Chapter 1 )
Advances of Single-Cell Analysis ki
on Microfluidics

Qiushi Huang and Jin-Ming Lin

Abstract The advances of microfluidic technologies have promoted researchers to
study the inherent heterogeneity of single cells in cell populations. This will be
helpful in the acknowledgment of major disease and invention of personalized
medicine. Different microfluidic approaches provide varieties of functions in the
process of single-cell analysis. In this chapter, we introduce decades of the history
in single-cell analysis and give an outline of the mechanisms of various
microfluidic-based approaches for cell sorting, single-cell isolation, and single-cell
lysis.
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1.1 Introduction

Cells, as the basic unit of life, are the cornerstone of biology. Analysis of life’s
most basic units is able to provide insides into some of the most fundamental
processes in life sciences. This is so-called single-cell analysis which cross-links
analytical chemistry, classical cell biology, genomics, and proteomics. More and
more scientists have focused on the single-cell analysis. As the demand for
studying single cells expands, they will require delicate analytical tools to obtain
and account for the results. Just as the development of cell theory powered
advances in biology, it is clear that single-cell analysis will open new prospects
for scientists to explore.
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1.1.1 The Origin of Single-Cell Analysis

The advance of new technologies promotes discovery of new biological knowledge.
Till now, the advanced tools help to acquire increasingly refined information of
abundant biomolecules within cells which lead to rapid growth of molecular and
cellular assays. However, the assay results of average signals from many cells are
difficult to explain in many fields such as hematology, stem cell biology, tissue
engineering, and cancer biology. This can be attributed to different time dynamics
of a sample and population heterogeneity within cells. Thus, measures of the cell
population shall be misleading which necessitates single-cell methods in molecular
biology.

Single-cell heterogeneity in a population is a common focus in single-cell
analysis and differs from the traditional assays of average levels of molecules within
the population. Commonly, technologies for molecular-level information from a
cell population are not suitable for complex and heterogeneous cell samples.
Therefore, it is important to apply the right tool for better data collection. In a
standard molecular assay, all cells are disposed under the same condition and then
analyzed with a substantive test. The steps can be accessible but may mistakenly
result in the average distribution of behavior among all the cells in the sample. For
instance, time-response signals of a single cell shall be covered up under cell
populations due to the different time period of each cell (Fig. 1.1a). These signals
are important because cells even with identical genes respond dynamical differently
to stimuli due to epigenetic differences and randomness of intracellular signaling
[1]. Besides, informational cells in complex samples are often among cell popu-
lations. In this case, informational cells’ response to stimuli will be mixed with
other cells’ response which is weak and scarce. Such a measuring result cannot
represent informational cells at single-cell resolution (Fig. 1.1b). Considering
bimodal expression levels when cells respond dynamically to extracellular condi-
tions [2], a bulk measurement of this population will output an average value that is
not representative of either subpopulation (Fig. 1.1c). Another case is those cells of
interest are a small percentage of the population; a bulk measurement of this
population will lose the key information from cells of interest (Fig. 1.1d). As a
result, only by measuring the character of single cells will the real heterogeneity and
behavior of the population be analyzed.

Cell heterogeneity in population has promoted understanding in the fields of
systems biology, stem cell biology, and cancer biology. Since the development of
single-cell analysis techniques, these fields above have been benefited at the same
time [3]. The heterogeneity of tumors has already been known in cancer biology
[4]. And it is possible to infer tumor progression from genomic heterogeneity [5].
This condition has gained immense interest and insights. Using single-cell tech-
niques, dynamic proteomics has been applied to measure the single-cell response to
drug stimuli [6]. Besides, single-cell gene expression techniques have been
developed for the studies of stem cells [7]. Using single-cell transcriptome analysis,
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Fig. 1.1 Cell heterogeneity in population. a Time-response signals of single cells. b Informational
cells’ respond to stimuli mix with other cells’ respond which is weak and scarce. ¢ Subpopulations
in bimodal expressions. d Rare cell populations are not accurately expressed by average assays

highly heterogeneous genetic expression profiles can be observed which is hardly to
achieve by normal approaches.

Invention of the microfluidic technique has greatly promoted single-cell analysis.
Traditional detection systems on multi-cells can be applied at single-cell resolution
through this technique as well as isolating single populations from complex sam-
ples. Due to the development of microfabrication techniques, traditional analysis
platforms have been miniaturized into micrometer scale which is so-called micro-
fluidic lab-on-a-chip platforms. These tools support precise control of mechanical
and chemical access [8] and are able to collect highly quantifiable single-cell data
from high-throughput assays [9]. These miniaturized systems focus on evaluating of
cell-cell interactions [10] and cell-substrates interactions [11]. Conventional
macroscale platforms cannot achieve simulation in vivo microscale environments,
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which microfluidic techniques can easily realize [12]. To analyze practical samples
with complex components such as blood and cancer tissue, the high-throughput
method is needed. Microfluidic meets the requirement of assigning precise positions
in arrays or positioning in flow. Single-cell manipulation such as mechanical
trapping [13], inertial isolation [14], dielectric isolation [15], and acoustic isolation
[16] has been developed well suited for the single-cell analysis.

1.1.2 Development of Single-Cell Approaches

Single-cell analysis can be traced back to the year 1965, (Table 1.1) when Matioli
et al. [17] firstly reported the isolation and direct observation of hemoglobin in
single erythrocytes. Then, quantities of conventional techniques have been devel-
oped such as microthin layer chromatography (mTLC), gas chromatography—mass
spectrometry (GC-MS), high-performance liquid chromatography—electrochemical
(HPLC-EC) detection, and radioactive labeling [18-21]. However, these techniques
are commonly not sensitive enough or limited in multiple components test thus
have not been widely developed. mTLC requires several cells for sufficient result
which is not strictly single-cell resolution. GC-MS is only applied for volatile
compounds analysis. While target molecules are nonvolatile, derivatization will be
required which limits the application. Results from HPLC-EC are highly related to

Table 1.1 Important works in the development of single-cell analysis

Year Research Reference

1965 Isolation and direct Matioli GT et al. Science 150(3705):1824-1826
observation of haemoglobin
in single erythrocytes

1976 Patch clamping Neher E et al. Nature 260(5554):799-802

1987 Open tubular liquid Kennedy RT et al. Mikrochimica Acta 2(1-3):37-4
chromatography for the
electrochemical analysis of
single neurons

1988 Single-cell capillary zone Wallingford RA et al. Analytical Chemistry 60
electrophoresis (18):1972-1975

2000 Single-cell proteomics Zhang Z et al. Analytical Chemistry 72(2):318-322
Valves Unger MA et al. Science 288(5463):113-116

2005 Droplets Utada AS et al. Science 308(5721):537-541

2009 Live single-cell MS Masujima T. Analytical Sciences the International

Journal of the Japan Society for Analytical
Chemistry, 2009, 25(8):953

2015 Single-cell MALDI-MS Ong TH et al. Analytical Chemistry 87(14):7036—
7042
2018 Live single-cell extractor Mao S et al. Angewandte Chemie International

Edition 57(1):236-240
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the cell size and concentration of the determinant which is hardly to control.
Radioactive labeling is limited for one kind of compound detection at one time, and
the unknown compound is not suitable. The development of flow cytometry has
been widely applied in cytobiology [22]. When the sample is complex that contains
multiple populations of cells, flow cytometry is able to detect the physical and
chemical parameters of single cells. Parameters such as size, volume, quantity, and
even the content of proteins and nucleic acids can be collected at high throughput.
However, the flow cytometry also has limitations in the single-cell analysis that
limits the universality, such as expensive instrument costs, complex cell surface
markers, increased sample pre-treatment time and reduced cell viability, as well as
sample contamination risk. Patch clamping was developed by Neher and Sakmann
in 1976 [23]. This technique was applied for the discovering of the function of
single ion channels in cells which has won the Nobel Prize in Physiology or
Medicine in 1991. The high sensitivity and high spatial resolution of the patch
clamping have great potential for the study of the rapid reaction kinetics in the
ultra-microenvironment of single-cell organisms.

Single-cell analysis meets the formidable challenge that requires methods that
are more sensitive, more selective, more quantitative, more informative, and can
detect more analytes at the same time.

In 1987, Kennedy et al. [24] firstly developed open-tubular liquid chromatog-
raphy for the electrochemical analysis of single neurons. In this approach, individual
neurons from the subesophageal ganglia of Helix aspersa were analyzed. The
putative neurotransmitters, dopamine and serotonin, and their precursor amino acids,
tyrosine and tryptophan, were identified and quantified. However, the device and
micro-operation techniques in this method are complex, and it is difficult to analyze
small single cells. Subsequent development of this technique has been restricted.

Capillary electrophoresis (CE) can meet the requirements of single-cell analysis
on small volume sampling, high sensitivity, good selectivity, multi-component
analysis, and fast response. Ewing’s group [25] has developed single-cell capillary
zone electrophoresis (CZE) by in vivo analysis dopamine from a single nerve cell.
Miniaturization works of the device were still demanded for the feasibility of
mammalian cells which are much smaller than neurons.

Sweedler’s group [26—-29] has conducted research in single-cell analysis and focus
on the development of analytical methods for assaying complex microenvironments,
including CE, laser-based detectors, and MALDI sampling techniques. Their uti-
lizing of MALDI-MS has achieved the detection of the spatial distribution of neu-
ropeptide in different parts of nerve cells. Other studies include the metabolism,
dynamic release of neuropeptides and classical transmitters in a cell-specific manner.

Dovichi’s group has proposed single-cell proteomics in 2000 [30]. They are
trying to develop the tools for studying the proteome with two-dimensional CE,
coupled with either laser-induced fluorescence (LIF), or MS for detection. It seems
the group’s long-term goal is to study protein expression in single cells and to
determine how protein expression changes across a cellular population during
cancer progression and during the development of an embryo. Till now, they have
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acquired important achievements [31-33]. However, for the project of single-cell
proteomics, it is still the beginning.

Microfluidic technologies in the single-cell analysis have been widely developed
since the twenty-first century [34-36]. The microstructure of the microfluidic chip
can be matched well with the single-cell volume, which is a promising single-cell
analysis technology. The advantages of microfluidic techniques are listed as below:

(1) The manipulation, transmission, sampling, positioning, dissolution, reaction,
separation, and detection of cells can be integrated in one microfluidic
chip. The control system of micropump and microvalve can be adopted to
realize the integration and automation.

(2) Microfluidic techniques supply high-throughput analysis of single cells which
achieve high-speed studies of cell metabolism, gene expression, and drug screening.

(3) The reagent consumption is significantly reduced. The sample required of the
microfluidic chip is measured by nL—pL, which greatly reduces the cost of
experiments.

(4) High temporal resolution of microfluidic devices can be used for continuous
monitoring of stimulated release of living cells and cellular molecular response
processes.

(5) Closed operation environment helps to reduce the risk of sample contamination
and improves cells’ viability.

Zare’s group has done excellent work in single-cell analysis on microfluidic [37-
39]. In their previous work [40], they have developed multilayer microfluidic chips
for the analysis of single cells. The microfluidic channels enabled the passive and
gentle isolation of a single cell from the complex cell suspension, and integrated
valves and pumps enabled the precise delivery of nanoliter volumes of reagents to
the cell. Various applications were demonstrated such as cell viability analysis,
ionophore-mediated intracellular Ca®* flux measurements, and multistep
receptor-mediated Ca>* measurements. The experiments had significant improve-
ments in reagent consumption, analysis time, and temporal resolution compared
with macroscale assays.

Ramsey’s group [41—43] has been devoted to the development of microfluidic
technology. They are known for their pioneering efforts in demonstrating micro-
fabricated chemical measurement devices. These devices have improved conven-
tional laboratory measurements in microscale experiments of several orders of
magnitude. The technology is presently followed by a number of research institu-
tions and corporations around the world and is possible to be a general model for
chemical and biochemical experimentation.

Our group has focused on this field as well in recent years. For cell sorting,
two-dimensional ordered polystyrene microspheres based microwell arrays [44] has
been developed for high-throughput single-cell analysis. In this work, rounded
bottom microwell arrays (Fig. 1.2a) in poly(dimethylsiloxane) were fabricated by
molding a monolayer of ordered polystyrene microspheres. Sizes of microwell were
tunable in the 10-20 pm ranges which were able to capture adherent or
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Fig. 1.2 Microfluidic enabled single-cell analysis. a Cell arrays on the microwells. Reprinted with
permission from Ref. [44]. b Controlled encapsulation of single cells inside hydrogel
microstructures. Reprinted with permission from Ref. [46]. ¢ Microfluidic chip-based live
single-cell extractor. Reprinted with permission from Ref. [11]

non-adherent cells with high efficiency. Further, designed microwell structures
enable us to launch strong interactions of the target cell surface with biomolecules
[45]. By coating DNA aptamer on the 3D-structured microwell, a satisfactory
single-cell occupancy could be obtained.

For single-cell encapsulation, a microfluidic approach to generate hydrogel
microstructures inside microchannels for controlled encapsulation of single cells was
developed [46]. This approach has the capability to immobilize different phenotypes
of cells inside hydrogel microstructures with different morphologies for identifica-
tion (Fig. 1.2b). Recently, we reported a live single-cell extractor (Fig. 1.2¢) to
extract a single adhered cell in tissue culture for understanding cell heterogeneity and
the connection of various single-cell behaviors [11]. By using this technique,
the connection between cell adhesion strength and cell morphologies as well as that
between cell adhesion strength and intracellular metabolites was explored.
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Fig. 1.3 Microfluidic enabled workflow of single-cell analysis

1.2 Mechanisms of Microfluidic Technologies
in Single-Cell Analysis

As is discussed above, microfluidic devices have opened new avenues for
point-of-care diagnostics due to the characteristic of fitted approximately to the size
of an individual thus provided fascinating solutions to many issues in single-cell
analysis. Microfluidic platforms have the advantages of portability, parallel pro-
cessing, automation, and a large surface-to-volume ratio. This enables the integration
of multiple liquid operating processes, such as pumping, metering, sampling, dis-
pensing, sequential loading, and washing. These advantages make microfluidic
technology more compatible and greatly reduce the labor compared with traditional
laboratory technology. This part describes the various microfluidic-based approa-
ches used for single-cell analysis which follows the workflow as shown in Fig. 1.3.
Cell sorting, single-cell isolation, and single-cell lysis are involved. Up-to-date
mechanisms of techniques and the pros and cons of these methods are discussed in
detail. This section will be of great interest for researchers who will work in the same
field and an informative tool for researchers from other fields and beginners.
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1.2.1 Cell Sorting

Compared with traditional methods, microfluidic devices have inherent advantages
in the cell sorting platform. Miniaturized devices reduce reagent consumption to a
certain extent and increase portability. The production cost of the devices can be
decreased by introducing soft lithography for standard microfabrication. The
flowing cells can be controlled spatiotemporally by laminar fluid dynamics, which
achieves passive and label-free cell separation. Commonly, cell sorting is achieved
continuously in an enclosed microfluidic device, which minimizes the risk of
sample contamination. However, several drawbacks exist as the immaturity of this
technology. The throughput is a major research focus to improve compared with
commercial flow cytometry. Besides, cell adhesion and clogging problems occur
frequently which limit the life of the device. Till now, there are several excellent
works [47-51] in the field regarding microfluidic enabled cell sorting. Here, we
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Fig. 1.4 Different microfluidic cell sorting techniques. a Mechanism of microfluidic cell sorting
integrated with EP. A uniform electric field induces a Coulomb force on negatively charged cells,
resulting in a net force toward the positive electrode. The target cells are then separated.
b Mechanism of microfluidic cell sorting integrated with DEP. DEP force and gravity force
together positions different cell types at individual regions of different flow velocity, leading to
different retention time for each cell type. ¢ Mechanism of microfluidic cell sorting integrated with
EOF. Solvated negative ions migrate toward the positive electrode, inducing fluid flow and cell
separation. The electrode charge is controlled by the signal from laser interrogation. d Mechanism
of microfluidic cell sorting integrated with SSAWSs. The standing surface acoustic waves,
generated by interdigital transducers, separate cells at distinct streamlines, and the cells are
separated via different outlets
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introduce existing cell sorting technologies integrated on microfluidic chips that
specific relevance to single-cell analysis. Different sorting mechanisms suit for
different cell type’s properties.

1.2.1.1 Electrical

Most cells present negative charges on the surface at the condition of neutral pH.
Once a constant electric field is added (Fig. 1.4a), cells will move toward the
positive electrode [52]. In cell suspension, cells are mainly driven by two forces as
the Coulomb and drag forces. Different quantities of force induce different velocity
of movement. Therefore, different cell types with different charge or size can be
separated under this constant electric field, which is called electrophoresis (EP)
sorting [53].

Dielectrophoresis (DEP) approaches [53] are used more frequently for cell
sorting due to its higher specificity in dielectric properties among cell types. In DEP
[54], a complex mixture of cell suspension flows through a channel while the
integrated electrodes at the bottom of channel generate an upward DEP force that
balances the gravity force (Fig. 1.4b). Different cell type stabilizes at an individual
height in the channel. Due to the parabolic velocity profile, they will have different
flow velocity for the separation. Using this technology, an alternating current will
polarize the cell instead cells’ inherent surface charge. Therefore, cells are not
required to present surface charge and move toward or away from the area of
highest electric field density. An alternating electric field is required to inflict a force
on the polarized cell and the move direction is due to the electrical permeability of
the cells. Under the condition that the fluid has higher permeability than cells,
negative dielectrophoresis (nDEP) will drive cells moving away from the field
maxima and positive dielectrophoresis (pDEP) will drive cells moving toward the
field maxima. Compared to EP sorting, DEP approaches have larger cell sorting
specificity, and utilizing of alternating current prevents electrochemical reactions at
the electrodes and decreases detriment to cell viability.

Similar to the EP and DEP sorting mechanisms, electroosmotic enabled sepa-
ration also utilizes an electric field. Electroosmotic flow (EOF) is defined as fluid
flow by inducing solvated ions movement under an electric field. Then particles in
the solution will accompany the fluid flow induced by migrating solvated ions.
Using this technique, target cells can be picked up actively from the complex
sample (Fig. 1.4c). The advantage of EOF is the accurate control of volume in
microfluidics which enables precise control of small volumes of reagents and
size-based cell sorting. However, electrophoretic cell movement can influence the
accuracy of electroosmotic driven in this approach.
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Fig. 1.5 Different microfluidic cell sorting techniques. a Mechanism of microfluidic cell sorting
integrated with bulk standing waves. Cells separate to the wave node or antinode depending on
their acoustic contrast factor. b Mechanism of microfluidic cell sorting integrated with traveling
acoustic waves. ¢ Mechanism of microfluidic cell sorting integrated with optical tweezer. A laser
emitter is integrated on the microfluidic chip and the cells are deflected by the laser beam toward
different outlet. d Mechanism of microfluidic cell sorting integrated with magnet. The device is
operated under the magnetic field and the magnetic particle labeled cells are collected from
different outlet with normal cells

1.2.1.2 Acoustic

Acoustic enabled cell sorting has no impact on cell viability which appears recently
[55]. Acoustic separation works by inducing cell migration response to acoustically
generated pressure waves. Currently, three kinds of acoustic cell sorting exist
classified on the wave type as: standing surface acoustic waves, bulk standing
waves, and traveling waves [47].

Standing surface acoustic waves (SSAW) form along the bottom of microfluidic
channels when integrating interdigital transducers (IDTs). The IDTs are patterned
on a piezoelectric substrate on the microfluidic chip which produces a longitudinal
wave from the substrate and these longitudinal waves create pressure nodes for the
particle separation (Fig. 1.4d). SSAWs are able to deflect particles in fluid flow
independently which are flexible in separating cell populations [56].

Bulk standing waves are generated by a piezoelectric transducer in microfluidic
channels when the acoustic wavelength matches the channel dimension. In this
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approach, cells flowing through the channel will respond differently to the standing
wave by the acoustic contrast factor, which is dependent on cell density and
compressibility (Fig. 1.5a). Cells with a positive acoustic contrast factor will
migrate toward the wave node, and cells with negative acoustic contrast factors will
migrate toward the wave antinodes. Thus, cell sorting will be achieved by cell
separation to different outlets.

Traveling waves can be used for cell sorting as well. Standing waves require
wavelengths comparable to microfluidic channel width, and therefore, the sorting
rate cannot be increased because the wavelengths are limited. Traveling waves
overcome this limitation where acoustic waves are as a drive force similar to the
electric sorting (Fig. 1.5b). The acoustic wave is generated by a transducer and the
wave travels in the direction perpendicular to the flow direction, thereby deflecting
cells from the fluid streamlines into the appropriate outlet channel.

Acoustic enabled cell sorting mitigates cell viability decrease which improves
time and cost economy. However, similar to electrically enabled cell sorting,
acoustic cell sorting requires integrated transducers. This makes fabrication and
operation more complex. Examples of this technique are available from recent
reviews [57, 58] for further discussion.

1.2.1.3 Optical

Light-driven particle movements can be found in 1970 when it was discovered that
a focused laser could propel microparticles in a liquid [59]. Then, stable particles’
trapping via a tightly focused laser was achieved [60] which was the foundation of
“optical tweezers.” In this technique, the optical forces form from momentum
exchange between incident photons and the irradiated object. When the light rays
into an object, the light’s direction and magnitude will be changed due to the
difference of refractive index between object and surrounding. Then, the photons’
momentum will be changed associated. The particles” movements depend on their
different refractive index. They will move toward the area of highest light intensity
when the refractive index is higher than the surrounding fluid. In contrast, while the
refractive index is lower, the particles will move to the opposite direction. Here are
some reviews [61, 62] for more discussions on the light-induced forces. Optical
manipulation has been utilized for cell sorting and manipulation on microfluidic
chips (Fig. 1.5¢). This approach has the advantage of minimally detrimental to cell
viability, compared to sorting methods discussed above.

1.2.1.4 Magnetic

In magnetic enabled cell sorting, magnetic particles can be biologically combined
with the target cells via a cell-specific antibody. Therefore, the target cells can be
separated from the complex sample by flow through a microfluidic channel pos-
sessing a magnetic field (Fig. 1.5d). The advantages of this approach are the
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Fig. 1.6 Different microfluidic cell sorting techniques. a Mechanism of microfluidic cell sorting
integrated with micropillars array. An array of micropillars induces cells with different radius
toward different outlet. b Mechanism of microfluidic cell sorting based on inertial effect. A spiral
channel is designed to form the vortex (Dean flow) perpendicular to the primary flow. Cells with
different sizes, densities, or shapes are positioned at the vortex and the cells are separated from
different outlets

simplicity and non-touching separation. The magnetic field can be induced via an
integrated permanent magnet or an electromagnet for a low cost. However,
applying magnetic sorting requires antibody labeling of magnetic particles on cells.
This can be a drawback for several reasons. Labeling may negatively impact cells’
endogenous genetic expression and is difficult to achieve in specific cells that lack
of surface markers. Besides, labeling is not desirable in clinical concerns, and
antibodies are quite expensive. Till now, microfluidic magnetic enabled cell sorting
has been applied in many fields, and the reader can refer to several reviews [63—65].

1.2.1.5 Array of Micropillars

Here is a passive microfluidic cell sorting that uses a pillar array to induce cells’
migration based on cell size. In this method, there is a critical cell size to separate
different cells which are depending on the pillar design [66]. Cells with a smaller
size than the critical radius flow in the direction of primary fluid. In contrast, cells
bigger than the critical radius are deflected for the separation (Fig. 1.6a). This
passive cell sorting approach can be advantageous due to the gentle and label-free
separation. Besides, the fabrication of the device can be relatively simple. However,
the limitation is that the target cells must differ from the others in size or shape,
which greatly restricts its application. Readers can refer to a review for more
research on this technique [67].
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1.2.1.6 Inertial

When the microfluidic channel is at a suitable dimension and flow velocities,
inertial effects will show up and can be utilized for cell sorting. In the curve
channel, there is a typical inertial effect called Dean flow [68] which can form
vortex perpendicular to the primary flow. Cells which have different size, density,
or shape will respond differently to the inertial effects and have individual
streamlines (Fig. 1.6b). Then, cell sorting is achieved by collecting cells from
different outlets. This approach has the advantage of label-free separation and little
influence on the cell viability. This can be attractive for the minimized costs, wide
applicability, and maintaining most endogenous expression. Besides, this method
conducts in continuous flow therefore increase the throughput of cell sorting.
However, the disadvantage is obvious that the samples require to be diluted due to
the cell interactions influence at high cell concentrations. Here are some reviews
[69, 70] that discuss about the physics of inertial microfluidics. Our group has done
relative work in this field that utilizes this principle combining with mass spec-
trometry, which realizes high-throughput single-cell MS analysis [71].

1.2.2 Single-Cell Isolation

Microfluidic devices offer many advantages to single-cell isolation [72]. In this
technique, single-cell compartments can be miniaturized to reduce lysate dilution
which is important for the analysis of low-abundance biomolecules in a single cell.
Consumption of reagent volumes is minimized which decreases the costs. Most
microfluidic chips are automatic and closed systems, decreasing contamination risk.
In this section, a variety of microfluidic enabled single-cell isolation is introduced.
The basic mechanisms of the involved methods are as the focus to discuss.

1.2.2.1 Valves

Valves can be utilized to trap objects in the microscopical pipes, which provide an
easy conversion into microscale for the single-cell trapping. In microchannels,
valves can be utilized to regulate fluid flow and control flow direction. Quake’s
group [73, 74] have developed valve on microfluidic that is so-called Quake valves,
which is commonly used later in other researches. The common examples of Quake
valves in microfluidic are two-layer pneumatic valves. The top layer integrated
channels for the pneumatic valves. When gas passes through the channel, the
barometric pressure will force the channels in the bottom layer to close, where single
cells are trapped (Fig. 1.7a). The valves commonly utilize computer-controlled
programs which simplify the operation but complicate device fabrication and
increase the cost. The throughput of this approach is limited for the requirement of
microscopy to confirm single-cell trapping. Perhaps, the combination of automatic
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Fig. 1.7 Different microfluidic enabled single-cell isolation techniques. a Quake valves integrated
microfluidic chip for single-cell isolation. b Schematic diagram of single-cell isolation based on
microwells. ¢ Schematic diagram of single-cell isolation based on microdams. d Schematic
diagram of hydrodynamic single-cell isolation. An oscillating flow around a micropillar generates
four surrounding eddies. Single cells are trapped at the center of eddies

feedback-controlled valves and microscopy will enable hands-off single-cell isola-
tion and increase the throughput.

1.2.2.2 Microwells and Microdams

Single-cell isolation utilizing physical boundaries can be easily achieved by
microfluidic chips. From the concept of multi-well plates for the isolating of cell
groups, microwells can be used as a tool for the single-cell isolation. In this
approach, microwells with suitable sizes are generated on the bottom of the
channel. Single cells are trapped into individual microwells by gravity, and
redundant cells will be flushed away (Fig. 1.7b). The size and shape of microwell
can be adjusted to increase single-cell isolation efficiency. And the quantities of
isolated single cells are depending on the scale of the microfluidic chip. However,
the molecular analysis of single-cell studies is not suitable for this approach due to
the non-isolated single-cell lysates. For more information about this technique,
readers can refer to the previous reviews [75, 76].

Another single-cell isolation method uses physical boundaries is called micro-
dams such as U-shaped cups to physically isolate single cells on chip (Fig. 1.7¢).
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(a) . (b) Hydrophobic buffer
] S Single-cell droplet
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Individually controlled electrode Hydrophobic buffer

Fig. 1.8 Different microfluidic enabled single-cell isolation techniques. a Schematic diagram of
single-cell isolation based on DEP. Individually controlled electrodes generate DEP cages to trap
single cells. b Schematic diagram of droplets enabled single-cell isolation

The microdam is required to have cutaways allowing fluid flow through an unoc-
cupied trap, thereby preventing clogging. This approach is beneficial because of the
passive isolation and applicability for various cell sizes and shapes. However, most
applications of this approach are used for single-cell culturing and transient imaging
analysis, rather than single-cell lysate analysis.

1.2.2.3 Hydrodynamic

Single-cell isolation can be achieved passively by hydrodynamic mechanisms. This
approach does not require complex fabrication systems thus attracting researchers to
follow. In this approach, recirculating fluid flow is generated in the microfluidic
channel for the cell trapping which is called eddies or vortices. It has been reported
[77] that four surrounding eddies generated from an acoustic induced fluid oscillation
around a micropillar can be applied to trap single cells (Fig. 1.7d). This approach is
advantageous because of the passive isolation and applicability for various cell sizes
and shapes. However, most application of this approach is used for single-cell cul-
turing and transient imaging analysis, rather than single-cell lysate analysis due to the
non-isolated single-cell lysates. For further discussion of hydrodynamic enabled
single-cell isolation, readers can refer to the previous review [78].

1.2.2.4 Dielectrophoretic

Single-cell isolation by dielectrophoretic methods has been developed with great
success. In this approach, a pair of electrodes enabling single-cell trapping is inte-
grated into a microfluidic chip which is called DEP cage. A dielectrophoretic-based
single-cell isolation system consists of a disposable cartridge which is an array of
individually controllable DEP cages (Fig. 1.8a). After the process of trapping, cells
are identified under a microscope and manipulated to other traps or isolated off the
chip. The approach can be applied for isolating rare cancer cells from real blood
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samples. However, the limitations of the approach are low throughput, inapplica-
bility to smaller samples, and large labor costs. Besides, single cells are not strictly
compartmentalized on a chip, which turns down the applicability for single-cell
lysates analysis.

1.2.2.5 Droplets

Droplets recently have become a popular method in single-cell analysis. Just as its
name implies, droplets are created by the incision of two immiscible fluids and can
be utilized for cell encapsulation and isolation (Fig. 1.8b) [79]. This approach is
especially suitable for molecular analysis from single-cell lysates. In this approach,
each droplet functions as an individual chemical reactor and has no interchange of
material with the others. The fabrication of systems is also simplified for easy
operation. Droplet generation is achieved in a continuous flow which induces
high-throughput single-cell encapsulation. Besides, the volume of each drop can be
minimized into picoliter or even femtoliter. This greatly reduces the dilution of cell
lysates for single-cell analysis. The single-cell capture rate is principally based on
Poisson distribution, which cannot reach a hundred percent. Increasing this can be
achieved by prefocusing or postsorting steps. Droplets have become a powerful
platform for single-cell analysis. More discussion can be found in several focused
reviews [80, 81].

1.2.3 Single-Cell Lysis

Microfluidic technology provides an ideal platform for single-cell lysis. Channels of
microfluidic devices can be fabricated with special geometries and fluid flow can be
controlled precisely, which allow accuracy control of single-cell lysis. The
dimensions can be directly matched with the scale of single cells, which minimize
the lysate dilution for better sensitivity. Most microfluidic devices are optically
transparent, increasing the applicability with fluorescence detection. Close envi-
ronment minimizes contamination of the sample. Till now, several approaches of
microfluidic enabled single-cell lysis have been developed. Researchers often
choose a suitable approach for the desired result. In this section, several popular
models of microfluidic enabled single-cell lysis are discussed. And for further
discussion, readers can refer to the later chapters or focused reviews [82, 83].

1.2.3.1 Chemical

Chemical lysis of cells is achieved by lysis buffer containing surfactants to solu-
bilize lipids and proteins in the cell membrane. This process creates pores on the
cell membrane and gradually induces fracture of an intact cell [84—86]. Microfluidic
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devices are advantageous because of their precise control of fluid flow. Minimized
lysis buffer can be consumed for the single-cell lysis which minimizes dilution
(Fig. 1.9a). Although this is a simple and convenient approach in single-cell lysis,
the limitation is obvious that the chemical reagent in the lysis buffer will con-
taminate the sample, which should be removed.

1.2.3.2 Mechanical

Mechanical lysis of cells can be achieved by tearing or puncturing cell membranes
utilizing mechanical forces [87—-89], such as shear stress, friction forces, or com-
pressive stress. This approach directly breaks the cell structure and releases the
target intracellular molecules (Fig. 1.9b). Mechanical enabled single-cell lysis can
relatively minimize the protein damage, which is quite disturbing in other
approaches. However, the cell’s fragment produced by mechanical lysis makes the
subsequent isolation complex.

1.2.3.3 Electrical

Electrical methods for single-cell lysis are common for generating pores on cell
membranes to break the cell which are called electroporation lysis [90, 91]. In this
approach, cells are disposed under an external electric field, where the potential is

(a) sis bufler in (b)
Lysis bufl . y?

g ""Il.;y:sis buffer out

Microfluidic probe

Lysing single cell

(c) (d) ' (e)
—Laser pulse

Cavilation bubble

Llectric field

Lysing single cell Lysing single cell

Electrode

Fig. 1.9 Different microfluidic enabled single-cell lysis techniques. a Chemical. b Mechanical.
¢ Electrical. d Optical. e Thermal
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created through the cell membrane (also known as the transmembrane potential).
Pores can be created on the cell membrane when the potential reaches a certain
threshold at about 0.2-1.0 V [92]. The pores can be reversible under a mild electric
field. However, while the electric field reaches to a high enough extent, the pores
will become permanent and achieve complete lysis of cells (Fig. 1.9¢c) [93].
Commonly, reversible electroporation is utilized for small molecules’ detection,
and permanent electroporation is more suitable for macromolecules such DNA and
proteins. Electrical enabled single-cell lysis is advantageous due to the ultra-high
lysing efficiency on a millisecond level and better selectivity for different mem-
branes by adjusting the electric field [94, 95]. However, the limitation is that the
accuracy control of electrical field leads to a relatively complex operation process.
And a short lifetime of electrode should be noted for the application.

1.2.3.4 Optical

Optical methods for single-cell lysis can be interpreted as the cell broken induced
by fluid motion produced by a focused laser [96-98]. In this approach, a laser pulse
is focused at a buffer interface around the surface of a cell. The high-energy laser
will produce a localized cavitation bubble whose expansion and movement together
with the induced fluid dynamic forces will help to break the cell membrane
(Fig. 1.9d) [99]. Optical single-cell lysis has the advantages of high selectivity, high
efficiency, and localized lysis region, which has destruction to the intracellular
components [100]. Integrating the laser pulse into microfluidic chips also provides
convenience controlling the time and location of the cell lysis. Besides,
microchannels will restrain the over-expansion of the cavitation bubble, which is
useful to control the volume [101]. However, the limitation is obvious that the
complex integration of optical system greatly increases the experimental cost.

1.2.3.5 Thermal

Thermal methods for single-cell lysis can be interpreted as utilizing high temper-
ature to denature the proteins on cell membranes which result in cell damaging for
the intracellular components (Fig. 1.9¢) [102, 103]. Thermal lysis is advantageous
for high lysing intensity and simplicity. However, the temperature should be set
carefully and controlled precisely for the existing of many heat-sensitive molecules
in cells. Therefore, thermal single-cell lysis is most frequently used for parallel,
on-chip PCR analysis instead of protein analysis [104, 105].
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1.3 Conclusion and Outlook

Single-cell analysis is now a rapidly developing field. Various applications and
future concerns will be discovered. Invention of novel microfluidic platforms will
give a major push to single-cell biology. In this chapter, we have discussed the
development and the mechanisms of single-cell analysis and microfluidic devices
for cell sorting, single-cell isolation, and single-cell lysis.

Microfluidic enabled single-cell analysis now is a complete research field.
Researchers continue to innovate and develop new techniques, which will be dis-
cussed in the later chapter. Microfabricated systems are advantageous due to little
sample consumption, high cell viability, and low costs. However, the limited
throughput compared with conventional flow cytometry prevents the wider adop-
tion of microfluidic. Besides, microfluidics is not easily reusable due to clogging
and cell adhesion. We expect the field of microfluidic single-cell analysis to con-
tinue growing for the widely commercialized application.

The modern science of single-cell biology is particularly fascinating. The
development of detection techniques has allowed researchers to study cells in depth
which are the basic units of life. Novel concepts in this field have been well
established such as single-cell genomics, single-cell proteomics, and single-cell
immunology which are a paradigm shift in biology. Currently, existing work in
single-cell analysis always removes cells from their native environment for more
convenient operation. This will lose the impact of native tissue and change cells’
behavior. As such, new works often focus on the cells’ original spatial context
which has profound implications [106—108]. Nevertheless, these remarkable works
only indicate the beginning of a new era, when revolutionary single-cell omics and
innovative microfluidic approaches befall to the world.
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