issues represents the principal avenues for
further advancement.

several

Microfluidic approaches for single-
cell protein profiling
Microfluidic capillary electrophoresis

Capillary electrophoresis (CE) is a separation and detection tool
that has been demonstrated to be highly efficient in separating
analytes and to have remarkable sensitivity in ion detection.
This method performs protein analysis utilizing a high-voltage
electric field within a micro-scale capillary. CE offers advantages
such as efficient separation, easy integration, and strong
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compatibility with single cells, making it highly promising for
single-cell protein analysis. However, conventional CE systems
face challenges, including poor reproducibility, prolonged
separation times, and restricted geometrical dimensions.
Microfluidic CE has emerged as a solution to these limitations
by the automation and integration of single-cell injection and
manipulation. This technology enables the online separation
and detection of diverse constituents at the individual cell scale.
Zare's group pioneered an integrated microfluidic CE device for
single-cell protein analysis.®” This device encompasses four key
functionalities: cell manipulation, precise gauging and delivery
of lysis solutions, online cell lysis and derivatization, and
separation and laser-induced fluorescence detection of
derivatized proteins. Building on this platform, the team further
advanced the multistate valve technology to quantify low-copy-
number proteins from single mammalian and insect cells using
single-molecule fluorescence counting (Fig. 3A)." Although
integrated microfluidic CE shows promise for single-cell protein
analysis, its application still faces challenges like nonspecific
adsorption, low throughput, and a limited number of protein
assays. To overcome these obstacles, several improvements have
been proposed: surface modifications to prevent nonspecific
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Fig. 3 Microfluidic electrophoresis for single-cell protein analysis. (A) Schematic of the integrated microfluidic CE chip for single-cell analysis.
Reproduced with permission.! Copyright 2007, The American Association for the Advancement of Science. (B) Illustration of the SCCP strategy.
Reproduced with permission.?? Copyright 2014, WILEY-VCH Verlag. (C) Principle and workflow of the single-cell Western blotting. Reproduced
with permission.?” Copyright 2014, Springer Nature. (D) Schematics of tc-sc Western based on ANP hydrogel: single-cell settlement, cell lysis,
protein electrophoresis, UV immobilization of proteins in situ, antibody incubation, and in-gel fluorescence detection of immobilized proteins.

Reproduced with permission.?®2° Copyright 2024, WILEY-VCH Verlag.
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protein adsorption, parallel single-cell CE to increase detection
throughput, and multicolour fluorescence detection to enhance
multiplexing capabilities.”®**

In addition to antibody-based methods, small molecule
fluorescence probes have been successfully applied for
single-cell protein detection. Liu's group introduced a
chemical cytometry approach utilizing CE technology,
presenting the single-cell chemical proteomics (SCCP)
method for the identification of membrane proteins in
individual primary neurons (Fig. 3B).>> Functional single cells
were extracted from mice and labeled with high-specific
activity probes. The labeled cells were then packed in
individual droplets and placed in a polydimethylsiloxane
(PDMS) microwell array. Subsequently, these cells were
transferred one at a time into a CE system for online
processing and analysis using laser-induced fluorescence
(LIF). The SCCP strategy was extended to demonstrate single-
cell functional protein analysis in the cytosol of two types of
tumor cells, reaching a limit of detection of 0.1 pM.°>> More
recently, Shi et al®® introduced a highly sensitive and
selective CE-LIF analysis to measure low-copy-number
intracellular proteins in single cells using a cheap
fluorescence detector and a BV605 probe. They achieved a
limit of detection of 7 molecules in a 91 pL reaction volume.
However, the susceptibility to protein adsorption on the
capillary wall poses a significant challenge to the sensitivity
and stability of detection in CE-based microfluidic methods,
limiting practical applications.

Microfluidic gel electrophoresis

While microfluidic CE has made some progress, it is difficult
to perform protein quantification and lacks the scalability to
perform large amounts of parallel electrophoretic analysis.
Western blotting (WB), an influential protein analytical
method, combines high-resolution gel electrophoresis and
immunochemical analysis, offering advantages such as high
scalability, high sensitivity, and quantifiability.””°® Single cell
western blots (scWestern) have been presented by the Herr
group (Fig. 3C).”” The scWestern system comprises a
microscope slide and an array of microwells constructed with
a thin layer of photoactive polyacrylamide (PA) gel. Cells are
captured into the microwells through gravity, followed by cell
lysis. Individual cell proteins are then separated within the
PA gel resulting from an electric field. After separation,
proteins are immobilized in a three-dimensional PA gel by
UV light, and target proteins are identified using fluorescent
antibody probes. While the method's dynamic range is
comparatively narrow, scWestern is comparable to FCM in
sensitivity and can detect dozens of proteins through
stripping and re-probing. Currently, scWestern has evolved
into a crucial tool for single-cell protein profiling, attracting
significant attention.’®'°® Recently, Li et al presented a
single-cell transfection analysis chip (scTAC) to highly
efficiently assess transient transfection efficiency.'”" scTAC
allows for the monitoring of exogenous gene expression of a
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few thousand single cells, facilitating continuous protein
expression profiling even under conditions of low-level
coexistence. Grist and colleagues showed three-dimensional
immunoblots for single cells, detecting intracellular proteins
of a few hundred cancer cells."”

However, scWestern still faces significant difficulties for
identifying low-abundance proteins and small molecular
weight proteins. During the separation and immunoblotting
processes, protein bands rapidly diffuse into the buffer
solution, resulting in substantial loss of these proteins,
thereby making them difficult to be detected.'®® To address
these issues, the Ding group introduced an intensive single-
cell immunoblotting method using a tetrazole-functionalized
photoactive hydrogel (Fig. 3D).*®*° The photoreactive
tetrazole undergoes electrophilic addition reactions with
proximal protein nucleophiles within seconds via click
chemistry. This approach enables the capture of separated
proteins swiftly and efficiently, thereby reducing excessive
band diffusion and minimizing autofluorescence on the
microchip. Moreover, scWestern heavily depends on
fluorescence-based readouts, prone to loss of signal during
multiplexed detection requiring multiple rounds of target re-
labeling. Lomeli et al. developed scWestern with a MIBI-TOF
(multiplexed ion beam imaging by time of flight) readout
using metal tagging, enabling high-multiplex protein
profiling.’® Moreover, antibody incubation in western
blotting is critical, since the access of antibodies into a wet
hydrogel is impeded by a number of factors, including size
exclusion, hydrophobic interaction and electrostatic
repulsion. Efforts have focused on increasing antibody
concentrations in gels to improve incubation efficiency in
scWestern.'*>'% Typically, the cell capture efficiency of
scWestern is very low, resulting in high cell loss. Recently,
microfluidics has been integrated to enable protein analysis
of individual circulating tumour cells (CTCs). The body's
response to therapy is monitored by detecting multiple
protein targets in individual CTCs.""”

Microfluidic flow cytometry

FCM is a classic method for analyzing proteins at the single-
cell level, which can measure the fluorescence properties of
labelled individual cells in a fluid as they pass through a light
source. It offers many advantages such as excellent
sensitivity, multiplexing capabilities, and high throughput.
However, FCM instruments are not only expensive but also
require trained personnel for operation and maintenance,
making them costly to use. Additionally, sample preparation
for traditional FCM involves enormous cells (>1 x 10° cells
per mL), making it impractical to analyze rare and valuable
samples. To address these issues, microfluidic cytometers
have been involved, combining microfluidic technology with
miniature detectors, enabling protein profiling at the single-
cell level.

Valve-based microfluidic flow cytometry. The valve-based
FCM is a miniaturized version of FCM integrating single-cell
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sample handling on a microfluidic chip for quantifying
single-cell protein expressions.'®** In general, single cells
that have been either surface- or intracellularly stained are
introduced into the microfluidic channel. Subsequently,
these suspended single cells undergo sequential processing
using an integrated laser light source and fluorescence
detection device. The target protein copy number is
quantified by measuring the fluorescence intensity of the
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labelled single cells. As an illustration, Srivastava et al. went
further by incorporating multi-colour flow cytometry to detect
signalling events across multiple time scales and intercellular
locations. This was achieved through an integrated cellular
sample preparation process on a microfluidic chip that is
seamlessly connected with downstream FCM (Fig. 4A).* The
design quantitatively recorded changes in the fluorescence
density associated with these translocation processes with
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single cell resolution by an elastomeric valve forcing flowing
cells into the evanescent field. Furthermore, Liu et al'”
developed a microfluidic flow cytometer using a constriction
channel narrower than cell diameters, enabling the
identification of the copy numbers of target proteins
(Fig. 4B). This work presented a microfluidic platform that
processed cells stained with multiplex fluorescence-labeled
antibodies through constricted microchannels. It detected
the resulting fluorescence signals using three photomultiplier
tubes (PMT) simultaneously and translated them into the
number of target protein binding sites. This innovative
platform can quantify multiple intracellular proteins in the
numerous individual cells, enabling efficient cell type
classification based on protein expression data. Moreover, for

the hydrodynamic focusing system, in contrast to
conventional ~ methods  using  planar  microfluidic
approaches,"*™"® stable single-stream focusing™'’ was

developed at high Reynolds numbers and high flow
velocities, allowing for precise and massively parallel FCM.
This advancement facilitates the seamless integration of fluid
manipulation techniques with suitable optical systems.

Droplet-based microfluidic flow cytometry. Droplet
microfluidics has also been employed in conjunction with FCM
to quantify proteins in single cells.""®*"*° Chen's group
developed a series of constriction microchannel-based droplet
microfluidic FCM  systems, enabling high-throughput,
quantitative measurements of single-cell proteins.'*'™** For
example, in 2023, they presented a quantitative FCM platform
of multiplex fluorescence detection utilizing droplet-based
constriction channels for quantifying single-cell protein
expression levels. Single cells stained with fluorescent probe-
labeled antibodies were encapsulated with proteinase K,
guanidine hydrochloride, and urea. The bound antibodies were
stripped off, resulting in droplets with uniformly distributed
fluorescence. These droplets, containing uniformly distributed
fluorescein-labeled antibodies, deformed as they passed
through a constriction microchannel. Here, the excited
fluorescence signals were sampled and interpreted into protein
counts based on volume equivalence in droplet measurement
and fluorescence calibration. However, obtaining information
on a single-cell basis for living cells is another challenge. Yang
and coworkers reported a droplet microfluidic FCM strategy for
single-cell phenotype tracking of living cancer cells, named
FDC, which utilized a target-specific enzymatic amplification
reaction (Fig. 4C).>* Antibody-DNA conjugates are used in
conjunction with diverse cell samples to identify specific
biomarkers present on the cell surface. Using a DNA-triggered
reaction activated exclusively in the appearance of several
biomarkers, FDC facilitates the identification and mapping of
surface markers on live cancer cells with single-cell resolution.
This method enabled living cell phenotypic profiling of multiple
surface markers from collections of fewer than 40 cells.

A key feature of droplet microfluidics is the simultaneous
encapsulation of single cells and reagents within individual
droplets. Consequently, droplet microfluidic FCM allows for the
analysis of proteins secreted by individual cells, a capability not
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achievable with conventional FCM.""*'**""%° In such system, for
instance, single cells and specialized beads were encapsulated
in hydrogel droplets, in which beads were engineered to attach
to cytokines released by individual cells."*® Next, the emulsion
was broken down through gelling and washing of the droplets.
These were then incubated with fluorescently labeled detection
antibodies specific to cytokines attached to the beads. Following
this, FCM was used to quantify the signal intensities in the
beads. Shembekar et al. utilized this system to build a large-
scale antibody screening platform with dual-colour normalized
fluorescence output to identify antibodies coupled with target
cells."*® This enables a 220-fold enrichment after sorting 80 000
clones within only one experiment. However, the single-cell
droplet microfluidic FCM assay requires co-encapsulation of
single cells and biosensors in the droplets. The single-cell
droplet encapsulation rate, governed by a Poisson distribution,
constrains the throughput. Recently, Xu et al developed a
microfluidic cellular membrane immunosorbent assay based
on cholesterol-linked antibody (CLAb) technology for high-
throughput single-cell multiplexed secretion analysis (Fig. 4D).*"
Initially, CLAbs produced via click chemistry were attached to
the cell surface by the interactions between cholesterol and
lipids. These cells were then encapsulated in droplets to capture
their secretions on the cell surface. Subsequently, the cells with
captured secretions were de-emulsified from the droplets. The
recovered cells were labeled with fluorophore-tagged antibodies
in bulk to concurrently discern several surface proteins and
secretions. The barcoded cells were subsequently analyzed
using FCM for high-throughput single-cell secretion profiling.
For illustration, this approach enabled the concurrent
quantification of multiple cytokines and surface proteins in
individual cells at a throughput of ~10> cells per second, and it
was successfully applied to analyse PBMCs from patients with
nasopharyngeal carcinoma.

These droplet-based microfluidic platforms typically use
multicolor systems to detect multiple proteins per cell.
However, this limitation is not fundamental. By combining
multicolor excitation and imaging techniques with various
dyes, higher levels of multiplexing can be achieved.
Nonetheless, the additional costs and complexities associated
with these techniques must be considered. Therefore, a
balance between multiplexing capability and cost must be
struck, depending on the chosen experimental system.

Microfluidic barcoding immunoassay

Most proteins in single cells exist in low abundance. These
proteins are not detectable by conventional labelling,
requiring further signal amplification for high-sensitivity and
high-specificity = detection. Recently, —microfluidic-based
immunoassay methods have been developed to enable
multiplexed protein detection on a single-cell scale. These
methods include microchip-based assays, single-cell barcode
chip (SCBC) technology, droplet microarrays, beads-on-
barcode antibody microarrays, and single-molecule array
technologies, etc. Microfluidic barcoding immunoassays, in
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particular, have emerged as a technique for multiplexed
protein detection.

Valve-based single-cell barcoding microchips. The initial
microchip  category to use microfluidic barcoded
immunoassays to profile single-cell proteins, the valve-based
SCBC,*" was developed by the Heath team. SCBC consists of
a few thousand individually microchambers for single-cell
settling, lysis, and capture of specific proteins through pre-
stamped antibodies on the chamber surfaces (Fig. 5A).
Employing flow restriction alongside the DNA-encoded
antibody library method, the pre-printed antibody barcode
array is composed of parallel stripes of distinctive antibodies.
This design enables quantitative measurement through
fluorescent immunosandwich assays, allowing for the
absolute quantification of both single-cell cytoplasmic and
membrane proteins. While limited in spectral multiplexing,
the approach can be expanded by augmenting the quantity of
designed antibody stripes. Khajvand and colleagues
presented a droplet-based integrated microfluidic platform
microfluidic platform to encapsulate individual cells
efficiently for single-cell secretome analysis (Fig. 5B).>> The
droplet-based integrated microchip is composed of two parts:
a glass substrate featuring dense antibody barcodes for
immunoassay and a PDMS chip with pL-level chamber arrays
for the separation of single cells. Firstly, cells were
individually captured in confined picochambers based on
hydrodynamics. Then, air was introduced into the channels
in reverse in the role of the medium for droplet formation to
separate the cells. Next, the unlocking of microvalves
connected the isolated picochambers with the media channel,
cells were incubated on-chip and the secreted proteins were
recognized at the defined antibody bonds in each detection
zone. The array of 100 pL-level chambers achieved over 80%
efficiency in capturing single cells. Leveraging these
microscale chambers, the platform successfully analyzes
protein secretions of cancer cells sourced from both primary
and metastatic sites in patients. This capability unveils
significant diversity in secretion patterns among the cells.
While the SCBC platform, the first pump-based integrated
platform for multiplexed protein analysis, has achieved
significant improvements in multiplexing capability and high
sensitivity, it is still limited by the complexity of antibody
barcoding construction and multiple pumps/valves operation.

Droplet-based single-cell barcoding microchips. Droplet
microfluidics enables high-throughput quantification of single-
cell proteins through dispersing cell populations into individual
cells rapidly, overcoming the throughput limitation of valved-
based microfluidics. Hsu et al reported a smart hydrogel
droplet microfluidic system for high-sensitivity multiplexed
secretomic analysis on a single-cell scale (Fig. 5C).** In this
setup, a single cell and smart hydrogel microparticles bound
with antibodies were encapsulated within a droplet. Following
incubation, specific secreted proteins from single cells were
captured. The temperature-triggered shrinkage of the hydrogel
immunocomplex enhances the target concentrations,
facilitating sensitive multiplexed detection of the accumulated
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secretions in single cells. Notably, distinct heterogeneity in low-
copy-number essential secretions across six thousand cells was
revealed within one hour. Nevertheless, the outcomes of this
assay for secreted proteins are constrained to data at the assay
endpoint, which hinders the ability to reflect the dynamic
expression of the protein. In response to these challenges, Eyer
et al. pioneered DropMap, a droplet microfluidic array
technology (Fig. 5D).>® This innovation facilitates the analysis of
single-cell antibody secretion rates, immunoaffinity, and
associated kinetic processes by immobilizing droplets on a two-
dimensional array. Using DropMap, single IgG-secreting cells
were encapsulated in tens of thousands of 50 pL droplets, each
incorporating fluorescent markers and 300 nm paramagnetic
nanoparticles. A fast and ultrasensitive in-droplet immunoassay
then happened. When a magnetic field was applied, the
nanoparticles captured the secreted IgG form micro aggregates
that align into beadlines, allowing for the concurrent
assessment of IgG secretion rates and affinities across a few
thousand individual cells simultaneously. Since fluorescence-
based single-cell platforms are susceptible to interference from
various factors, the follow-up analysis can be compromised by
the contamination. To overcome this limitation, Cong et al
presented a microfluidic-based surface-enhanced Raman
scattering (SERS) platform for identifying cytokines secreted by
individual cells."*" This platform utilizes two immunological
nanoprobes (a capture probe and a SERS probe) that are
incorporated into the droplet containing single cells. The
formation of an immunosandwich structure on the surface of
cell membrane proteins captures secreted cytokines, thereby
enriching them on the cell membrane surface and labeling the
SERS probes for subsequent detection. This single-cell analysis
platform was employed to monitor the secretion of vascular
endothelial growth factor (VEGF) by specific cells from various
cell lines, enabling highly sensitive detection of VEGF.

As an emerging method of protein profiling for single
cells, droplet microfluidics offers several advantages: rapid
encapsulation, condensed target concentration, and reduced
cross-contamination. However, it suffers from low efficiency
in detection due to the Poisson distribution, which results in
invalid analysis caused by the presence of empty droplets or
droplets containing multiple cells.

Microwell (microengraving)-based barcoding microchips.
The microwell-based barcoding microchip is a microwell
array with antibody barcoding used to quantify secreted
proteins from single cells.**"**"3* Love et al. first developed
microengraving biochips, in which individual cells are
captured in microwells through cell sedimentation.”* The
glass slides engraved with antibody arrays were covered with
microwells to form single-cell sealed cavities. This setup
allows for the detection of multiple secreted proteins within
the cells using an immunoassay. Furthermore, Schubert and
colleagues introduced a single-molecule array (SiMoA) system
that enabled the determination of single-cell low-abundance
proteins.”** Since its inception, ongoing endeavours to
enhance the sensitivity of microengraving techniques have
propelled the detection of low-copy-number proteins from
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single cells to the forefront of scientific inquiry. Li et al
introduced a novel signal amplification method depending
on edge enhancement based on the vertical sidewalls of
microwells for ultra-sensitive measurement.™*> An alternative
method for enhancing fluorescence is to substitute organic
dyes with quantum dots, which serve as strong readouts to
lower the detection limit."****” Besides fluorescence-based
methods, Ansaryan et al. described a microwell array for real
time spatio-temporal monitoring of secreted proteins from a
few hundred single cells using a label-free nanoplasmonic
imaging system."*® The biosensor consists of an array of gold
nanopores, which enables highly sensitive extraordinary
optical transmission (EOT) spectroscopic analysis. When a
secreted analyte binds to the sensor surface, it causes a
change in the EOT spectra, resulting in a detectable change
in intensity. However, the multiplexed detection of several
secreted biomolecules simultaneously will require the
implementation of functionalization methods enabling the
immobilization of the corresponding receptors at spatially
district locations on the substrate.

The detection sensitivity of conventional microwell-based
methods may decrease because of the balance between the
antibody bar amount and antibody density for each protein,
which share the same confined space. To solve this issue, Lu
and coworkers developed a new platform that combined
spectral encoding and spatial encoding with microwells for
the detection of secreted proteins (Fig. 5E).*® This platform
featured 15 isolated bars on the glass slide, each containing
three different capture antibodies labeled with green, blue,
and red detection antibodies separately. As a result, 42
different antibodies (except 3 positive controls) are applicable
to single cell protein profiling in each microwell by the
spatial location and colour signal. Specifically, 15 capture
antibody bars were first fabricated on the surface of a
polylysine-coated glass slide by a microfluidic DNA-encoded
technology.”®® Secondly, single cells were loaded into
microwells and the glass slide was put on the top of a
microwell array for protein capture by incubation for ~20 h.
Finally, the antibody barcode array slide was removed and
ELISA based on 3 detection antibodies conjugated with
different fluorophores was performed to readout the
information of the proteins by an image analysis software.
Obviously, this microwell-based method is useful and user-
friendly for highly multiplexed and high-throughput
detection of single-cell proteins, even dynamic detection.
During the process of microwell trap and valve separation,
PDMS commonly serves as the carrier material. However,
studies have shown that it is not suitable for maintaining
live-cell cultures. The Han group has presented a chip for
single-cell culture featuring self-assembled graphene oxide
quantum dots (GOQDs). This innovation facilitates high-
throughput single-cell separation and maintains high activity
in single-cell cultures, while guaranteeing the proper
secretion and quantitative detection of multiple secreted
biomarkers."** The GOQD-assembled PDMS demonstrated
the highest cell activity, as evidenced by its long-term stability
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and uniform size, which facilitated the highest growth rate
and the largest spread area for cell culture over 72 hours.
Using this method, they further presented an integrated
microfluidic platform to perform multi-phenotypic profiling
from exosome secretion by single cells."*® This platform
concurrently analyzes five phenotypic exosomes from more
than 1000 individual cells, along with the secretion of
inflammatory factors from the same cells.

Yang and coworkers developed a beads-on-barcode
antibody microarray (BOBarray), which enables multiplexing
protein detection by allocating two separate identifiers (bead
size and fluorescent colour) to each protein."*" Different bead
sizes and colours are utilized to encode 12 different proteins.
During the work, antibody-conjugated beads are incubated
with the polylysine-coated glass slide to form a bead
assembly featuring a barcode pattern. Each bead assembly on
the glass slide can be held into 60 pL-sized microwells with a
number of 15000, leading to an increased concentration of
single-cell proteins for sensitive and high-throughput
analysis. Further advancement of this technique resulted in
the single-cell multiplex in situ tagging (MIST) platform,
where successive hybridization (labeling) and denaturation
(quenching) of DNA-barcoded antibodies were employed for
achieving ten different protein profiles (Fig. 5F).*® The
synergistic impact of high density DNA arrays and small
microwells enabled the detection of approximately 180
protein copies from an individual cell. Based on this, they
further developed a single-cell cyclic multiplexed in situ
tagging (CycMIST) platform, enabling the analysis of a few
hundred proteins within individual cells using a cocktail of
UV-cleavable DNA-barcoded antibodies with high throughput
and high sensitivity."**

The use of microfluidic immunoassay technology for single-
cell protein profiling is a crucial component of high-throughput,
multiplexed single-cell protein expression studies. It is currently
the most widely used microfluidic method for single-cell protein
profiling. However, this approach is significantly limited by the
availability of commercial antibodies and cannot analyze
antibody-deficient protein targets. Additionally, immunological
analysis methods relying on antigen-antibody interactions face
challenges related to cell permeability, molecular crowding,
epitope accessibility, and cross-reactivity, all of which
considerably hinder throughput and accuracy.

Non-antibody-based protein profiling strategies

While antibody-based assays dominate current microfluidic
single-cell protein profiling platforms, an expanding set of non-
antibody (or antibody-independent) recognition strategies is
emerging to complement conventional immunoassays.
Aptamer-based reagents provide chemically defined binders
with favorable stability and engineering flexibility. For example,
fluorescent-quenching aptamer-based single-cell ~western
blotting (FAS-WB) enables multiplex single-cell protein detection
by using fluorophore-labeled aptamers together with
complementary quenching strands, thereby reducing the
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substantial signal loss typically associated with repeated
antibody stripping in scWestern workflows."** Beyond gel-based
formats, aptamers can also be coupled to sequencing readouts
to achieve scalable multiplexing; notably, Apt-seq leverages the
inherent “sequence-ability” of aptamers to support high-
throughput multiplex quantification at single-cell resolution
and can be extended toward multimodal measurements."**

In parallel, phage-display-based strategies offer an
alternative route to translate protein binding into
sequencing-compatible barcodes. PHAGE-ATAC integrates
nanobody-displaying phages with droplet-based single-cell
ATAC-seq to jointly profile surface protein signals and
chromatin accessibility, enabling multimodal single-cell
analysis."*® Phage-based barcoding has also been applied to
rare-cell scenarios: nanoparticle-directed capture combined
with phage barcodes and next-generation sequencing enables
efficient enrichment and multiplex profiling of rare single
cells on integrated microfluidic chips."*® Finally, non-
antibody recognition strategies can be interfaced with
orthogonal analytical modalities; for instance, a microfluidic
flow cytometry-mass spectrometry (uCytoMS) workflow has
been developed to quantify drug uptake and associated
protein-expression changes at the single-cell level, while
minimizing sample loss introduced by centrifugation."*’

Microfluidic mass spectrometry

MS-based proteomics allows for large-scale proteome
compositional, structural and dynamic changes to be
resolved in a label-free manner. It has been widely used to
characterise proteins, post-translational modifications and
proteoform dynamics, enabling comprehensive and in-depth
connection and molecular pathways of proteins to biological
processes or disease progresses.'*® Ongoing improvements in
the detection sensitivity of MS have driven substantial
progress, making it possible to analyze low-abundance
proteins in a wide variety of clinical specimens, such as rare
cell samples and formalin-fixed paraffin-embedded (FFPE)
samples.'*>'*° However, single-cell proteomics using MS has
been mainly impeded due to the lack of miniaturized sample
handling techniques and effective separation
methods.*'*"™*® The recent integration of microfluidic
sample preparation techniques with mass spectrometry,
along with advancements in the instrumentation, has
enabled the measurement of proteins at the single-cell
level."®* For instance, highly miniaturized and automated
microfluidic sample preparation systems based on picoliter-
scale microwells have been developed to confine single cells,
accelerate on-chip digestion, and streamline peptide
extraction for single-cell MS-based multi-omics analysis.'”®
Recent advances in MS-based single-cell proteomics have
been driven by jointly optimized low-loss sample handling
and next-generation instrumentation, enabling substantially
deeper proteome coverage and improved scalability. For
example, the Chip-Tip workflow demonstrated deep label-free
single-cell proteomics with enhanced sensitivity and
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throughput,'® and systematic evaluation on the Orbitrap
Astral  platform  further clarified acquisition and
quantification considerations for low-input and single-cell
measurements.'>” The following section will focus on a
system for single-cell proteome analysis that combines
microfluidics with MS.

Valve-based microfluidic mass spectrometry. To explore
the usefulness of valve-based microfluidics coupled with MS,
Alexandra Ros and coworkers developed a microfluidic MS
approach for single-cell protein analysis.'*® The entire
workflow for cell analysis, encompassing cell lysis, protein
capture, digestion, and deposition of the matrix-assisted laser
desorption ionization (MALDI) matrix, was seamlessly
integrated onto a microfluidic chip before subsequent
MALDI-time-of-flight (TOF) detection. A reversible attachment
method between an ITO substrate and PDMS manifold was
used, enabling the removal of PDMS to expose matrix crystals
on the ITO substrate for MALDI-TOF analysis. This approach
was utilized for assessing the number of Bcl-2 in MCF-7 cells.
The sensitivity of this method reached the detection of high
abundant proteins in single cells and quantitative protein
characterization in small cell ensembles.'*>*® Furthermore,
Gebreyesus and coworkers presented a streamlined workflow
that integrates microfluidic chips for comprehensive
proteomic sample preparation with data-independent
acquisition (DIA) MS for single-cell proteomic analysis
(Fig. 6A).° Essentially, the structure of the microfluidic chip
includes a chamber for cell capture, a vessel for protein
digestion, and a C18 beads-packed column for desalting. The
cell chambers consisted of wedge-shaped pairs of pillars to
separate defined numbers of cells. After trapping, the cells
were subjected to successive treatments, including cell lysis,
protein digestion, and desalting, which ultimately resulted in
the cleanup of peptides. The integrated workflow streamlined
multiplexed and automated cell isolation, counting, imaging
and sample processing in a single device, enabling the
profiling of ~1500 protein groups across 20 single
mammalian cells. However, the resulting peptides still
needed to be extracted for subsequent analysis by liquid
chromatography-tandem mass spectrometry (LC-MS/MS). To
improve robustness and throughput, dedicated sample-
preparation hardware has been developed to better interface
with standardized LC-MS workflows. The proteoCHIP EVO 96
was introduced as a sample preparation chip that directly
interfaces with the Evosep One, aiming to enhance
reproducibility and throughput for sensitive low-input and
single-cell proteomics.’®* Additionally, continuous flow
microfluidic systems based on multi-pumps/valves control
are susceptible to throughput issues, which need to be
considered for practical applications.

Droplet microfluidic mass spectrometry. Droplet
microfluidics combined with MS have proven to be exceptional
tools, enabling high-throughput sample preparation for single-
cell proteomics. Li et al. reported a self-aligned monolithic
device combining droplet microfluidic device and shotgun
proteomic analysis techniques for single cell proteomic analysis
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Fig. 6 Microfluidic mass spectrometry for single-cell protein analysis. (A) Schematics of the integrated proteomics chip and streamlined workflow
for nanoproteomics. Reproduced with permission.> Copyright 2022, Springer Nature. (B) Schematics of the setup of the nanoliter scale oil-air-
droplet (OAD) chip to conduct multistep complex sample pretreatment for LC-MS/MS shotgun proteomic analysis. Reproduced with permission.*®
Copyright 2018, the American Society Chemistry. (C) Workflow of single cell proteomic analysis in the nanoPOTS chip by nanoLC-MS/MS.
Reproduced with permission.*®-2° Copyright 2018, Wiley-VCH Verlag. (D) Illustration of the platform used for DISCO: a single cell is targeted for
laser lysis into the collection droplet. The collection droplet is queued for proteomic analysis. Reproduced with permission.2® Copyright 2020,

Springer Nature.

(Fig. 6B)."® The design featured an on-chip oil-air-droplet
(OAD) structure for performing sample processing. It can
decrease the sample loss by minimizing adsorption on the
reactor surface and sample transfer. In addition, a nanoliter
reaction volume was employed to further reduce the droplet
contact area on the chip. The system was employed to detect 51
and 335 protein species, respectively, from a single HeLa cell
and a mouse oocyte. The performance was additionally
improved through the incorporation of nanoLC, as
demonstrated by leading research teams.'®® The technique
features a significantly faster separation, a much smaller
injection volume, and a higher separation efficiency. For
example, Zhu et al. presented a robotically addressed chip-
based nanodroplet processing platform using nanoLC-MS,
termed nanoPOTS (nanodroplet processing in one pot for trace
samples), which can realize ultra-sensitive proteomic analysis
for single mammalian cells."*?° The platform demonstrated
reproducible and quantitative proteomic measurements, where
~670 protein groups were recognized from single HeLa cells
(Fig. 6C). In addition, parallelized preparation strategies can
improve throughput without relying on sophisticated robotic
liquid handling. A parallel sample-processing workflow has
been reported to simultaneously process multiple single cells

This journal is © The Royal Society of Chemistry 2026

for scMS, illustrating a practical route to scaling sample
preparation.'®® Recently, an update edition of nanoPOTS,
nested nanoPOTS (N2), has achieved additional miniaturization
of the sample processing volume, decreasing it from 200 nL to
30 nL, and integrated isobaric labeling workflows.'®* Massively
parallel preparation has also been enabled by nanoliter-scale
droplet processing on open substrates. The nPOP protocol
describes parallel preparation of thousands of single cells in
nanoliter droplets on glass slides and emphasizes flexibility for
different multiplexed MS strategies, providing a practical route
for scalable single-cell proteomics sample preparation.'®® These
enhancements have increased throughput, allowing for the
analysis of 27 to 1827 samples per assay with improved
detection sensitivity.

Digital microfluidic mass spectrometry. The DMF device is
an electric field-based microfluidic technique that is used to
perform single-cell protein profiling by discrete droplet
operation in a flexible, addressable, and contactless manner.
The Wheeler group has performed a range of groundbreaking
research studies on DMF platforms for cell assays,'®® sample
preparation for MS,'®” "% and proteomics.'”® Following this,
an on-chip sample clean-up step was performed by solid-
phase extraction on porous polymer monoliths.'”® Based on
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these previous fundamental works, Leipert et al. constructed
the first DMF platform for cellular proteomics using MS.'”*
They introduced the single-pot, solid-phase-enhanced sample
preparation (SP3) approach, enabling the removal of salts
and anti-fouling polymeric detergents. This advancement
made sample preparation vie DMF compatible with LC-MS-
based proteome analysis. Utilizing DMF-SP3 for proteome
analysis of Jurkat T cells resulted in the identification of up
to 1200 proteins from around 100 cells using Orbitrap MS.
They further improved the sensitivity of DMF-SP3 using a
high-field asymmetric-waveform ion mobility spectrometry
(FAIMS) and ion fractionation to identify around 5000
proteins from single nematodes.'’> Along with isobaric
labeling, a recent extension of DMF-SP3 has shown an
average of 1815 protein groups from 75 Jurkat T cells."”?
Beyond individual processing steps, end-to-end digital
microfluidics has also been demonstrated for proteomics
sample preparation. An All-in-One DMF pipeline was reported
to integrate reduction, alkylation, digestion and isotopic
labelling within a single automated DMF workflow,
highlighting the potential of DMF for low-loss,
contamination-minimized  processing of mass-limited
samples.'””* Furthermore, the DISCO platform was utilized to
perform single-cell proteome analysis combined with
nanoLC-MS/MS (Fig. 6D).>® In DISCO, a focused, high-energy
laser is used to lyse the target cells within a few micrometers
of the focal point. Aliquots of cell lysate collected from
DISCO devices were subjected to the proteomic pipelines.
This approach identified an average of 427 proteins from a
single cell. The numbers of detected proteins are comparable
to those reported in single-cell proteomics studies in the
absence of the peptide desalting step. The system can be
subjected to full integration of online single-cell proteomic
pipelines on a DMF chip in the future to improve protein
detection sensitivity. More recently, Yang and coworkers
presented an integrated sample processing on an active-
matrix digital microfluidic chip for single-cell proteomics
(AM-DMF-SCP)."”® By employing an active matrix backplane
to replace traditional electrodes, this approach overcomes the
limitations of electrode size and number on previous DMF
chips. The reduction of the electrode size significantly
decreased the sample loss of proteins in single cells, and the
increase of the number of electrodes substantially enhanced
the throughput of single-cell sample processing on a digital
microfluidic chip. Utilizing the AM-DMF-SCP approach in
conjunction with data-independent acquisition (DIA), the
system is capable of identifying an average of 2258 protein
groups in single HeLa cells within 15 minutes of the LC
gradient.

Microfluidic sequencing

Although MS can perform large-scale single-cell proteome
analysis, it is difficult to achieve the direct and accurate
quantification of plentiful proteins of single cells. TMT
(tandem mass tag),"’® LFQ (label free quantification),"”” and
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DIAY® are three MS-based high-throughput proteomics
quantification methods that have been developed to date, of
which TMT is the most commonly used. TMT using metal
isotope tags in mass cytometry can detect ~100 of proteins
quantitatively. However, this method was also limited by
isotopic impurities, signal sensitivity and difficult sample
operation.””>'®" Therefore, there is a need for a large-scale
quantitative proteome assay strategy for single cells."®" As an
alternative, short DNA sequences, known as DNA barcodes,
have been recommended as highly effective signature tags.'®
An 8 bp DNA sequence alone can generate 65536 unique
sequences, providing sufficient tags for a wide array of
proteins of interest. The Abate group first developed a
method called Ab-seq, which used DNA-barcoded antibodies
to stain single cells, that allowed proteins to be profiled with
droplet microfluidic barcoding and DNA sequencing.” In this
way, the amount of the antigen epitope can be inferred based
on the amount of the DNA barcodes (Fig. 7A). This method is
highly sensitive and multiplexing, achieving efficient
sequence amplification and numerous DNA signature tags.
Recently, Cai et al proposed an automated split-pool
barcoding method based on digital microfluidics to perform
high-throughput and high-integration single-cell protein
analysis."* The cells are successively incubated with the
mixed DNA-tagged antibody panels and magnetic beads off
chip, for protein encoding and cell manipulation, respectively
(Fig. 7B). The tagged DNA includes three parts: an antibody
barcode for protein encoding, a universal primer for DNA
amplification, and a poly(A) sequence for subsequent ligation
reaction. The split and pool process is initiated by evenly
dividing up the cells and loading them into the reservoir of
the DMF chip at a concentration of 10-200 cells per reservoir.
By repeating the split and pool approach, the DNA-tagged
antibodies in each cell share the same cell-specific barcode
consisting of four subcodes since all the objects in a cell
travel through the same random synthesis path during each
of the splits. The cell throughput can be expanded by adding
the number of reaction reservoirs or ligation rounds. The
protein expression matrix is finally obtained by identifying
the antibody barcode, cell barcode and UMIs. In DMEF-
Protein-seq, a high mapping rate and recovery level of cell
barcode is ensured by the low loss of cells, successful ligation
of subcodes, and efficient removal of the free subcodes in the
last round.

While many sequencing-assisted protein profiling
strategies rely on antibody-derived tags, emerging non-
antibody approaches—such as aptamer-based barcoding (e.g:,
Apt-seq) and phage-based protein indexing (e.g., PHAGE-
ATAC) have demonstrated that sequencing readouts can also
be achieved using alternative affinity reagents.'***>

Microfluidic single-cell multi-omics

Regulating individual cells is a complex process involving
various classes of molecules, including DNA, RNA, proteins,
and small molecules. Profiling cells in just one dimension

This journal is © The Royal Society of Chemistry 2026
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fails to offer a complete view. Additionally, discrepancies
have been observed between the genome, transcriptome, and
proteome correlations. Joint profiling of multiple datasets
allows for identifying causal regulatory relationships and
enhances the resolution of single-cell atlases. Microfluidic-
assisted single-cell multi-omics analysis facilitates the
separation, extraction, and identification of different cellular
components in a high-throughput, cost-effective, and
straightforward manner.

Simultaneous quantitation of mRNA and proteins in
single cells. Simultaneous detection of the protein profiling
and transcriptome in individual cells offers a comprehensive
view of expression and phenotypic dynamics, while
establishing the correlation between RNA and protein
functional networks.*®**®> The SCBC chip combined with
bead-based transcriptomics was firstly designed to measure
intracellular proteins and transcripts from single cells.'®® In
detail, they combined bead-based transcriptomics with SCBC
to measure intracellular proteins and transcripts from single
cells. Transcripts and proteins are measured independently
using  sequencing and  fluorescent immunoassays,
respectively, to maintain their optimal measurement
conditions. These measurements are then correlated by
encoding the physical locations of the cells into a digital
sequencing space through the use of spatially patterned DNA
barcodes (Fig. 8A). Based on this method, the Yang team
presented a multi-paired-seq microfluidic platform to further
improve cell utilization.” Following incubation with
antibody-DNA barcodes, the cells were loaded directly into
the chip, resulting in high-performance cell trapping and
cell-barcode bead pairing based on the principles of
hydrodynamics. Precise fluidic manipulation realized by
multi-pump/valve control enables comprehensive mixing and
washing, thereby markedly enhancing the sensitivity of
transcriptomic and proteomic analysis. To facilitate high-
throughput integrative analysis of transcriptomes and cell
surface proteins in individual cells, techniques combining

This journal is © The Royal Society of Chemistry 2026

droplet microfluidics with single-cell RNA sequencing
(scRNA-seq) have been established. Utilizing the technology
of antibodies conjugated to DNA barcodes, two different
research teams developed similar works by combination with
Drop-seq technology,'®” called REAP-seq'®® and CITE-seq,'®’
respectively, for the simultaneous determination of proteins
and mRNA in single cells (Fig. 8B)."> In these strategies,
DNA-tagged antibodies are utilized to specifically encode cell
surface proteins. The DNA tag includes an amplification
handle, an antibody barcode, and a poly(A) tail. The DNA-
tagged antibody library is firstly used to incubate the cells,
followed by a procedure similar with Drop-seq. This enables
the capture of both mRNA and DNA-labeled antibodies from
individual cells on barcoded beads within a single droplet.
Subsequently, sequencing is performed to determine the type
and quantity of mRNA and surface-bound antibodies in the
same cell, allowing for high-throughput quantification of
both mRNA and protein. Integration of this approach with
droplet-based microfluidics provides strong potential for
high-dimensional single-cell protein profiling. It enables the
simultaneous acquisition of multiple layers of cellular
information, including proteomic and transcriptomic data,
within individual cells. Additionally, using unique UMIs for
each protein counting can eliminate the amplification bias
and obtain the exact data of protein expression. By applying
the antibody barcoding approach to 5 capture-based single-
cell RNA sequencing methods, ECCITE-seq enables high-
throughput analysis of six distinct information modalities
from each individual cell. These modalities include
transcriptome, T-cell receptor, surface protein, sample
identity by hashtags, and sgRNA."*® Furthermore, Mimitou
et al. presented an assay for transposase accessible chromatin
(ATAC) with select antigen profiling by sequencing (ASAP-
seq), enabling the combination of CITE-seq for profiling
epigenomic, transcriptomic and proteomic changes after T
cell stimulation.”" The ASAP-seq workflow is fully compatible
with related multimodal assays that concurrently measure
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Fig. 8 Microfluidic single-cell multi-omics. (A) Schematic workflow of the multi-omic SCBC built on the SCBC microfluidic platform. Reproduced
with permission.> Copyright 2018, The Royal Society of Chemistry. (B) Schematic of REAP-seq and CITE-seq with antibody-DNA barcode-labeled
cells processed by Drop-seq. Reproduced with permission.*>*®> Copyright 2023, Elsevier. (C) Schematic of a splittable microfluidic chip for
capturing single cells, along with their secreted proteins. Reproduced with permission.lz'18 Copyright 2016, the American Chemical Society. (D)
pDamID device design and function: 10-cell device showing the DamID protocol and the function of each chamber of the device to perform cell
trapping, imaging, and processed in parallel. Reproduced with permission.2* Copyright 2020, Elsevier.

protein and RNA. Notably, the introduction of a bridge oligo  offering an accessible and user-friendly protocol. Lately,
facilitates the utilization of existing antibody conjugates, = Swanson and coworkers presented the TEA-seq method to
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measure mMRNA, epitopes, and chromatin accessibility of
single cells at the same time in a high-throughput manner.'*
Different from the co-assay of proteins and mRNA in each
individual cell, the strategy of sample splitting for mRNA and
secreted cytokine proteins in the same single cells was
developed (Fig. 8C).'® Single cells were dispensed into
individual wells for culture, where multiplexed antibodies on
a sealed slide were utilized to capture the secreted proteins.
The secreted proteins were then characterized using
fluorescence imaging and ELISA, which is similar to the
protocol of microwell-based barcoding microchips.
Subsequently, cells secreting specific proteins were selected
for scRNA-seq. This strategy identified a subgroup of genes
that were highly coexpressed and correlated with TNF-o
secretion in mouse macrophage cells. An analogous approach
was applied to quantify immune dynamics in individual
cells.'® However, this strategy of sample splitting exhibited
relatively low sensitivity and limited throughput when
measuring proteins.

The interaction between proteins and DNA is of great
importance in the regulation of gene expression. However, the
manner in which the cell heterogeneity of protein-DNA binding
affects the variability of gene expression remains unclear.
scDam and T-seq, single-cell DNA adenine methyltransferase
identification with mRNA sequencing of the same cell, was
introduced for the simultaneous quantification of protein-DNA
interaction and gene expression.'** Based on this, Altemose and
coworkers presented a pDamID technique within an integrated
microfluidic framework, enabling concurrent imaging and
sequencing of protein-DNA interactions in individual cells."®
As shown in Fig. 8D, the platform enables single-cell isolation,
imaging, and sorting, followed by DamID in a microfluidic
chip.>* The paired imaging data from single human cells were
improved using an improved m6A-Tracer protein. They
validated interactions between DNA and proteins found at the
nuclear lamina, and observed variable 3D chromatin
organization and broad gene regulation patterns. pDamID
offers a distinctive capability for analyzing paired imaging and
sequencing data at both the single-cell level and across different
cells, facilitating the integrated examination of nuclear
localization, sequence identity, and the variability of protein-
DNA interactions.

While joint measurements of RNA and protein expression
have been achieved, suitable methods for visualizing combined
transcript-protein  datasets to characterize differences in
expression abundance and dynamic range remain lacking.
Additionally, it is still challenging to detect specific transcripts
and proteins of interest that are below the limit of detection.'®
Given recent advancements in microfluidics and its deeper
integration into spatiotemporal genomics, there is a strong
rationale to believe these challenges will be addressed in the
future.

Simultaneous quantitation of metabolites and proteins in
single cells. Compared to other single-cell “-omics’ approaches,
metabolomics offers a more immediate and dynamic
representation of cellular functionality in single cells.*

This journal is © The Royal Society of Chemistry 2026
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Nevertheless, measuring the metabolome at the single-cell level
poses a significant challenge owing to the rapid dynamics of
metabolism, which can shift within seconds. Additionally,
performing comprehensive metabolome analyses is difficult
because of the large number of metabolites and their
substantial concentration variations. Microfluidic chips, with
their controllability, rapid response times, and high-throughput
capabilities, offer an ideal solution to these challenges. The
Heath team presented chemical approaches for integrated
metabolic and proteinic experiments from single cells."”’
Fluorescence quantification for intracellular metabolites and
proteins were performed by surface-competitive binding assays
and immunoassays with fluorescence reporters. The SCBC was
used to investigate how human-derived glioblastoma cancer
cells respond to epidermal growth factor receptor inhibition.
This study represented a report detailing both intercellular
metabolic heterogeneity and alterations in the metabolite-
phosphoprotein correlation network in response to drug
treatment. The platform enables the simultaneous and highly
accurate measurement of variation in metabolism and the
interactions between metabolites and signaling proteins for the
first time. Subsequently, they additionally developed a
supramolecular surface competition assay to screen glutamine
analogs and uncovered novel interactions between
phosphoprotein signaling and cellular energy pathways.'® In
this system, Cy3-labeled cyclodextrins fixed onto glass surfaces
act as supramolecular hosts, while adamantane-BHQ2
conjugates serve as guests. This arrangement integrated a SCBC
system with a multiplexed panel of 15 additional metabolites,
along with associated metabolic enzymes and phosphoproteins
for fluorescence detection. High glucose uptake and activation
of oncogenic signaling pathways are hallmark characteristics of
cancer cells. These traits, along with the mutational spectrum,
have become key indicators for the diagnosis for CTCs. Due to
the extensive heterogeneity of CTCs, it is crucial to analyze
signals and their correlations at single-cell resolution to avoid
obscuring important correlations that might be hidden in data
obtained from cell population-based approaches.

From biology to the clinic

Beyond methodological innovation, single-cell protein profiling
contributes uniquely to biological research and clinical
applications by directly measuring functional phenotypes—such
as receptor abundance, post-translational modifications, and
secretion—that are not directly accessible from single-cell RNA
sequencing (scRNA-seq). The following sections summarize how
these protein-layer readouts complement transcriptomics and
enable more actionable interpretations in immunity, cancer,
and clinical translation.

Beyond scRNA-seq

ScRNA-seq has transformed our ability to define cell types
and transcriptional programs. However, transcript abundance
alone is often insufficient to infer protein abundance or
cellular function because gene expression is shaped by
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extensive post-transcriptional regulation, context-dependent
translation, and protein turnover."®?°® As a result, key
aspects of cellular behaviour cannot be directly inferred from
transcriptomic data alone.

Proteins are the primary executors of biological function and
the direct mediators of signalling, cell-cell communication, and
therapeutic response. Critical functional features—including
post-translational modifications, receptor activation, enzymatic
activity, and protein secretion—are largely invisible to RNA-
based measurements.’”® For example, REAP-seq explicitly
motivates joint RNA-protein measurement by noting that
protein abundance cannot necessarily be inferred from mRNA
abundance and that an unbiased view of proteins is necessary
to model cellular responses.””® Single-cell protein profiling
therefore provides a functionally grounded layer of information
that is orthogonal to transcriptomics, enabling more direct
interpretation of cellular states and phenotypes. Recent work
integrating single-cell proteomic and transcriptomic data has
underscored the value of joint analysis. Such integration reveals
cellular diversity and functional phenotypes that would be
obscured when using RNA data alone.”®® These findings
demonstrate that protein-leve]l —measurements provide
orthogonal and complementary information to scRNA-seq.

Functional profiling of signalling and immunity

A major advantage of single-cell protein profiling is its ability to
capture functional phenotypes that are difficult to infer from
transcript abundance alone. In many contexts, cellular decisions
are governed by rapid and reversible changes in protein activity
—such as receptor engagement, conformational changes, and
post-translational modifications—that precede or occur
independently of transcriptional remodelling. Accordingly,
protein-level measurements provide a proximal readout of
pathway engagement and state transitions, improving the
interpretability of heterogeneous responses to environmental
cues or perturbations.

Signalling-state  profiling is a representative example.
Multiplexed measurements of intracellular proteins enable direct
interrogation of pathway activation and drug-target modulation
at single-cell resolution, thereby resolving heterogeneous
signalling responses that are often obscured in population-
averaged assays. Importantly, signalling-state profiling can refine
cell-state annotations beyond static markers, distinguish
transient activation from stable lineage identity, and support
mechanism-of-action studies during perturbations. Mass
cytometry primers and methodological overviews further detail
how multiplexed panels can interrogate signalling networks and
functional programs at scale. Bendall et al. demonstrated single-
cell mass cytometry as a platform for multiplexed measurement
of immune signalling behaviours and differential drug responses
across hematopoietic cell subsets.’** Complementary to mass
cytometry, phospho-flow cytometry provides practical, clinically
oriented assays for quantifying pathway activation, and has been
increasingly discussed in the context of diagnostic development
and validation.**
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In parallel, immune systems highlight why protein
profiling is often indispensable: functional outputs
frequently determine biological consequence. For instance,
cytokine secretion, cytotoxic effector release, and ligand-
receptor interactions are core determinants of immune
activity, yet they may not be faithfully represented by mRNA
levels at a single time point. Microfluidic single-cell protein
assays provide a direct route to quantify these behaviours by
isolating individual immune cells and measuring secreted or
surface-associated proteins over defined time windows.
Microengraving, originally introduced as a soft-lithographic
microwell-array approach, enables high-throughput mapping
of proteins secreted by individual viable cells and supports
the rapid identification of functional immune subsets.”*®
Subsequent quantitative implementations demonstrated that
secretion rates and frequencies of multiple cytokines can be
measured at single-cell resolution, enabling a more
mechanistic dissection of immune response heterogeneity
than bulk assays.>*”

Taken together, functional profiling of signalling and
immune outputs provides a practical framework for
connecting cellular states to actionable phenotypes. By
combining controlled microenvironments with multiplexed
protein readouts, microfluidic single-cell assays can reveal
how signalling engagement translates into immune effector
function, thereby offering a mechanistically grounded
complement to transcript-centric analyses in immunology,
inflammation, and therapeutic response studies. In cancer
immunology, single-cell technologies have been instrumental
in defining operational principles of T cell dysfunction and
response to checkpoint blockade, motivating functional
profiling as a complement to transcriptional readouts.>*®

Cancer and biomarkers

Cancer is characterized by profound intratumoral
heterogeneity and microenvironmental complexity, making
protein-level single-cell profiling highly relevant for
biomarker discovery and translational stratification. Many
clinically deployed biomarkers are protein-based, with
established assays and interpretive criteria. For example,
HER?2 assessment in breast cancer is guided by professional
recommendations and scoring frameworks that rely heavily
on immunohistochemistry and ISH interpretation. Likewise,
PD-L1 testing has formalized roles as an FDA-reviewed
companion diagnostic in multiple indications, underscoring
that clinically actionable decisions can depend directly on
protein quantification and scoring thresholds.

Single-cell protein profiling adds value by revealing cell-to-
cell variability in marker expression (including heterogeneous
or spatially restricted biomarker patterns), identifying
resistant subpopulations, and clarifying tumour-immune
interactions that may not be apparent from bulk assays.
Spatially resolved protein technologies further strengthen this
link to clinical pathology. For example, three-dimensional
imaging mass cytometry enables multiplexed tissue mapping
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at single-cell resolution and was demonstrated in human
breast cancer specimens to resolve microenvironmental
organization not accessible in 2D alone.””® At a broader
landscape level, recent perspectives have emphasized how
proteomics is progressing “from single cells to clinical
applications”, including connections to spatial profiling and
translational workflows.>'°

Clinical translation and standardization

For single-cell protein profiling to the transition from
exploratory research to clinical application, standardization and
validation across the entire workflow are essential. Unlike
transcriptomic assays, which are primarily research-oriented,
many protein-based measurements already underpin routine
clinical diagnostics, providing a clear translational precedent.
However, microfluidic single-cell protein assays introduce
additional variables that must be systematically addressed
before clinical adoption.

A critical consideration is controlling pre-analytical variables,
including sample collection, handling, processing time, and
fixation or permeabilization strategies, all of which can
substantially influence protein integrity and quantitative
readouts. Analytical validation should be fit-for-purpose but
typically encompasses precision, sensitivity or limit of detection,
robustness, and stability, with additional attention to single-
cell-specific factors such as cell recovery, rare-event detection,
and segmentation or gating uncertainty. Established regulatory
principles for bioanalytical method validation can provide
useful guidance for structuring performance claims and
documentation, even though single-cell assays may require
tailored evaluation criteria.

Clinical flow cytometry offers a valuable reference
framework for translation. Standardized validation guidelines
and reporting requirements developed for flow cytometry
illustrate how multiplexed single-cell protein assays can
achieve reproducibility, inter-laboratory comparability, and
regulatory acceptance. CLSI H62 outlines validation strategies
and instrument standardization for cell-based assays, and
MIFlowCyt defines the minimum reporting information to
support reproducibility and inter-study comparability.”"*

Table 1 Overview of typical microfluidic single-cell protein profiling methods
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These principles are directly relevant to emerging
microfluidic platforms, particularly as they increasingly
incorporate automation, standardized reagents, and closed or
cartridge-based workflows to reduce operator-dependent
variability.*'?

From a practical perspective, pathways toward clinical
adoption are likely to prioritize targeted, clinically actionable
protein panels rather than discovery-scale measurements, along
with harmonized data analysis and reporting pipelines. Early
alignment with quality-management systems and regulatory
expectations can further facilitate downstream
implementation.”™® Collectively, these considerations highlight
that the clinical value of single-cell protein profiling lies not
only in technological innovation, but also in its ability to deliver
robust, interpretable, and functionally meaningful protein-level
information that complements transcriptomic approaches and
supports diagnostic and translational decision-making.

Conclusion and outlook

In contrast to the rapid advancement of single-cell sequencing
technology, the development of protein profiling in single cells
has lagged behind over an extended period. The primary reason
for this is the complexity of proteomic sample processing, the
low protein abundance, and the scarcity of protein labelling and
amplification techniques.”** Microfluidics-based systems have
the advantages of an integrated and automated operation, high
efficiency and accuracy, low cost and miniaturization, which
stimulate the advances of single-cell protein profiling towards
high-throughput and multimodal dimensions using
microfluidic devices. This review offers a succinct summary of
how microfluidics has advanced the development of protein
profiling for single-cell analysis: single-cell separation strategies
include trap, valve, droplet, well and field-based methods,
facilitating the simultaneous processing of tens of thousands of
cells within a single sample; integrated microfluidic single-cell
microreaction systems and modular micro-nano interfaces
facilitate straightforward coupling with output equipment;
microfluidic platforms for rapid and high-throughput single-cell
protein tagging facilitate the generation of large-scale
quantitative molecular datasets, dramatically enhancing the

Analytical tool Target Microfluidics Technique Multiplexity Throughput Sensitivity Workflow steps Ref.
CE Known Valve CE-LIF ~10 ~1-10 cells ~0.1 pM 7 22
Well ~10 ~1-10 cells ~0.1 pM 7 95
WB Well scWestern ~10 ~10°-10" cells Antibody-limited 6 27
FCM Valve MicroFC ~30 ~10°-10* cells  Antibody-limited 4 4
Droplet FDC ~30 ~10-10% cells  ~10?-10° copies 5 23
Immunoassay Valve SCBC ~40 ~10°-10* cells ~10°-10° copies 5 21
Droplet DropMap ~10 ~10%-10° cells ~500 copies 6 35
Well Microengraving/MIST  ~40 ~10°-10" cells ~10°-10° copies 5 36, 38
MS Unknown Valve SciProChip ~1500 ~1-5 cells ~10° copies 6 158
Droplet OAD/nanoPOTS ~1000 ~10-10” cells  ~10"-10° copies 7 16, 19, 20
Field AM-DMF-seq ~2000 ~20-60 cells  ~10"-10° copies 6 175
Sequencing Known Droplet Ab-seq Unlimited  ~10" cells Antibody-limited 5 2
Field DME-Protein-seq Unlimited ~ ~20-60 cells  ~10"-10° copies 6 11

This journal is © The Royal Society of Chemistry 2026
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detection of a broader range of proteins. These developments
enable comprehensive analysis of single-cell phenotypic
characteristics and molecular responses, offering enhanced
proteome coverage, measurement throughput, detection
resolution, and quantitation accuracy through the use of
integrated microfluidic chips. Here, we summarized the cutting-
edge microfluidics-based methods for single-cell protein
profiling, along with a detailed account of their technical
metrics, including detection mode, multiplicity, throughput,
and sensitivity. These specifications are conveniently
summarized in Table 1. As illustrated in the table, a range of
microfluidic single-cell protein analysis platforms have been
developed and each method has its own unique advantages. At
present, there is no gold standard method that significantly
outperforms others across all aspects. Researchers must
therefore consider factors such as the sample type, protein
localization, sample throughput, and quantitative accuracy
when selecting an appropriate single-cell protein analysis
method for practical applications. Nonetheless, it is evident that
the development trajectory of single-cell protein profiling using
microfluidic technology is both clear and diverse: encompassing
transitions from a few or dozens of cells to high-throughput
single-cell analysis, from the characterization of one or a few
target proteins to comprehensive proteomic analysis, from
qualitative identification to quantitative analysis, and from
single-omics to multi-omics integrated analysis.

With the emergence of single-cell protein profiling based on
microfluidics, there remains a significant need for
methodological improvements. The single-cell sample
preparation is the first technical bottleneck for the current
methodologies. Despite the long-standing development of
single-cell analysis using microfluidics, achieving simultaneous
high-throughput and high cell utilization remains a significant
challenge for most platforms employing valve-, droplet-, well-,
and field-based technologies. For example, DMF facilitates the
preparation of single-cell protein samples with minimal cell
loss, but this process is inherently constrained by its limited
throughput. By contrast, droplet microfluidics breaks through
the number of cells, while the proportion of available single-cell
droplets is exceedingly low. Furthermore, the cellular proteome
is variable and sensitive to sampling-related perturbations.
These perturbations can alter the native cellular protein
composition, potentially leading to inaccurate results in the
subsequent analysis of the cellular state. In addition, protein
loss during sample handling and transfer remains a serious
challenge. Addressing these challenges requires the
development of a highly integrated microfluidic chip featuring
channels that enable contact-free, high-throughput single-cell
processing and an interface that enables seamless integration
with  downstream  analytical instrumentation.  Such
instrumentation must be capable of efficiently capturing,
separating, labeling, and amplifying diverse proteins to enable
high-quality single-cell protein profiling. Artificial intelligence-
powered active matrix electrowetting-on-dielectric (AL-AM-
EWOD) technology has emerged as a transformative platform
for single-cell proteomic profiling.>'**'® This architecture
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incorporates a high-density matrix of over 10 000 programmable
electrodes, enabling precise droplet manipulation across
thousands of individual cell analysis. The integration of Al-
enhanced droplet control enables multiplexed, high-throughput
operations with high-precision capabilities for single-cell
proteomic profiling.

To enable a comprehensive analysis of cellular heterogeneity,
single-cell protein profiling should not only be integrated with
other omics approaches but also aligned with spatiotemporal
information to precisely capture and resolve dynamic biological
processes.

Incorporating spatiotemporal data within multicellular
systems is crucial, offering unprecedented insights into
dynamic gene regulation and cellular interaction networks at a
resolution previously unattainable. For example, DBiT-seq>"’
and its derivatives®'®>*° developed by the Fan group introduced
microfluidics into the spatial field, marking the advent of
spatial multi-omics research. However, current spatial multi-
omics technologies have not yet realized high-precision single-
cell spatial sequencing at the single-cell level. Miniaturization,
automation, and non-destructive integration of spatial-omics
sample preparation via microfluidic platforms are considered
highly promising approaches. Moreover, there are currently no
reports on spatiotemporal multi-omics sequencing utilizing
microfluidics. The integration of temporal labeling in tissues
with spatial multi-omics could enable the construction of high-
definition dynamic spatiotemporal landscape, offering an in-
depth comprehension into the underlying mechanisms of
biological processes on a time scale. Moreover, the integration
of large, complex, and multimodal data of spatiotemporal
multi-omics into specific biological models and mechanisms
poses many challenges.

New streaming algorithms and high-performance software
packages are necessary to advance methodologies to
accommodate the growing volume of data produced by high-
throughput and integrative analyses of single-cell multimodal
data. Furthermore, these developed software tools have to
possess the capability of integrating data across different
modalities. Notwithstanding the technical complexities
inherent to microfluidics-based single-cell protein profiling,
it is poised to remain a pivotal driving force in the
advancement of single-cell proteomics technology in the
years to come. In the next decade, it is anticipated that a
growing number of methodological innovations based on
microfluidics in the field of single-cell protein profiling will
emerge, thereby facilitating a more precise and thorough
comprehension of the function and underlying mechanisms
of the protein signalling network in biological processes.
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