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Abstract Single-cell analysis has attracted much attention in the field of biological
and biomedical study owing to the heterogeneity among individual cells. This poses
significant challenges to conventional bulk assays which would mask rare but
important information owing to the assumption of average behavior. To avoid the
interference of useless cells and obtain the single cells in the trial of genomics,
proteomics, metabonomics, and single-cell behavior study, various cell manipula-
tion techniques have been developed for single-cell research. In this chapter, we
introduce the principles of droplet generation and single-cell encapsulation and
review the latest achievements of cell manipulation technique by categorizing
externally applied manipulation forces: microstructures, electrical, optical, mag-
netic, acoustic, and mechanical. This chapter will also introduce our latest work and
provide important references and ideas for the development of droplet
microfluidic-based single-cell manipulation.
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4.1 Introduction

The cell as the fundamental unit of life has been extensively studied for expressions
of genes, proteins, and metabolites [1-3]. In conventional methods for biochemical
analysis, samples are usually collected from a large number of cells treated with
certain stimulus in order to obtain sufficient molecules for meeting the sensitivity of
the detection instrument. Thus, the results are averaged over the number of cells.
However, it has been frequently found that the behaviors of individual cells are not
identical even with the same type cells cultured in the same microenvironment. As a
result, the bulk assays usually mask some rare but crucial information and even
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cause some misleading interpretations [4-6]. Therefore, to characterize the
cell-to-cell differences and discern cellular subpopulations, single-cell analysis
becomes necessary [7, 8].

To accurately describe and elucidate the heterogeneities among single cells,
systems with high throughput and sensitivity are needed. These two requirements
have driven the development of microfluidic system, where an aqueous flow is
segmented into individual droplets within an immiscible carrier fluid (often a
mineral or fluorinated oil) to encapsulate single cell [9-11]. Such systems offer
several key advantages for single-cell analysis. The first is parallelization: multiple
identical microreactor units can be formed in a short time, and parallel processing
can easily be achieved, allowing large data sets to be acquired efficiently. The
second is miniaturization: droplet reactors have small dimensions, in the range from
subnanoliter to picoliter level, making it possible for the single-cell analysis. The
third is compartmentalization: droplets formed in the microfluidic channels can be
used as independent units for manipulation [12—-14]. Owing to these advantages,
recently droplet microfluidic technology has been applied to various fields of
single-cell research, such as signal response, nucleic acid analysis [15—18], protein
analysis [19-21], and metabolite analysis [22, 23].

In this chapter, we will introduce the recent developments and outstanding
achievements of droplet microfluidic technology in single-cell manipulation. Based
on the study procedure, the main content is divided into four parts: droplet gen-
eration, single-cell encapsulation, cell manipulation, and single-cell lysis. This
chapter will also discuss the challenges and prospect of droplet microfluidics in
single-cell analysis and provide important reference for the development of
biomedical research and application.

4.2 Droplet Generation

Although the variety of methods have been developed to drive the dispersed phase
into the continuous phase and form the droplets, the fluid behavior can be char-
acterized through some crucial dimensionless numbers, which are calculated via the
parameters of the fluid properties, flow conditions, and geometric features. The
significant physical parameters, which determine droplet formation, can be char-
acterized through calculation of the capillary number Ca = pU/y, where u (Pa s)
and U (m s ') are the viscosity and velocity of the continuous phase, and y (N m )
is the surface tension of the droplet interface. With the increase of Ca value, the
various flow regimes are defined as the squeezing, dripping, and jetting, which are
depicted in Fig. 4.1. For a more detailed discussion of these three regimes, some
brilliant publications or reviews are recommended to the readers [24, 25]. In
addition, there are also some other dimensionless number which are related to the
droplet breakup under a high flow rate or a large-dimensional geometry. For
example, Weber number (We) is used to report the relative importance of inertia
with respect to interfacial tension; Bond number (Bo) reflects the relative
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Fig. 4.1 Three regimes for droplet generation, squeezing, dripping, and jetting with an increase of
capillary number

importance of gravitational forces with reference to interfacial tension; and
Reynolds number (Re) indicates the relative importance of inertial forces with
respect to viscous forces.

4.2.1 Droplet Generation by Passive Methods

In passive methods driven by the external pumps, two immiscible fluids (dispersed
phase and continuous phase) meet at a junction, which determines interface
deformation and droplet breakup, as shown in Fig. 4.2a [22]. According to the
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Fig. 4.2 Droplet generation by passive method. a Droplets can be generated by two immiscible
fluids, and the droplet size can be adjusted by changing the ratio of oil and water flow rates, which
were controlled through a syringe- or pressure-driven pump [22]. b Droplets were produced by a
circular groove surrounded inlet [26]. ¢ Droplets were generated by centripetal forces using a
rotating microfluidic device [27]. d Droplets were generated through protrudent circular plot arrays
based on surface tension [28]
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complex geometrical design of the microchannel junction, the droplet formation can
be classified into coflow, cross-flow, and flow-focusing categories. Besides, Lin’s
laboratory also reported an approach to generate monodispersed droplets on a
microfluidic chip without using a carrier liquid, which employed a circular groove
surrounded inlet for the droplet formation, as shown in Fig. 4.2b [26]. However,
exert pumps are not the only way to produce pressure gradients for droplet gen-
eration. Hiberle et al. have presented a method which used a rotating microfluidic
device to generate the centripetal force for droplet generation in a traditional
flow-focusing geometry, as shown in Fig. 42c¢ [27]. Li et al. developed a
microdevice with protrudent circular plot arrays for the formation of nanoliter
droplets by surface tension without any additional equipment, as shown in Fig. 4.2d
[28].

4.2.1.1 Coflow

In the coflow category, the two immiscible phases flow in a set of coaxial
microchannels in the same direction. The dispersed fluid flows into an inner
channel, and the continuous phase is introduced into an outer concentric channel as
shown in Fig. 4.3a. Fischer et al. [29] were the first to report the coflow experi-
mental setup, which consisted of a cylindrical glass capillary tube nested within a
square glass tube. By ensuring that the inner dimension of the square tube was the
same as the outer diameter of the cylindrical tube, a good alignment to form a
coaxial geometry was achieved. Thorough experimental data provided by the
authors indicated that the fluid properties and flow rates were two important factors
to determine the droplet size. Increasing the continuous flow velocity reduced the
droplet size owing to a higher shear stress, while increasing the dispersed flow rate
resulted in an increase of droplet size, as a larger volume of dispersed fluid entered a
droplet before breakup. In comparison with the velocity, the viscosity of the two
phases had rather weak effects on the droplet size.
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Fig. 4.3 Scheme of three geometrical designs of the microchannel junction: coflowing,
cross-flowing, and flow-focusing
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Fig. 4.4 Common methods for generating multilayered droplets. a A double T-junction cross
structure for double emulsions [32]. b A double flow-focusing structure for double emulsions [35]

4.2.1.2 Cross-Flow

Cross-flow category is achieved by using angled microchannels. T-junction is a
common structure, in which dispersed and continuous phases flow through
orthogonal channels at a cross junction, as shown in Fig. 4.3b. Thorsen was the first
to use T-junction to generate droplets [30]. In this configuration, the main channel is
introduced with the continuous phase and the side channel is infused with the
dispersed phase. These two immiscible phases are intersected at focused zone in a
perpendicular way to generate droplets under the regulation of surface tension and
shear stress. The two asymmetric forces from side channel and main channel,
together with the surface tension, break the dispersed phase to independent droplets
[31]. The droplet formation process can be summarized as dropping, spraying, and
deformation. The droplet size and formation rate can be effectively adjusted by
changing the flow velocity, channel size, and liquid viscosity. Additionally,
multi-emulsions can be generated through reasonable use of multiple T-junction
(Fig. 4.4a) [32]. However, it should be noted, the asymmetry force in droplet
generation process will have a great influence on the cells encapsulated in droplets,
and thus, T-junction had better be used in other aspects instead of cell analysis.

In addition, some other modified geometry designs are also developed for var-
ious purposes. For instance, a “K-junction” type was reported to provide an exit
channel for the waste [33]. And a “V-junction” type was designed for a high degree
of operational flexibility [34].

4.2.1.3 Flow-Focusing

The flow-focusing geometry is composed of three channels, one main channel and
two symmetric side channels. These channels are focused on a narrow region
connecting the downstream channel, and two immiscible phases flow coaxially
through this narrow region, which has the function of shear-focusing and thus
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contributes to uniform droplet generation, as shown in Fig. 4.3c. Currently, this
method has the ability to make relatively small droplets and the droplet-generation
process is closely related to the size of the narrow region. This design has an
advantage that the dispersed phase in focused zone will only suffer from the driving
force. Since the side channels are symmetrical, force from other directions would be
counteracted, which will reduce the interference to cells and keep the droplets
stable. Similarly, the size of the droplet is determined by the flow ratio of the two
phases. The larger the velocity of the continuous phase is, the smaller and faster the
generated droplet is. Besides the size of the focusing region, the viscosity of the
liquid also influences the formation and size of droplets. Similar to the multiple
T-junction, the application of multiple flow-focusing structures can also obtain
multilayered droplets (Fig. 4.4b) [35].

4.2.2 Droplet Generation by Active Methods

As for active methods, the droplet generation can occur on-demand with the
application of an active, short-duration external forced. According to the categories
of energy sources, active method-based droplet generation can be classified into
electrical, magnetic, thermal, and mechanical methods.

4.2.2.1 Electrical Method

Electrical source can be used to modulate the size of droplets. Our group reported a
series of work that utilized the piezoelectric inkjet to generate drop-on-demand
monodispersed droplets with the volume of picoliter level. This method was easy to
control and the droplet size can be regulated by adjusting the piezoelectric actuation
including driving voltage and pulse width. As an ideal generator of droplets, inkjet
was coupled to various analytical instruments, such as mass spectrometry and
capillary electrophoresis. Chen et al. integrated drop-on-demand inkjet cell printing
and probe electrospray ionization mass spectrometry (PESI-MS) to study the
single-cell lipid. The single-cell-containing droplets were generated via inkjet
sampling, followed by precisely dripping onto a tungsten-made electrospray ion-
ization needle for immediate spray under a high-voltage electric field, as shown in
Fig. 4.5a [36]. Zhang et al. combined the inkjet printing system with capillary
electrophoresis (CE) to investigate the separation of cells, which validated the
feasibility of inkjet printing for mammalian cells to achieve the drop-on-demand
and convenient sampling into capillary [37]. Further, they developed a novel and
flexible online digital polymerase chain reaction (dPCR) system, which consisted of
an inkjet for generating the droplets, a coiled fused-silica capillary for thermal
cycling, and a laser-induced fluorescence detector (LIFD) for positive droplet
counting. Upon inkjet printing, monodisperse droplets were continuously generated
in the oil phase and then introduced into the capillary in the form of a stable
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Fig. 4.5 Droplet generation by electrical methods. a Inkjet printing-based droplet single-cell MS
analysis [36]. b Inkjet printing-based droplet PCR analysis [15]. ¢ Droplet generation via gravity
and electrostatic attraction for ESI-MS analysis [39]

dispersion. The droplets containing one or zero molecules of target DNA passed
through the helical capillary that was attached to a cylindrical thermal cycler for
PCR amplification, resulting in the generation of fluorescence for the DNA-positive
droplet, as shown in Fig. 4.5b [15]. Korenaga et al. also utilized the inkjet printing
technique as a sample introduction method to pattern cells onto ITO glass substrate
for MALDI-MS detection, allowing the sample diameter with the range of a few
hundred micrometers [38]. Apart from inkjet for the droplet formation, Liu et al.
generated submicroliter droplets via gravity and electrostatic attraction and pro-
vided a proof-of-principle experiment to show the utilization of paper-based elec-
trospray ionization mass spectrometry (ESI-MS) in the online analysis of the
generated droplets, as shown in Fig. 4.5¢ [39]. Further, based on this mechanism
and protocol of droplet formation, they established a homemade microdialysis
module for ESI-MS [40]. Besides, Link et al. incorporated electrodes with a con-
stant direct current voltage into the flow-focusing device, as shown in Fig. 4.6a,
where the water flow acted as a conductor, and the oil stream served as an insulator.
This led to the accumulation of charge at the droplet interface, and thus, electrical
field force also played an important part in controlling the droplet size apart from
the interfacial tension and viscous force [41]. The higher the voltage was, the
smaller the droplet size was. Additionally, an alternating current can also be applied
to generate the droplets via the electrowetting-on-dielectric (EWOD) effect, because
the contact angle between the conductive liquid flow and the channel could be
reduced by exerting an electrical field.
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Fig. 4.6 Droplet generation by active methods. a Droplet generation by applying a direct current
voltage [41]. b Droplet generation by applying a magnetic field [42]. ¢ Droplet generation by
thermal method [43]. d Droplet generation by optical method [45]

4.2.2.2 Magnetic Method

The droplet formation can also be achieved through the non-contact, magnetic
control, such as ferrofluids which can be suspended in either aqueous or oily carrier
liquid. Nguyen et al. reported a method to use an aqueous ferrofluid as the dispersed
phase, and the magnetic force could drag the ferrofluid tip forward until the droplet
formation, Fig. 4.6b [42]. A magnetic bond number, Bm, indicating the relative
strength of the magnetic force to interfacial tension, is used to characterize the
droplet behavior.

4.2.2.3 Thermal Method

The thermal source can be used to control the droplet generation owing to the
dependency of Ca on the temperature, because the fluid properties such as viscosity
and interfacial tension can vary with the temperature. The whole device or junction
can be heated, and thermal resource can also be introduced through a localized laser
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irradiation. A previous study has report that the droplet generation was modulated
by integrating a microheater and a temperature sensor into a flow-focusing device,
as shown in Fig. 4.6¢c [43]. The fluid viscosity and interfacial tension were nor-
malized as the functions of the temperature, and the results suggested that the
droplet size could be well controlled by the temperature.

4.2.2.4 Optical Method

Optical method has been used to generate picoliter-level droplet, even achieving to
create femtoliter-volume droplets on-demand in nanofluidic channels [44]. Park
et al. used a focused pulsed laser to produce a cavitating microbubble in the
neighborhood of a T-junction position, generating picoliter-level monodispersed W/
O droplets during a few milliseconds with a rate of up to 10 kHz (Fig. 4.6d) [45].

4.3 Single-Cell Encapsulation

Since the delivery of cells to the droplet-generation nozzle is a random process with
a Poisson distribution, accurate control of the number of cells in each droplet is
challenging [46]. Usually, the cell suspension is largely diluted for the requirement
of single-cell encapsulation, which leads to a large number of empty droplets [47].
Consequently, a variety of methods to remove droplets containing no cells have
been developed. Viovy et al. were the first to report a purely hydrodynamic
approach to confine the single cells into a picoliter-level droplet prior to sponta-
neous self-sorting based on the sizes. A cell-triggered Rayleigh—Plateau instability
in a flow-focusing structure helps the single cells to be encapsulated in the droplets.
Two extra hydrodynamic mechanisms, lateral drift of deformable objects in a shear
flow and sterically driven dispersion in a compressional flow, realized the
self-sorting, as shown in Fig. 4.7a [48]. This method was demonstrated to have a
significant improvement in single-cell encapsulation and the sorting rate could
reach 70-80%. Further, Chen et al. presented a passive separation strategy, which
used a droplet jetting generator and a deterministic lateral displacement
(DLD) size-sorting channel to encapsulate single cells into aqueous droplets and
separated cell-encapsulated droplets from empty droplets for subsequent assays.
Due to the cell-triggered Rayleigh—Plateau instability in the process of droplet
jetting, large cell-containing droplets (diameter 25 pm) and small empty droplets
(diameter 14 pm) were generated. Then, size-based sorting was performed inside
the DLD micropillar channel, where the critical dimension for separation is defined
by geometric design [49]. Furthermore, to avoid the restrictions of cell stochastic
encapsulation, one cell should be present whenever a droplet is produced. This can
be achieved by regulating cells in the direction of flow with the same frequency
when they enter the microfluidic nozzle. Toner et al. have reported a method that
allowed cells self-organizing into two evenly spaced streams and 80% single-cell
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encapsulation efficiency could be obtained when a high-density suspension of cells
was forced to travel rapidly through a high aspect-ratio microchannel, as shown in
Fig. 4.7b [50]. Kemna et al. used a Dean-coupled inertial ordering of cells in a
simple curved continuous microchannel to achieve single-cell encapsulation in
picoliter droplets with an efficiency of up to 77%, as shown in Fig. 4.7c [51].
Further, another method was developed by using a short pinched flow channel
composed of contracting and expanding chambers to conduct inertial focusing
along the channel center, which quantified the single-cell encapsulation efficiency
>55%, as shown in Fig. 4.7d [52].

Although a variety of studies have been reported to circumvent the block of low
single-cell encapsulation efficiency, yet the optimal encapsulation efficiency was
less than 80%. Thus, more studies are suggested to further address this issue from
the point of technical development.
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Fig. 4.7 Methods for improving the single-cell encapsulation efficiency. a Size-based droplet
sorting after single-cell encapsulation by a hydrodynamic approach [48]. b—d Inertial flow-based
cell spacing and single-cell encapsulation via (b) a high aspect-ratio straight channel [50]. ¢ A
curved channel [51]. d A short pinched flow channel [52]
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4.4 Cell Manipulation

With the development of microfluidic chip, the cell manipulation technology
coupled with microfluidic techniques becomes a promising tool for single-cell-level
manipulation. To reduce the interference of useless cells and obtain the single pure
target cell for the single-cell analysis, such as genetic analysis, protein analysis, and
metabolism analysis, a variety of single-cell manipulation techniques have been
developed. These manipulation techniques can be divided into passive and active
methods [53]. Passive methods use rationally designed microfluidic structures to
control cell positions, for instance, pinched flow [54] and deterministic lateral
displacement [55]. Active methods use actuators to manipulate cells and are clas-
sified depending on the externally applied manipulation forces: electrical [56],
optical [57], magnetic [58], acoustic [59], and mechanical. The advantages and
drawbacks of each cell manipulation technique were described in this part.

4.4.1 Microstructures Manipulation

The precise design of microstructures including microwells, microbarriers, and
microtraps can be used in biological study, such as cell capture, pairing, patterning,
and subsequent cell culture [60-62]. These approaches have the advantages on
high-throughput, high-efficient, and ease of operation and have been extensively
used in single-cell systems. Sarioglu et al. [63] developed a Cluster-Chip that
contained a series of triangular pillars, and these unique geometries were exploited
to differentiate CTC clusters from single cells in blood. This strategy realized
specific and label-free isolation of CTC clusters from patients with various cancer
types, and then achieved the release of CTC clusters, allowing for downstream
molecular and functional assays. Lecault et al. [64] developed a microfluidic
platform containing thousands of nanoliter-scale chambers for longer-term mam-
malian cell culture. This platform enabled in situ immunostaining and recovery of
viable cells, and was applied to high-throughput investigation of hematopoietic
stem cell proliferation at the single-cell level.

4.4.2 Electrical Manipulation

Electrokinetic forces originating from the electric field have been widely applied to
microfluidic cell manipulation owing to the feasibility of integrating microelec-
trodes in microfluidic chips [65]. Generally, electrokinetic manipulations were
classified into three categories: electrophoresis [66], dielectrophoresis [67], and
electroosmosis [68], and these techniques have all been realized on microfluidic
chips.
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Fig. 4.8 Schematics of electrical manipulation techniques for single cells. a Electrophoresis
manipulation. Cells with negative charge move toward the positive electrode. b Electroosmotic
flow manipulation. Negatively charged ions moving toward the positive electrode induce
secondary fluid movements for cell manipulation [70]
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4.4.2.1 Electrophoresis

Generally, most cells membrane were negative at neutral pH. Thus, suspended cells
with negative charge will move toward a positive electrode direction under the
application of a constant electric field [69]. In a solution, the cells obtain a velocity
resulted from a force balance, where the dominant forces exerting on the cell are the
Coulomb and drag forces. For the separation of different cell types, it is necessary
for the cells to have different charge or size [65], and this separation mode is called
electrophoresis (EP) (Fig. 4.8a) [70]. Takahashi et al. [71] have developed a device
which enabled two laminar flow streams to converge at the center. Cells are
introduced in one stream and imaged thirty times per second as they pass the
convergence point. At the position where the electrodes were connected between
the two streams with an applied voltage, certain specific cell was recognized
depending on the phase contrast and fluorescence, and the electrophoretic force
causes the cell to jump from one stream to the other. Likewise, Guo et al. [72]
sorted single-cell-containing droplets into different streams through a pulsed electric
field. However, it should be noted, it is not a good alternative to use electrophoresis
to separate the heterogeneous cell suspensions, because the specificity of elec-
trophoretic migration is not obvious between cells [65, 73].

4.4.2.2 Dielectrophoresis

In comparison with electrophoresis, dielectrophoresis is a more popular method for
cell manipulation owing to the higher specificity in dielectric properties among
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various cell types. There are also some other advantages, such as harmless to the
cell, pre-treatment free, high precision and easy to manipulate an individual cell.
And this term “dielectrophoresis” was first presented by Pohl in 1951, who used
small plastic particles suspended in insulating dielectric liquids to perform signif-
icant early experiments and found that the particles could move in response to the
application of a non-uniform alternating current or direct current electric field [74].
Currently, dielectrophoresis has been developed in single-cell manipulation field by
acting a non-uniform electric field upon a neutral object. The magnitude of DEP
force is determined by the size, shape, electrical property of the single cell, and the
electric field gradient. For a spherical cell, it could be assumed that the electric field
(E) does not change significantly over the cell surface. As a result, the
time-averaged dielectrophoresis force (Fpgp) could be calculated according to the
following equation.

(Fop) = 217 emRelfom ()| V|E]?

Here, r was the radius of cells, ¢, was the permittivity of the culture medium,
and V|E|* described the intensity of the electric field at each point, regardless of the
direction. And an important term, real part of Clausius—Mossotti (CM) factor (Re
[fem(w)]) determined the direction of the dielectrophoresis force and controlled the
direction of cell motion, which was defined based on the dielectric properties of the
cells and culture medium, and was a function of the applied frequency. The
Clausius—Mossotti factor can be described as a function of the medium and the
particle complex permittivities as follows:

where ¢ (w) and &}, (o) represent complex permittivity of cells and culture medium,
respectively. And complex permittivity is dependent on permittivity (¢), conduc-
tivity (o), and angular frequency (w = 2nf) of the applied electric field, which can
be described as follows:

" . .Ocorm
Ecorm — €0€corm —J 27'Cf

For mammalian cells, dielectric properties can be formulated by the protoplast
model. CM factor for live cells can be rewritten as the following equation:

wz(rmrz — TeTm) Hjo(Th, — tm — 7)) — 1

feu() = - @? (2Tt + 1 Th) — jo(Th + 2Tm +T5) — 2

where 1} = cmr/o. and 7. = & /0. are time constants for cells. ¢, is membrane
capacitance. ¢, and &, are conductivity and permittivity of cells, respectively. In
addition, 7}, = cyr/om and 1, = &y/0n, are time constants for medium. ¢, and &,
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represent conductivity and permittivity of medium, respectively. The value of fom
factor is limited within —0.5 to 1 and changed with the frequency. When the value
is <0, the cells are less polarizable than the culture medium and suffered from a
negative dielectrophoresis force, which drives the cell to move toward the direction
of weak electric field intensity. When the value >0, the cell will move toward the
strong electric field under the manipulation of a positive dielectrophoresis force.
Based on the theory of dielectrophoresis, a large number of device have been
designed for single-cell manipulation including cell separation [75], trapping/
capturing and release [76].

The electric field gradient can be determined by different electrode shapes.
Consequently, various electrode shapes have been designed for cells or particles
manipulation, such as ring electrode Fig. 4.9a and b [77], quadrupole electrode
Fig. 4.9¢, d [78]. Further, actuation electrodes have been integrated into micro-
fluidic chip for the dielectrophoresis manipulation of single cell. Park used such an
integrated chip to detect the trapping single cell through the impedance method, as
shown in Fig. 4.10 [79]. For high-efficient single-cell trapping and analysis, an
integrated microfluidic chip containing a microwell array inside was reported [80].
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Fig. 4.9 Different electrodes applied with voltage to generate non-uniform electric field for
single-cell manipulation. a, b Ring electrode [77]. ¢, d Quadrupole electrode [78]
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4.4.2.3 Electroosmotic Flow

Similar to preceding discussion about electrophoresis and dielectrophoresis,
electroosmotic-based separation was also caused by an applied electric field.
However, they have different phenomenological process. Electroosmotic flow
(EOF) refers to fluid motion with the direction of inducing solvated ion transport
under an electric field (Fig. 4.8b) [70]. Dittrich and Schwille have reported a sorting
microchip that leveraged a pump to drive primary flow to create electroosmotic
flow, and this pressure-driven method enabled a fast and stable flow rate, allowing a
high-throughput cell sorting [81]. The advantage of electroosmotic flow typically
lies in the precise control of volumetric flow through various channels occupying
the same microfluidic device. However, to use the electroosmotic flow to manip-
ulate the single cell, the electrodes have to be fabricated on the microfluidic chip,
leading to complicated operation. What is worse, it is harmful for cells to be
exposed to electric fields, resulting in a decrease of cell viability. Despite all these
defects, this method has the ability to precisely control small volumes-based cell
separation.

4.4.3 Optical Manipulation

A few decades ago, a focused laser was found that could propel microparticles in a
liquid, and this was the origination of optical manipulation [82]. In the following,
these researchers used a tightly focused laser to achieve stable trapping, forming the
foundation of contemporary “optical tweezers” [83]. Optical tweezers are signifi-
cant tools and have been used to manipulate single cells on microfluidic chips,
which rely on a tightly focused laser beam to manipulate single cells with little
damage to the cell behaviors. In an optical process, single cells are easily trapped at
the focal point of laser beams, which enables the isolation of single cells with great
convenience (Fig. 4.11a) [84]. Similar to the dielectrophoresis, the behavior of cells
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Fig. 4.11 Schematics of single-cell manipulation via optical and magnetic method. a The cells are
repositioned toward the appropriate outlet under the manipulation of the optical tweezer. b The
target cells labeled with magnetic beads are manipulated to move toward a distinct outlet compared
to the nontarget cells [84]

is determined by their refractive index compared to the surrounding fluid. The cells
will migrate toward the region of highest light intensity when the cells’ refractive
index is higher than that of the surrounding fluid and vice versa. More detailed
descriptions can be found elsewhere [85, 86]. Osellame et al. integrated a fem-
tosecond laser to an optofluidic device for optical trapping and stretching of single
red blood cells, which provided accurate alignment between the optical and fluidic
components, as shown in Fig. 4.12a [87]. Kim et al. integrated optical tweezers to
microfluidic chip as a generic single-cell manipulation tool for handling small cell
population sorting with high accuracy, as shown in Fig. 4.12b [88]. Kovac et al.
have fabricated a microwell array on a microfluidic chip, where the mammalian
cells could load. Then, target cells were selected by microscopy and were levitated
from their wells into a flow field for collection by using the scattering force form a
focused infrared laser, as shown in Fig. 4.12c¢ [89].

4.4.4 Magnetic Manipulation

Magnetic manipulation methods are required to conjugate the magnetic particles to
cells via a cell-specific antibody on the magnetic particle. Subsequently, these
specific cells can be separated by passing the sample through a microfluidic device
exerted a magnetic field or magnetized surface (Fig. 4.11b) [84]. In comparison
with the electrical cell manipulation, which requires electrodes in contact with the
cell suspension and may damage the cell viability owing to the electrochemical
reactions at the electrode fluid interface, magnetic manipulation enables simplicity
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Fig. 4.12 Single-cell manipulation by optical methods. Various structures of optical manipulation
devices. a Single cells are trapped at the focal point of laser beams [87]. b Sing cells are separated
depending on the size of cells by optical force [88]. ¢ Single cells trapped in a microwell are
pushed out of the microwell by using an optical manipulation technique [89]

and capacity to separate via action at a distance is a significant advantage compared
to. Wang et al. have reported that they isolated CTCs from whole blood through
treating whole blood with magnetic nanoparticles that were functionalized with
anti-EpCAM antibody [90]. Liu et al. developed a simple and straightforward
approach, which used NIH 3T3 cells incubated in a medium containing magnetic
fibers as assay samples, to fabricate magnetic nanofiber segments for cell manip-
ulation. The result showed that cells can be conveniently manipulated with a
magnet, as shown in Fig. 4.13 [91].

4.4.5 Acoustic Manipulation

Recently, acoustic manipulation has attracted much attention owing to the negli-
gible impact on cell viability [92]. The mechanism of acoustic manipulation was
that an acoustically generated pressure wave can induce cell movement, and several
subdistinctions of acoustic cell manipulation was classified depending on the wave
type: bulk standing waves, standing surface acoustic waves, and traveling waves.

Bulk standing waves can be created in microfluidic channels when the applied
wavelength matches the spatial channel dimension. Consequently, along the wave’s
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Fig. 4.13 a—c Schematic of magnetic particle doped nanofiber segments in water drops on a glass
slide. d—k Showing cell movement path, controlled by an external magnetic field. The scale bar is
20 pum [91]

path, two distinct regions appear across the channel, where the first is termed a node
without a pressure fluctuation and the second is termed an antinode with a fluc-
tuating pressure alternating between a minimum and maximum, as shown in
Fig. 4.14a [70]. Cells will have a response to the standing wave according to their
acoustic contrast factor when they flow through the channel. And the acoustic
contrast factor is determined by cell density and compressibility relative to the
surrounding medium. Cells having a positive acoustic contrast factor will move
toward the node, while cells with negative acoustic contrast factors will be driven to
the antinodes. Thus, the single cells can be divided into different outlets. Grenvall
et al. [93] integrated a two-dimensional acoustic focusing region on a microfluidic
chip, where the cells could be separated to five different outlets based on the size of
the cells, as shown in Fig. 4.15. This device has capacity to sort white blood cells of
high purity and viability.

Standing surface acoustic waves (SSAW) are formed along the bottom of a
microfluidic channel using interdigital transducers (IDTs) that are mounted on a
microfluidic chip in the form of a piezoelectric substrate. The modes of acoustic
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Fig. 4.14 Schematics of cell manipulation by acoustic methods. a Acoustic manipulation via bulk
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generated by interdigitated electrodes position cells at distinct streamlines [70]
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Fig. 4.15 A schematic of on-chip cell manipulation with two-dimensional acoustically focused
region [93]

wave in the fluid varied from a transverse wave to a longitudinal wave, allowing the
generation of a pressure node. The cells are separated into different streamlines and
outlets through these acoustic waves generated by the cross-shaped electrodes, as
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Fig. 4.16 A schematic of droplet-sorting device according to the principle of standing surface
acoustic wave [94]

shown in Fig. 4.14b [70]. Since the standing surface acoustic wave has the ability to
move the cells or particles into different deflection based on the different contrast
factors in the fluid, it is a flexible approach for single-cell manipulation in com-
parison with bulk standing waves. Li et al. [94] have reported to use a standing
surface acoustic waves-based chip to manipulate the W/O droplets into five dif-
ferent outlets, as shown in Fig. 4.16.

Although most of the acoustic-based cell manipulation is based on standing
waves, traveling acoustic wave is still an alternative for single-cell manipulation.
Contrary to the standing wave which usually needs to match the wavelength of the
acoustic wave with the width of the microfluidic channel, the traveling wave breaks
this restrict without the limitation of wavelength. Schmid et al. applied a
fluorescence-induced traveling wave to sort cells into three channels and the cell
sorting rate was increased by a factor of 10 in comparison with the use of a standing
surface acoustic wave [95].

Similar to electrically based cell sorting, it is necessary for the acoustic method
to integrate a sensor on the chip, leading to a complex manufacturing and an
increased cost.

4.4.6 Mechanical Manipulation

Mechanical methods use mechanical forces, such as gravity, hydrodynamic, and
suction to manipulate cells. Rettig et al. designed different microwell dimension
arrays for large-scale single-cell trapping [96]. They investigated some parameters,
including microwell diameter, microwell depth, and settle time, to maximize
single-cell occupancy for two cell types. There are also some other structures for
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Fig. 4.17 Different shapes for cells trapping. a Cells capture by a U-shaped structure [97]. b Cells
captured in U-shape with Y-shaped fluidic guide [98]. ¢ Four kinds of different structure for cells
capture [99]

cell manipulation base on hydrodynamic. For example, a physical U-shape
hydrodynamic trapping structures array has been developed for single-cell trapping
and culture, as shown in Fig. 4.17a [97]. Chen et al. designed another structure for
cells capture, where the first layer consists of spacers to create a small gap between
the upper layer and glass and the second layer is a U-shaped compartment with
sharp corners at the fore-end. And a Y-shaped fluidic guide structures are designed
on the top of each U-shaped capture structures, shown in Fig. 4.17b [98].
Furthermore, there was another highly efficient single-cell capture device using
hydrodynamic guiding structures, and four types of cell capture module were
designed and tested for optimal structure. The results showed that the capturing
efficient of this single-cell capture chip was more than 80% and the structures for
single-cell trapping were shown in Fig. 4.17¢ [99].

Despite the continuous improvement of the structures, however, those designs only
can be used for one or several kinds of cells owing to its manipulation principle based
on both geometric size of cells and capture structures. Thus, the method leveraged
suction for cell manipulation was presented. A micromanipulation method for single
prokaryotic cells extracting was proposed, shown in Fig. 4.18 [100]. Similarly,
another design depending on the method of suction was presented by Anis and
coauthors. They integrated a picoliter pump into a robotic manipulation system, where
this picoliter pump could automatically select and transfer single target cells onto
analysis locations. Using this method, they successfully accomplished single-cell
manipulation with Barrett’s esophagus cells [101].
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Fig. 4.18 Workstation and schematics of procedure for isolating the single bacterial cell.
a Aspirate the spread cells through a Bactotip. b Spread bacterial culture on a cover slip. ¢ Suspend
bacterium using sterile solution. d Aspirate suspended cell [100]

4.5 Single-Cell Lysis on Microfluidics

Once a target single cell is captured, the biomolecules in the cells are required to be
extracted for the following assay. To extract the molecule inside the cells, the cell
plasma membrane has to be disrupted. Conventional strategies for membrane dis-
ruption can be classified into two aspects, non-detergent and detergent-based.
Non-detergent-based methods include mechanical agitation, liquid homogenization,
temperature cycling, and sonication. However, these methods are suitable for many
cells in suspension or larger tissue samples rather than single-cell analysis.
Detergent-based cell lysis is much milder and quicker approach in comparison with
mechanical, sonication, and freeze—thaw cell lysis, and can be scaled down for
single cells. Detergents play a role in disrupting interactions between lipids and
proteins, and can be characterized depending on the nature of their hydrophobic tail
and hydrophilic head. For the selection of detergent, general rules are useful;
nonionic or zwitterionic detergents are less denaturing compared with ionic
detergents, and therefore, they are used when the native protein structure or func-
tion need to be maintained. To maintain the native structure and expression of the
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biomolecules, a frequent goal of cell lysis is to minimize their alteration as much as
possible. That is to say, the lysis approach must be both gentle and rapid. For
single-cell analysis, some commonly used methods, such as sonication, freeze—
thaw, and detergent may exist their disadvantages: excessive heat generation, long
protocols, and arduous implementation. However, the development of microfluidic
technology has enabled new cell lysis approaches, specifically suited for single
cells.

4.5.1 Mechanical Lysis

Mechanical force induced by shear, compression, collision with sharp features, and
so on has been used to puncture the cell membranes. Kim et al. [102] fabricated a
microfluidic chip with spatio-specific and reversible channel for the mechanical
strain application and release, and this design was successfully applied to single-cell
lysis. In this performance, channels were created via applied strain and a single cell
was placed in the newly formed channel, subsequently, the strain was released and
the channel was collapsed, the single cell was lysed via compression. However, it is
a pity that this method required manual handling to put the single cells into the
channels. Hoefemann et al. [103] proposed a single-cell lysis method using a
continuous microfluidic flow, which can lyse the single cell in less than 20 ms with
100% efficiency. When the cells passed through an integrated heater, they were
compressed against the channel ceiling owing to the generated bubbles, as shown in
Fig. 4.19a. However, it should be noted that a following single-cell assay was not
performed in this report. Consequently, we should consider some factors, such as
lysate diffusion and compartmentalization before we used this method for the
single-cell molecular analysis.

4.5.2 Thermal Lysis

Thermal lysis can be a good alternative when some additional reagent such as
enzymatic or detergent may contaminate the intracellular biomolecules. However,
as some biomolecules are heat-sensitive, careful consideration and precise control
of the temperature is required. Consequently, it is rare for protein analysis to use
thermal cell lysis. Instead, this method is frequently used for parallel, on-chip PCR
analysis that requires additional temperature cycling. Gong et al. loaded a large
number of single cells into on-chip wells and conducted cell lysis by heating the
chip to 50 °C for 40 min, followed by DNA amplification through temperature
cycle [104]. Besides, the lysis time is also another critical limitation for thermal
lysis. Considering that the occurrence of thermal lysis generally needs a timescale
of minutes, thus this technique is not suitable for monitoring intracellular signaling
events which occur within seconds [105]. This reason explains that thermal lysis is



108 W. Zhang et al.

(b)

Cell
capture

Cell

lysis
‘1E =8 .
. _/"/1

(d) T

Live single-cell extracior

Cell adhesion mo'ecules (CAMs):
C Live single-cell extracting process

Fig. 4.19 Schematics of methods for single-cell lysis. a Single-cell lysis by mechanical methods.
Single cells are lysed when passed through the bubble generated above the heater [103].
b Single-cell lysis by chemical methods. Lysis buffer is mixed with the single cell trapped in the
chamber [106]. ¢ A microfluidic device for single-cell lysis in adherent cell culture. The device tip
is positioned at the single cell and a hydrodynamically focused lysis buffer selectively lyses the
target cell [117]. d A microfluidic chip for live single-cell extraction, which can be used to study
the single-cell detachment process

most frequently used for gene expression with the occurrence of several hours. In
addition, thermal lysis has also been applied to some droplet microfluidic platforms
for continuous single-cell PCR research.

4.5.3 Chemical Lysis

Chemical lysis has become a popular technique for single-cell lysis owing to its
long history of application to bulk cellular analysis. The instruction of reagents can
be regarded as a guide for selecting the appropriate lysing protocol for single cell.
Many factors can determine the lysing speed, including the kind of detergent or
enzyme being utilized, the concentration, and the contact efficiency. Ionic deter-
gents such as sodium dodecyl sulfate have a fast lysis rate in comparison with
nonionic detergents such as Triton X-100. However, the proteins will be denatured
under the condition of ionic detergents. Generally speaking, the maximal contact
efficiency is desirable for faster cell lysis, while it is challenged to perform this in
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microfluidic systems, because molecular transport and mixing are dominated by
diffusion in such a device where microscale flows typically occur in the viscous
flow regime. Shi et al. [106] have reported a method that they used cell lysis buffer,
which was brought into contact with cells strictly via diffusion, to lyse single cells
isolated in microfluidic chambers. 20 min lysis buffer diffusion was allowed, and
another 20 min was used for incubation. As mentioned above, the lysis time limits
the study for faster occurring intracellular events. To overcome this obstacle, some
additional installations, such as peristaltic pumps, syringe pumps, actuating valves
(Fig. 4.19b), or manual pipet injections are applied to sequentially move reagents
across cells for a thorough mixture [107-111]. Additionally, chemical lysis can be
used for continuous single-cell analysis by simultaneously performing cell com-
partmentalization and lysis. DeKosky et al. [112] used a flow-focusing nozzle to
encapsulate single lymphocytes in lithium dodecyl sulfate-containing droplets, and
the lysis efficiency was reported to reach 100%. A large number of research about
RNA sequencing [113, 114], PCR [113, 115], and single-cell enzyme activity [116]
have been reported by using the droplets for single-cell compartmentalization and
chemical lysis.

Despite the great progress of single-cell lysis, most of them require cells to be in
suspension for the manipulation, making it difficult to correlate single-cell data with
their native context such as intact tissue or adherent cultures. Some previous reports
have suggested that cell surface receptor activation or protein modification would
change upon removing from native context and these changes are challenged to be
measured [105]. To circumvent this limitation, Sarkar et al. [117] presented a
strategy that can selectively lyse a single cell and capture lysate in adherent status
with a minimal dilution. In this microfluidic chip, an outflow of lysis buffer was
produced at a device tip, and the lysis buffer is hydrodynamically confined to a
small scale by a balanced surrounding inflow of lysis buffer, as shown in Fig. 4.19c.
Similarly, Lin’s laboratory [3] presented a live single-cell extractor (LSCE) for the
study of adhered single cells on a cell culture dish based on laminar flow
(Fig. 4.19d). The tip of the LSCE fabricated with PDMS was immersed perpen-
dicularly into a Petri dish, where the adhered single cells were extracted in auto-
mated mode. A stable microjet of laminar flow occurred underneath the tip of the
LSCE when the ratio of aspiration to injection was sufficiently high, allowing the
extraction of adhered cells. Despite the low throughput and manual position, this
method is unique in its ability to analyze single-cell protein activity in adherent cell
culture.

4.5.4 Electrical Lysis

The bilayer of cell membrane suffers from reorientation and thermal phase transi-
tions and new pores can be formed upon exposure to an electric field [118]. The
formation of the pore is reversible when the electric field is mild (0.2—1 V) and the
exposure time is short, which is termed electroporation and is frequently applied to
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deliver therapeutic and genetic materials into cells [119]. On the contrary, the
formation of the pore is permanent with strong electric fields or prolonged expo-
sure, leading to an unbalanced osmotic pressure between the cytosol and the sur-
rounding media, followed by the swell and rupture of the cells. Additionally, a high
electric field can also cause rapid cell rupture [120]. Electrical cell lysis is preferred
because it can be tuned for rapid cell lysis without denaturing target biomolecules.
Another advantage is that the cell membrane or organelle membrane can be
selectively ruptured owing to the difference between their membrane potential
[121]. Young et al. designed a microfluidic device for electroosmotic flow posi-
tioning and electrical lysis of a single lymphoma cell with a success rate of 80%.
And it takes approximately 60 s on average from cell injection to cell lysis [122].
Kim et al. loaded 95% 3600 wells with single cells by integrating microwell
compartmentalization, DEP immobilization, and electrical cell lysis all on one
chip. Under the condition of pressure-driven flow, reagent exchange was done
rapidly in 30 s without perturbing the cell positioning [80]. The lysates can be
confined by physically closing the wells through pressing a PDMS membrane on
top of the wells. Subsequently, 100% of trapped cells were simultaneously lysed
under a series of 30 V electrical pulses. Contrary to the thermal lysis or chemical
lysis, electrical methods offer rapid cell lysis without the damage of an assay’s
target biomolecule and avoid potential target contamination. Nevertheless, electrical
lysis is not free limitation because electrical lysis requires integration of electrodes
and respective control systems on a microfluidic chip, causing a block to clinical
application.

4.6 Conclusions and Perspective

Since the technological advances in amplification, sequencing, and microfluidics,
the single-cell analysis becomes particularly exciting, and the single-cell research is
believed to have a profound influence in cancer diagnosis, immunology, and stem
cell research. Up to now, a number of single-cell manipulation techniques have
been reported, especially for the droplet-based microfluidic. There is no doubt that
innovative manipulation techniques have made great contributions to the field of
single-cell analysis and will continue to play an important role. However, despite
the great progress in single-cell manipulation, most of them still require further
parameter optimization for standardization and commercialization. Moreover, the
manipulation techniques should also fulfill some purposes, such as obtaining the
target cell with high purity, high efficient, high throughput, low injury, and high
precision. Besides, many studies ignored the influence from the cells’ native tissue,
leading to the cell’s behavior change. To analyze the exact preclinical samples for
current clinical trials, single-cell manipulation techniques need to be further
developed for handling the cell in native context.
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