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ABSTRACT: Now-a-days, the single-cell proteomics (SCP) concept is attracting interest, especially in clinical research, because it
can identify the proteomic signature specific to diseased cells. This information is very essential when dealing with the progression of
certain diseases, such as cancer, diabetes, Alzheimer’s, etc. One of the major drawbacks of conventional destructive proteomics is that
it gives an average idea about the protein expression profile in the disease condition. During the extraction of the protein from a
biopsy or blood sample, proteins may come from both diseased cells and adjacent normal cells or any other cells from the disease
environment. Again, SCP along with spatial attributes is utilized to learn about the heterogeneous function of a single protein. Before
performing SCP, it is necessary to isolate single cells. This can be done by various techniques, including fluorescence-activated cell
sorting (FACS), magnetic-activated cell sorting (MACS), laser capture microdissection (LCM), microfluidics, manual cell picking/
micromanipulation, etc. Among the different approaches for proteomics, mass spectrometry-based proteomics tools are widely used
for their high resolution as well as sensitivity. This Review mainly focuses on the mass spectrometry-based approaches for the study
of single-cell proteomics.

1. INTRODUCTION
Healthy and diseased cells remain together in tissue during the
progression of any disease. Researchers perform single-cell
genomics (SCG) to get information about various genetic
markers involved in different diseases. However, it is not
necessary that all the genes that we get after SCG are harmful.
Genes should be expressed in order to be functional, and they
are expressed via transcription and translation in which the end
product is the protein. These proteins are responsible for all
the cellular functions occurring in the body. Therefore,
studying them will give us a clearer understanding regarding
the pathogenesis of any disease. This will further be helpful in
developing therapeutics for the same.1

In this vein, one of the major drawbacks of conventional LC-
MS/MS-based destructive proteomics is that it gives an
average idea about the protein expression profile in the disease

condition. During the extraction of a protein from a biopsy or
blood sample, the protein may come from both disease cells
and adjacent normal cells. Therefore, the protein expression
profile is contributed by an average type of the population of
cells. It cannot tell us the protein expression profile exclusive to
diseased cells/conditions. This is where the single-cell
proteomics (SCP) concept came into play. It deals with all
the proteins functioning in a single cell at any given time.2

However, one of the major hurdles is to separate the single-
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type cells from the disease microenvironment. Again,
heterogeneous functions of many proteins depend on the
spatial expression pattern. Such as, β-catenin act as an onco-
gene when it expresses in the nucleus or cytoplasm, but the
same protein acts as an anti-onco gene when it expresses in the
membrane.3 To understand the variable functionalities of the
same protein with respect to its spatial attributes, along with
the single-cell concept, spatial proteomics needs to be
addressed in this context. Therefore, along with single-cell
proteomics, spatial proteomics needs to be addressed to
understand the variable functionalities of the same protein

The methods of analyzing the properties of single cells have
seen drastic growth in the past several years. Single-cell studies
mostly concentrate on nucleic acids, especially the tran-
scriptome, which is the representative of all the genes that are
expressed in a cell.4,5 However, the basic functional unit of any
cell is the protein. One can get more information about the
phenotype by determining the amount of different proteins
forming in a cell, the post-translational modifications, and the
proteoform kinetics.6 The ideology that all the cells have
identical properties has changed since researchers have noticed
a high degree of cellular variability in the disease micro-
environment. When researching processes like carcinogenesis
and differentiation, which are predominantly influenced by
cell-intrinsic characteristics, a detailed analysis of this variability
may prove to be quite beneficial. Single-cell techniques have
proved to be very useful in disclosing various processes in cell
signaling, drug resistance, and viral infection, among others,

that cannot be properly addressed at the individual gene or
tissue level.4,7

Technology for SCP is at its very initial stage and still
requires a lot of improvements. Although the importance of
this field is highlighted by the fact that there have been a lot of
Nobel prizes awarded in the past decade, for example, for
monoclonal Ab (Nobel Prize in 1984), mass spectrometry
(MS) (Nobel Prize in 2002), and green fluorescent protein
(GFP) fusions (Nobel Prize in 2008). There have been
challenges associated with these techniques too, as the amount
of protein present in a single cell is very low and often it is less
than the acuteness level of the typical proteomic analytical
methods. The task becomes more complex because proteins
cannot be amplified like nucleic acids. Therefore, there is a
need for advanced sampling procedures to reduce the protein
loss, and we need highly accurate methods for proteomics
analysis.1

Mass spectrometry is the backbone of proteomics and
metabolomics. It has been extensively used for characterizing
proteins and metabolites taken from lysed tissues and cell
lysates. Advancements in this technique are the reason behind
various discoveries in the multiomics fields over the past two
decades. This Review is mainly going to discuss the various
methods for SCP with spatial attributes involving mass
spectroscopy.7

Figure 1. FACS: There are always unique molecules or unique combinations of molecules present on the plasma membrane of different kinds of
cells. These cell surfaces, when bound to specific fluorescence-conjugated antibodies, produce different light signals, which are detected by an
instrument called a flow cytometer or sorter. Hence the cells are separated because of the different molecular markers present on their surface. The
presence or absence of light signals tells us about the phenotype of the cell. Later, the detector separates the cell based on their phenotypes in
different collecting tubes.
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2. DIFFERENT TECHNIQUES FOR ISOLATING SINGLE
CELLS

Before analyzing the single cells, it is important that we can
obtain single cells from a tissue. These are some techniques for
obtaining single cells:

• Fluorescence-activated cell sorting (FACS) flow cytom-
etry (most frequently used)

• Capillary electrophoresis
• Magnetic-activated cell sorting (MACS)
• Laser capture microdissection
• Manual cell picking
• Microfluidics technology
2.1. FACS (Fluorescence-Activated Cell Sorting).

FACS is a method/special type of flow-cytometry that helps
with the separation of cells of our interest based on the
phenomena of light scattering and fluorescent properties of
each cell. This method is very useful to enhance the specific
cell population.8

A cell suspension passes through a flow cell under pressure.
Sheath flow liquid is required to line up the cells (by
hydrodynamic focusing). This cell stream then passes by a
laser beam, which makes the cells optically excited, and then
optical detectors are present to capture the cell-specific signals.
These signals completely depend on the chemical, physical,
and optical properties of the cells, and fluorescent dyes are
used to further enhance the intensity of signals. Now, the cells
are hung in a sealed system with tiny passageways. The stream
of cells is now forcefully passed via a nozzle, creating a liquid
jet. This jet is broken down into small droplets with the help of
ultrasound, and some of these droplets contain cells. Then,
cells of interest are collected in a collector vessel with the help
of charged plates.9 DNA content analysis, immunophenotyp-
ing, the measurement of soluble chemicals,10 cell cycle analysis,
the measurement of subpopulations,11 microbiological anal-
ysis,12 and cancer diagnostics are a few prominent research and
application areas for the FACS technology.13,9

2.2. CE (Capillary Electrophoresis). This method
involves the use of a capillary (separation channel), a high-
voltage DC electric field (driving force), and various features of
the sample as its foundation. Recently, Shen et al. used this
method and nanoflow liquid chromatography (nanoLC) for
separation along with electrospray ionization (ESI) high-
resolution mass spectrometry (HRMS) for detection. They
identified around 1133 different proteins from a 16-celled
embryo of Xenopus laevis, and 224 proteins were identified in a
single neuron from the mouse hippocampus. They observed
that CE-ESI-HRMS was able to enhance the sensitivity of the
instrument to around 20× and doubled the rate of
instrumental measurements in comparison to nanoLC.14

2.3. MACS (Magnetic-Activated Cell Sorting). This is
the technique mainly used to isolate the desired cell population
of higher purity In this method, antibodies, enzymes, lectins, or
streptavidin is bound to magnetic beads, which are responsible
for binding with particular proteins present on the target cells.
These magnetic bead-labeled cells are kept in the impact of an
external magnetic field responsible for polarizing the labeled
cells, which are further collected by elution. All the unpolarized
cells are washed out.15

Schmitz et al. used MACS to develop a new immunomag-
netic method for isolation of megakaryocytic cells.16 Geens et
al. used this technique for the enrichment of a suspension with
CD49f-positive cells when they were evaluating the decon-

taminating potential of MACS and FACS for testicular cell
suspensions of both murine and human samples.17

2.4. LCM (Laser Capture Microdissection). This is a
recent technology developed for the isolation of single cells or
pure cell populations from tissue samples, generally solid in
nature, on a microscope slide.18 It is capable of targeting and
capturing the cells of interest with high accuracy and efficiency
and thus it is of great use when dealing with various emerging
molecular techniques like PCR, microarrays, and proteomics.19

Infrared (IR-LCM) and ultraviolet (UV-LCM) laser capture
microdissection are its two main types.20,21 There are both
human and automatic (robotic) platforms for LCM
devices.22,23

This system consists of the following:24

An inverted microscope
A solid-state near-IR laser diode
A laser control assembly
A joystick-controlled stage
A vacuum chuck for slide immobilization
A CCD camera
A color monitor

2.5. Microfluidics. This technology is considered as one of
the most powerful techniques to check the complication in
cellular systems because it allows exact fluid control, less
sample consumption, device miniaturization, low cost for
analysis, and simple handling of nanoliter volumes.19

In case of cell affinity chromatography-based microfluidics,
cells are separated on the basis of different affinities of cells for
surface-immobilized molecules. A minimal amount of stress is
needed for the removal of cells that have less affinity with the
capture surface. In this way, we can separate different cell lines
on the basis of their affinities.24

Surface modification plays a crucial role in cell affinity
chromatography-based microfluidics. The roughness of the
surface and the microstructures present on the surface are
often been utilized to amplify the cell−surface interaction and
increase the capture efficiency.25 The surface coating pattern
also plays an important role in this technique. Patterned
affinity surfaces can enhance the separation. Microcontact
printing and microfluidic printing are the two strategies

Figure 2. Capillary electrophoresis: There is a capillary tube placed
between two buffer reservoirs, and an electric field is applied with the
help of a power source. The separation depends on the electro-
phoretic and electrokinetic mobility of the ions. The sample is
introduced in the capillary by replacing the buffer with the sample.
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frequently used for the coating of separation surface with
desired patterns and molecules.26 Microcontact printing is a
soft lithography technique that is employed to immobilize
proteins onto surfaces.27 This technique was introduced by
Whitesides et al. in 1993 for patterning self-assembled
monolayers of alkanethiols on gold substrates.28 A traditionally
fabricated master, usually a silicon wafer, is replicated by
pouring a liquid prepolymer of PDMS (polydimethylsiloxane)
onto it. It is then cured, and then the stamp is released from
the silicon wafer and serves as a vehicle to transfer the proteins

to a substrate upon brief contact. This transfer happens only at
the sites of conformal contact.2829 Gebreyesus et al. used these
microfluidic chips for the purpose of cell isolation, cell
counting, imaging, and sample processing. They were able to
identify around 1500 proteins from 20 single mammalian
cells.30

2.6. Manual Cell Picking/Micromanipulation. This
method is simple, efficient and convenient for isolation of
single cells. Micromanipulators are generally employed for the
isolation of embryo cells or live culture cells.31 Cloning of

Figure 3. (a) MACS (positive selection): The cell suspension is taken in a glass tube, and an antibody (against the desired cell) is added. These
antibodies are then attached to Magnetic beads. Then, this suspension is kept in a chamber where an external magnetic field is applied. The labeled
cells move toward the walls of the tube. Then, the supernatant is discarded, and we get the desired cells in the bottom of the tube. (b) MACS
(negative selection): The cell suspension is taken in a glass tube, and an antibody cocktail (having Ab against all the cells except the desired cell) is
added. These antibodies are then attached to magnetic beads. Then, this suspension is kept in a chamber where an external magnetic field is
applied. The labeled cells move toward the walls of the tube. Here, the supernatant is collected because it has all our desired cells.

Figure 4. LCM: The cell is visualized through an inverted microscope. A focused laser pulse is applied to melt the thin transparent thermoplastic
film on a cap above the targeted cells for a short duration. The film melts and fuses with the cells of interest. Upon the removal of the film, targeted
cells will remain attached to the film and the rest of the tissue will be left behind. Then, cells are transferred to a MCT containing buffer solution.

Figure 5. These are the four methods by which we can perform microfluidics. Of all these methods for microfluidics, cell affinity chromatography-
based microfluidics is the most frequently used. The basic principle behind this method is the antigen−antibody/ligand−receptor interactions.
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some animals like Dolly (sheep) and Zhong Zhong and Hua
hua (monkeys) was performed by a method known as SCNT
(somatic cell nuclear transfer) in which the donated egg is
captured by this technique.32 Moreover, micromanipulation
can also be applied in the electrophysiology lab (with a patch-
clamp system).33,34

2.6.1. Mechanical Micromanipulation. Mechanical micro-
manipulation involves the use of an inverted microscope and
ultrathin glass capillaries, which are attached to an aspiration
and release unit. There are movable mechanical stages
(motorized) that allow the operator to select a specific cell
very carefully, and then suction is applied with the help of a
micropipette so that the selected cell can be aspirated and
isolated.9

2.6.2. Optical Micromanipulation. Large particles and
microbial cells can easily be manipulated with the help of
pressure exerted by any collimated light source (lasers).35 This
means that we can use optical forces to trap, move, pull, twist,
or cut individual cells. If we measure the total laser energy
required to dislocate a cell, we can get information about the
total force exerted by any micro-organism in its environment.36

2.6.3. Electrokinetic Micromanipulation. When a polarized
cell and a nonuniform electric field interact, there is the
production of uneven forces on opposite sides of the dipole,
which causes the motion in the cell. This dielectrophoretic
movement can be positive or negative in nature depending on
the difference in polarity between the cell and its surrounding
media.37 This shows that dielectrophoresis can be employed as
a tool for micromanipulation, as it can be used to trap, move,
separate, or concentrate cells on the basis of their dielectric
properties.

3. MASS SPECTROMETRY-BASED APPROACHES FOR
SINGLE-CELL ANALYSIS
3.1. Mass Cytometry. Mass cytometry comprises two

different terms: flow cytometry and mass spectroscopy. Flow
cytometry is useful in sorting out single cells, and mass
spectroscopy can be used to get information about different
proteins present in any sample. Hence, together they can tell us
about the proteins present in a single cell.38

3.1.1. Advantages of Mass Cytometry. Mass cytometry can
help us to know about different proteins and their properties
present in a single cell. The level of expression of different

Figure 6. Microfluidics: Microchannels in the chip are modified with an antibody specific to binding to the cell surface antigen. The sample flows
through these microchannels, the antibody binds to the antigen present on the surface of the cells of interest, immobilizing these cells on the chip,
and the remaining cells flow off from the chip (in the buffer). These immobilized cells can be eluted with the help of a different buffer.

Figure 7. Workflow of mass cytometry; A pool of single cells is taken, and a viability stain is added to exclude dead cells from analysis. A
combination of heavy metal tags is added to the samples. Then, all the samples are pooled together in a tube, and specific antibodies are added to
the proteins of our interest. Cells are nebulized into droplets (entering the mass cytometer). Then, they enter ICP in which covalent bonds are
broken and ions are generated. The ion cloud then enters the quadrupole where the heavy metal reporter ions are enriched and detected by TOF-
MS.
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proteins in a cell can tell us about cellular behavior. For
example, the expression of MHC molecules and receptors like
CD80 and CD86 is upregulated in case of activated dendritic
cells. Therefore, the identification of changes in the expression
of these proteins can reveal information about the behavior of
these cells. The expression of transcription factors responsible
for the gene expression programs39 as well as the
phosphorylated (or post-translationally modified) forms of
proteins can be identified by this method.40,41 Quantification
of different processes of intercellular communication like
cytokine production can also be done in a single cell. This
helps researcher gain in-depth knowledge of cellular programs
of interest.42

3.2. Mass Spectrometry Imaging (MSI). MSI is an
indispensable method for single-cell analysis. There are various
MSI techniques for single-cell analysis, each technique with its
own pros and cons. These methods use an analytical probe
such as an ion beam or laser, which are efficient in in situ
endogenous chemical desorption or ionization.43 There have
been various significant advancements in this technique, which
have been proven to be very important in the field of SCP and
metabolomics. Recent improvements in single-cell metabolo-
mics have made it possible to investigate and classify small
bioactive molecules (e.g., sugars, fatty acids, amino acids, etc.),
drugs, and lipids by enhancing the sensitivity and spatial
resolution limits, whereas ingenious approaches are applied to
push the spatial limits and automation of single-cell
proteomics.44 SCP approaches that use immunohistochemistry
(IHC) methods have shown the best lateral resolution so far.
Fluorescence-labeled antibodies are used to detect multiple
targets simultaneously and can be found very easily, but these
techniques have limitations too. For example, the lateral-
resolution of optical microscope is constrained due to
diffraction phenomena.45 Another key challenge that floats
up in IHC is the availability of good quality and intensely
validated antibodies.46

3.2.1. MALDI-MS. MALDI-MS has been a traditional
method for protein analysis. It has found its applicability in
metabolomics. A typical technology for imaging tissues is
matrix-assisted laser desorption/ionization mass spectrometry
imaging (MALDI-MSI), which uses a matrix to help with the
in situ detection of various molecules present on the outer
layer of a tissue sample. Due to restrictions in cell structure,
such as plant cuticle, epicuticular waxes, and cell walls,
MALDI-MSI was mostly used in prior research to detect
molecules from animal tissue sections rather than plant
samples.47 It has proved to be advantageous for SCP because
of the following characteristics:

• High tolerance for salts
• Easy sample preparation
• Attomole detection limits
• Less sample consumption
3.2.1.1. Workflow of MALDI-MS. First, the tissue sections

are taken and are covered in a matrix. The reason behind
covering them in a matrix is to extract the molecules from the
tissue section into the matrix, which will further help in
ionization. Then, the laser hits the matrix layer only so that the
sample gets ionized. The tissue remains intact, which means
that later on the same tissue section can be used for
histological examination.

MS techniques with untargeted molecular separation, using
liquid chromatography and nanoelectrospray ionization,

provide broad molecular coverage and hence have proved to
be very useful in single-cell proteomics.48 We can isolate
specific cellular populations to study the complete molecular
coverage of their proteomes with the help of techniques like
laser capture microdissection (LCM) or flow cytometry, which
help to target the areas of interest in the tissue and the sorting
of disruptive tissue, respectively.49

Reflective geometry MALDI-MS, a technique in which a
laser directly hits the surface of the sample, is the one that is
used most extensively for single-cell metabolomics. Trans-
mission geometry MALDI (TG-MALDI) is one more method
of studying single cell metabolomics. In this technique, the
laser hits the sample through the optically transparent
substrate.50 The advantages of preferring this technique over
reflective geometry are as follows:

• It delivers minor spot sizes as compared to reflective
geometry.

• Ions may get directly desorbed toward the inlet of mass
spectrometer without any loss.

3.2.1.2. Challenges in Using MALDI-MS for MSI. There are
several factors that inhibit quantitative MSI. Matrix effects may
happen, which will lead to a change in the measured analyte
yield. The difference that arises between the response of MS
for an analyte in the standard solution and in the biological
matrices like urine, plasma, or serum is termed the matrix
effect. The reason behind these effects is that the composition
of the matrix and the protective agents that may affect the
chromatographic behavior as well as the ionization of the
analyte, which results in ion suppression or enhancement.51,52

Second, every molecule has a specific ionization energy, which
means that if we want to change the relative abundance of
molecules to their absolute concentration, we need to know
the ionization potential of the molecules.53 In the case of using
artificial matrices, the analyte yield depends upon the
composition of the matrix, its relative amount, and uniformity
over a section of the tissue.

3.2.2. Overcoming the Challenges. Matrix-free techniques
have also been explored in order to overcome the mentioned
challenges.

3.2.2.1. DESI-MS (Desorption Electrospray Ionization). In
this novel technique, charged droplets and ions generated by
the electrospray are guided to the analyte-bearing surface by a
high-velocity gas jet. The analyte is dissolved into the
electrically charged droplets when the charged droplets make
contact with the surface. Secondary droplets that are expelled
from the surface are later gathered in the air inlet or ion
transfer tube of a typical commercial mass spectrometer, and
the mass is assessed.54

The advantage of desorption electrospray ionization (DESI)
for single-cell MS is that ambient analytical conditions and
reduced sample preparation can both be used to achieve
molecular desorption through a solvent stream. The approach’s
constrained spatial resolution, however, has restricted it to
primarily imaging at the tissue level. Using a microliquid
junction between two capillaries to desorb analytes, Laskin et
al. created nanospray-DESI (nanoDESI), which has improved
lateral sensitivity as well as resolution.55 This technique has
been successfully applied for the imaging of lung, brain, and
pancreatic tissues.8,56

3.2.2.2. LAESI (Laser Ablation Electrospray Ionization).
Water plays the role of the matrix by absorbing the laser beam
using its O−H stretch mode. The ionization specificity of
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LAESI is similar to that of ESI, thus making it more suitable for
the analysis of polar, labile molecules.57,58

Single-cell analysis is more challenging with IR radiation as
compared to UV radiation (MALDI) because the spot size
increases with the increase in the wavelength. Researchers have
put efforts in this area too; for example, the Vertes lab used a
method known as f-LAESI (fiber-based laser ablation electro-
spray ionization). In this technique, they used optical fiber so
that laser could directly be transmitted to the surface of the
sample instead of an array of mirrors and objectives for
focusing. This method produced spot sizes <30 μm. Hence,
this method can be used for single cell analysis.59,60 Samarah et
al. exploited this technique in combination with 21T- FTICR-
MS (Fourier-transform ion cyclotron resonance mass spec-
trometry) for untargeted in situ MS-based analysis of
metabolites in a single cell. They were able to identify many
metabolites that were known but never identified before.61

Stopka et al. used this method to find the differences between
the abundances of different metabolites present in different
cells. This proved to be beneficial to distinguish different cell

populations on the basis of the amount of different metabolites
present in them.62

3.2.2.3. SIMS (Secondary Ion Mass Spectroscopy). SIMS
gives the best spatial resolution when compared to other
techniques.63,64

In this technique, a primary ion beam bombards the surface
and generates secondary ions. A lateral resolution of better
than 100 nm is possible. This technique can capture images of
the specified attributes within the complex biosamples and is
also able to quantify the molecules in the spatial-temporal
dimension.

SIMS can be classified into two types as per instrumental
setup: ToF SIMS, or static SIMS, and dynamic SIMS, or
magnetic sector SIMS,. In case of ToF SIMS, a pulsed primary
ion beam is used to generate secondary ions that are then
detected by a ToF mass spectrometer. In dynamic SIMS, a
continuous primary ion beam is used and subsequently
preselected ion sets are recorded.65

3.3. Introduction of HTS. High-throughput screening
(HTS) involvesthe analysis of thousands of samples very
quickly and mostly depends on robotics and automation,

Figure 8. Workflow of LAESI: A laser is used so that the sample liquid can be converted into fine neutral droplets. Then, buffer is electrosprayed
for the ionization of the sample.

Figure 9. SIMS instrument uses a beam of ions that may be either positive (e.g., Cs) or negative (e.g., O). This beam is generated internally and is
called primary beam. Primary beam is focused on a sample surface to generate ions. These ions are then transferred into a mass spectrometer and
are referred to as secondary ions.
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which provide reproducibility and robustness to the data. The
introduction of this technique in the MS workflow proved to
be very promising. The purpose behind employing MS-based
HTS is to automate the extraction, ionization, separation, and
molecular assignment process of biomolecules.7

The invention of the nanoPOTS (nanodroplet processing in
one plot for trace samples) system automated the sampling
process in MS-HTS for SCP. In this technique there is a
nanoliter-scale microtiter plate that is fabricated on the
microscope slide surface. Wells of the plate are hydrophobic
in nature and are of about 1 mm diameter each. Cells are
deposited or prepared on a “pedestal”; a very small hydrophilic
region present at the center of every well. The presence of this
hydrophobic region is helpful in reducing the adherence of the
cells, which is about 99.5% less when compared to that of a 0.5
mL microcentrifuge tube.66

3.4. Single-Cell Proteomics by Mass Spectrometry
(SCoPE-MS). Budnik B et.al., developed a more advanced
technique for SCP by mass spectrometry (SCoPE-MS). They
resolved two main issues: providing the proteome of a single
cell to the mass spectrometer with minimal or no protein loss
and the concurrent identification and quantification of peptides
obtained from single cells. They picked single cells manually
under the microscope and mechanically lysed them to
overcome the first issue. To resolve the second issue, they
used tandem mass tags. The level of every TMT-tagged
peptide can be quantified, and its sequence can be determined
from total amount of peptide blended in all the samples. In this
technique, every single cell is supplemented with a sample
consisting of around 200 labeled carrier cells. These carrier
cells produce sufficient ions for determining the peptide
sequence. Additionally, most of the peptide loss from single
cells is because of surface adhesion; therefore, that loss occurs
from these carrier cells and the cell of interest remains intact.67

There have been so many nanotechnological methods
developed to enhance the sample preparation process at the
nano- and microfluidic level and to ensure the proper
elimination of salts, detergents or other cellular debris.
SCoPE2 provides a more straightforward cell lysis process
and an enhanced pathway evaluation that is broadly accessible
and scalable for use in production.4 There is the use of freeze−
heat process foe cell lysis instead of sonication. Scientists were
able to identify around 3042 proteins from 1490 single
monocytes and macrophages.1T
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to be fabricated on a microscope slide.
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4. SINGLE-CELL PROTEOMICS IN DIFFERENT
DISEASES

In a recent study by Hartman et al., CyTOF determined major
immune cell populations, identified if they are activated or not,
and even performed an analysis of their chemokine receptor
and patterns of cytokine expression in narcolepsy patients vs
healthy control subjects. Additionally, this single-cell study also
identified various immunological phenotypes related to
narcolepsy and the therapeutic importance of lymphocytes in
this disease.68

The heterogeneity of myeloid cells was studied in mouse
models of MS (multiple sclerosis), HD (Huntington’s disease)
and ALS (amyotrophic lateral sclerosis) with the help of
CyTOF. One of the three myeloid cell population was found
to be highly embellished in all these pathological conditions
when compared with the healthy controls. Further single-cell
study of cytokine profiles of all the models told that although
the myeloid populations were homogeneous with respect to
cell surface markers, they consist of heterogeneous functional
subsets depending on the disease etiology.69

In a recently published study, LCM in combination with
nanoPOTS sample preparation, nanoLC separations, and the
Orbitrap mass spectrometer was used for the analysis of single
motor neurons (MNs) and interneurons (INs) from 12 mm
thick human spinal cord sections. This shows that SCP study
can be very useful in determining expression of various
proteins in different neurological conditions.70

Reza et al. reported a simple microfluidic device based on
surface-enhanced Raman spectroscopy. This device allows the
screening of single circulating tumor cells (CTC) in a dynamic
state, which helps us with the precise understanding of the
heterogeneous expression of protein markers in response to
therapy. It also identifies the CTC-surface proteins, which is
very crucial to track the cancer cells that survive after treatment
and are potentially the culprits for drug resistance.71 Again,
single-cell analysis of a breast cancer patient by MALDI-MSI
identified the proteomic signatures in the tumor region that
were linked to the response of paclitaxel-based neoadjuvant
therapy.72

Defects in the mitochondrial respiratory chain were
determined easily with the help of MALDI-MSI, which proved
to be very helpful in studying single patient-response in the
cisplatin-based chemotherapy of advanced esophagus adeno-
carcinoma.73

Now, tissues can be classified on the basis of variations in
different molecular parameters. Proteomics profiles are
published that can easily differentiate between six adenocarci-
noma entities.74

A study was published recently that classified breast cancer
and pancreatic cancer correctly according to MALDI imaging
profiles.75

A study was published in which Leelatian et al. identified
glioma, melanoma, and small cell lung cancer cells with flow
cytometry and mass cytometry to check the abundance of
different cell subsets after giving combinations of different
enzymes and different treatment times. They also used
fluorescence cytometry and mass cytometry to identify
frequencies of cancer cell subsets, leukocytes, and endothelial
cells in glioma and tonsil cells.76,77

Different proteomic patterns were generated by MALDI
imaging to differentiate ulcerative colitis from Crohn’s colitis.78

SCP and single-cell transcriptomics (CyTOF), along with
mechanistic studies, were used to determine pathogenic T cell
functions and inducing signals in COVID-19. It was identified
that CD16+ T cells were highly activated with increased
cytotoxic functions in severe COVID-19. CD16+ T cells in
COVID-19 patients were responsible for microvascular
endothelial cell injury and the release of neutrophil and
monocyte chemoattractant.79

Phosphospecific antibodies, when combined with multi-
colour FACS, helped in the identification of the phosphor-
ylation of signal transduction intermediates in individual cells.
It was observed that leukemia cells exhibit marked differences
in phosphoprotein patterns when stimulated with cytokines
and these patterns are correlated to disease outcome.80

Sigdel et al. used near SCP to uncover the molecular
patterns present in subcompartments of kidney. They used
LCM and nanoPOTS technology in order to prove that this
study can be applied to renal illness samples in order to
understand the protein alterations that may be preferentially
affected in various kidney disorders in various kidney
subcompartments.81

5. FUTURE SCOPE
SCP has been made practical by the development of
appropriate MS apparatus, and as a result, new generations
of instruments has been get faster and more sensitive.
However, even with subsequent advancements, the complete
parameter space that researchers can explore with the current
instruments in terms of instrument settings and acquisition
modalities needs to be thoroughly explored.82,83

Over the next few years, single-cell spatial proteomics has a
ton of room for innovation. Progress, as is common in science,
will be shown in multidisciplinary approaches to understanding
and resolving complex technical issues. It will also be reflected
in laboriously monotonous technological development backed
by funding from both public and private sources. Ground-
breaking developments in this field are just around the corner
and have the capacity to significantly alter the research in the
biomedical field in comparison to the single-cell genomics
revolution. Single-cell proteomics has immense importance
over single-cell transcriptomics in the clinical aspect because
disease pathobiology is directly reflected by the translation of
faulty protein, associated post-translation modifications and
subcellular localization of protein expression.84,85 Further, the
coupling of nanotechnology with mass spectrometry has made
single-cell-type omics more precise.86,1

The localization of crucial route elements and assemblies
that are responsible for triggering changes in the cellular states
throughout the initial development or even the advent of
diseases like diabetes, cancer, heart failure, or infections could
be revealed, most notably, by improvements in spatial
proteomics. When the level of sickness is still clinically
manageable as well as reversible, single-cell spatial proteomics
may even deliver the promise of customized precision
medicine for decades to come by offering a rich new stream
of mechanistic insights into human cell biology and disease
processes.87
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