Chapter 7
Droplet-Based Microfluidic Technology
for Cell Analysis

Junming Wang and Jin-Ming Lin

Abstract The mainstream of microfluidic chip research has transformed from the
platform construction and method development to a wide range of applications. As
a typical multiphase micro-functional unit, the droplet can be used as an inde-
pendent microreactor with a volume ranging from pL to nL. and formation rate up to
thousands of droplets per second. It has the advantages of restricted diffusion,
accelerated mixing, high heat transfer, effective mass transfer and so on.
Droplet-based microfluidic technology has been emerged as a powerful tool to carry
out high throughput screening and droplet manipulation research. Thus cell anal-
ysis, especially single cell analysis, and cell manipulation in droplets are easy and
effective to be implemented with the assistance of a series of analytical methods. In
this Chapter, we have briefly introduced an overview of droplet generation and
corresponding principle by microfluidic chip. Besides, some usual methods coupled
with droplet analysis have also been presented such as fluorescence analysis, mass
spectrometry, capillary electrophoresis and others. Then we have mainly discussed
the progress of droplets in cell analysis of recent decades. Finally, a summary and
possible predication of droplet-based microfluidic chip are made at the end of this
chapter.

Keywords Microfluidics - Droplet - Single cell analysis - Cell manipulation

7.1 Introduction

The microfluidic technology, also known as Lab Chip, or Micro-Total-Analysis
Systems (LTAS), has developed rapidly in last decades and became core tools of
research in a broad range of fields, such as biology, medicine, pharmacy, tissue
engineering, material science and so on [1-3]. Especially in cell biological studies,
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microfluidic technology can revolutionize and replace the traditional methods of
utilizing multi-well plates and microscopy slides for the observation and analysis of
cell cultures in vitro. The main reasons of such dramatical superiority are from giant
advantages of microfluidic technology in cell research [4—7], including: (1) the sizes
of microfluidic channels are usually range from 10 to 100 um, which is almost
commensurate with cell size and shape, making it benefit for the accurate manip-
ulation and analysis; (2) the multidimensional mesh structure of microfluidic chips
has formed sealed micro-environment, similar with cellular environment in vivo;
(3) the requirement of cells and other reagents can be significantly reduced as the
tiny space in microfluidic chips, thus saving much costs and sample consumption;
(4) microfluidic chip can integrate diverse technologies and laborious research
operations, such as sample preparation, introduction, cell culture, reaction, sorting,
separation and detection, into a piece of intact chip, contributing to integration and
automation of practical application in the future; (5) it can get abundant biological
information via high-throughput assay; (6) the primary materials constructing
microfluidic chips, such as PDMS (Polydimethylsiloxane), have good biocompat-
ibility, good permeability and transparence, convenient for cell culture, observation
and study; (7) high surface to volume ratios can accelerate energy transfer and often
reduce reaction time, providing effective cell research environment. All of these
inherent and extrinsic superiority make microfluidic technology expand fast and
widely applied.

Droplet-based microfluidics, as one subcategory of microfluidics, is a newly
developed technology for precise and accurate manipulation of many or single
individual small volume droplet [8]. It not only possesses the advantages of
microfluidic technology above mentioned, but also overcomes some shortcomings
of conventional limitation, such as the restricted liquid mixing in the channel due to
laminar flow driven pressure, cross contamination of samples easily happened in
narrow space and so on [9]. At the same time, this technology also has a higher
specific surface area, higher mass and heat transfer efficiency, shorter diffusion
distance, less reagent consumption and other merits. Two immiscible phases, such
as water and oil, are utilized to produce discrete tiny droplets of femoliter to
microliter volumes, with a high speed up to 20,000 per second [10]. One phase is
named as continuous phase (also mobile phase), and the other is dispersed phase.
Their roles and compositions can be exchanged depending on purpose of study.
Unlike other microfluidic continuous-flow systems, droplet-based microfluidic
technology creates a clear separation space between droplets, thus to isolate and
obtain smaller, easier to control, independent but intact rooms for cell research.
Since a large number of micro-chambers can be produced in a very short time,
parallel processing and experiments can be easily achieved, which provides the
basis for obtaining large amounts of data. Hence, droplet-based microfluidic tech-
nology is also more superior than the common microfluidic technology in
high-throughput study and analysis. As mentioned reasons, droplet-based micro-
fluidic technology is widely used in enzyme kinetics research and analysis, protein
crystallization, nanoparticle and molecular synthesis, single cell analysis and so on
(Fig. 7.1). In the whole process of droplet-based microfluidic technology, a series
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Fig. 7.1 Some main applications of droplet-based microfluidic technology (Reprinted with
permission from Ref. [11])

of functions such as micro-droplet generation, transport, split, fusion, sorting,
positioning, capture and control of two-phase behavior, can be realized easily and
combined with other analytical detection techniques for further study (Fig. 7.2)
[13-15]. Therefore, it has been developed rapidly in recent years and become one
potential trend of microfluidic technology.

Of course, some shortcomings not beneficial for cell culture and research also
exist in droplet-based microfluidic technology. For example, the interior of a
microdroplet can provide a really suitable physical and chemical environment, but
an interfacial tension is created at its surface due to direct contacting with the
continuous phase, which may have an adverse effect on cell growth [16]. Thus,
Baroud et al. separated the continuous phase from the microchannel to reduce the
side effect of interfacial tension on the droplet interior [17]. Another aspect is the
small amount of consumption and use of the reagents and cells in microfluidic
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Fig. 7.2 A whole of unit operations for droplet microfluidics. a—j droplet generation; mixing and
generation; fusion; short-term incubation; stationary storage; detection; sorting; re-injection;
splitting and off-chip incubation (Reprinted with permission from Ref. [12])

droplet technology, which reversely bothers the detection of certain trace sub-
stances and needs high technical requirements compared with traditional methods.
It desires for appropriate technology of analysis and detection to make further
progress and development to satisfy the demands. So far, droplet-based microfluidic
technology has already been combined with a variety of technologies, such as
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electric field, surface acoustic wave, for cells sorting and screening, as well as some
detection technologies such as fluorescence, mass spectrometry, raman spec-
troscopy, electrophoresis, PCR (polymerase chain reaction), and electrical detection
methods, for the detection and analysis of cells and related substances. Schmid et al.
combined surface acoustic wave with micro-droplet technology to achieve
sequential droplet sorting at high speeds up to 3000 per second without large shear
forces production [18]. Mazutis et al. severally injected cells and green fluorescent
protein-conjugated antibodies from two wells of a Y-shaped structure to produce
droplets of packaging cells and antibodies. As a process of culture and fluorescent
screening, they have detailed a binding assay for detecting antibodies secreted from
single mouse hybridoma cell [19]. Hatch et al. utilized the combination of droplet
microfluidics with PCR technology to manufacture a continuous, high throughput,
automated portable devices for realizing multichannel and simultaneous fluores-
cence imaging [20]. With the constant development and progress of these means
and the emergence of new technologies, droplet-based microfluidic technology will
play a greater role in cell analysis and achieve more effective analysis through
mutual combination.

Taking into account of above favorable and unfavorable factors, droplet-based
microfluidic technology have mainly focused on cell manipulation, metabolite
analysis and single cell analysis in cell research at present. The ability to generate
discrete droplets via droplet-based microfluidic technology provides a new strategy
for the studies of cell-cell interactions as employment of different designs in
microfluidic chip, or formation of three-dimensional tumor spheroids by using some
special materials such as gel. Sabhachandani et al. have reported a method to obtain
three-dimensional spherical tumor of MCF-7 (human breast cancer cell) and
co-cultured with HS-5 lactococcus lactis by individual injecting cells contained
alginate solution and Ca** solution into the channel from both sides of the T-shaped
structure chip, thus to produce the cell-loaded monodispersed calcium alginate
droplets [21]. It’s capable to produce single cell droplets quickly and efficiently by
proper adjustment of flow rate and concentration as the high flux and small volume
in droplets generation. Brouzes et al. conducted droplets fused via utilizing multiple
droplets generated microfluidic structures, allowing single cells to be cultivated for
several days in different drug environments, then to implement the cytotoxicity
assays and analysis using the same method [22]. Droplet-based microfluidic tech-
nology has special and dramatical advantages of simple, fast, cheap, efficient and no
aids of aptamers and antibodies in single cell generation when compared with other
methods, so most of the studies have focused on single cell analysis in the field of
cell research.

Hence, we will mainly review the development and progress of droplet-based
microfluidic technology in cell analysis over the years, to summarize its advantages
and shortcomings, and to look forward to its potentials and prospects in future. This
chapter is mainly introduced in the following sections: principles of droplet gen-
eration, methods for droplet generation, analytical methods in droplet microfluidic,
single cell analysis and cell manipulation.
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7.2 Principles of Droplet Generation

It’s very simple to generate continuous droplets via use of microfluidic chips today
after years of study and development. The earliest droplet generation dates back to
1950s, when de Fonbrune sprayed water droplets into mineral oil to produce stable
droplets in 1947, and some similar approaches are still in use nowadays [23].
Subsequent Lederberg and Nossal have successfully encapsulated single cells with
droplets through modified methods and proved the rule that a cell would only
produce an antibody [24]. The most common methods for generating continuous
droplets today are based on the use of geometrical structures such as V-shaped
crossings or T-shaped crossings, to severally inject two mutually immiscible liquids
at high speed, producing droplets of high flux. The basic principles of these
methods are almost similar. As soon as the two immiscible liquids come into
contact, the interface are formed. One of the liquid phases would be self-dispersal
into discrete droplets and surrounded by the other liquid phase due to the role of
surface tension [25]. It mainly depends on the liquid phases, flow velocity and the
surface energy of the channel to decide the affiliation of monodisperse droplet. For
example, the aqueous phase become dispersed phase when oil and water are used
for two liquid phases and typically hydrophobic PDMS as channel. Whereas, the oil
phase may change into dispersed phase if the hydrophobic channel is hydrophilic
modification [26].

The droplets also need to meet some specific characters in practical applications
although easy formation, just as droplets for cell encapsulation, including whether
the size of the droplet is appropriate and uniform, the shape meets the demand, the
composition and distribution are the identical, and the monodispersity reaches the
standard [27]. Some droplets, also named smart droplets, can specifically receive
external stimulation, such as temperature, pH, UV irradiation, magnetic field and
electric field, and respond in an active manner, by combining smart or intelligent
materials (Fig. 7.3). The formation and stability of droplets are often the reflection
of the balance among inertia force, viscous resistance, shear force, buoyancy force
and interfacial tension. In addition, particularly high surface area to volume ratios
caused by the limitation of small sizes of the microchannel and droplet, and the
boundary effect in the channel make the behavior of the droplet peculiarly com-
plicated. Some parameters are commonly used for describing the microfluidic
kinetic of droplet formation, such as surface tension, Reynolds number, Weber
number, Bond number, capillary number, surfactant effect and so on [25].

7.2.1 Surface Tension o

The surface tension G is a kind of tension acting on the surface due to the imbalance
of molecular attraction and quantized in units of newton per meter (N/m) or joules
per square meter (J/m?). The surface tension can greatly influence the droplet
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Fig. 7.3 Explanation and examples of five smart droplets. / droplet size decreases with increasing
temperature; 2 droplets are positively charged at pH 4 and becoming neutral at pH 9; 3 two
droplets are fused together under the exposure to UV light; 4 and 5 are magnetically induced
particles and electrically induced particles (Reprinted with permission from Ref. [30])

behavior because the interface area is totally surrounded by the continuous phase,
leading to large interfacial area and dramatically strong force. So the droplets will
decrease the interface area as much as possible to reduce the surface energy in the
presence of surface tension. In theory, the droplet should be the size of circular
when its surface energy performs minimal. But the droplets in the microfluidic
chips have been found to be tend towards a certain oval shape rather than totally
circular in the actual process, possible the cause of small size of the channel and the
boundary effects [28].The curvature of the interface can lead to pressure jump,
named Laplace pressure (AP), between the outside and inside of the interface as the
deformation of the droplet interface curvature. One formula is used to describe the

Laplace pressure, as AP = G(RL + RL)’ where R and R, are the radius of cur-
1 2

vature at different locations in droplet interface, and have inverse proportion to
Laplace pressure. The interfaces of droplets have elasticity under the effect of
AP. This property is used to carry out the droplet control and manipulation in recent
years, such as droplet capture, merger and dilution [29].

7.2.2 Dimensionless Numbers

The dimensionless number is an important parameter for discrimination of different
fluids, main including Reynolds number, Weber number, Bond number and cap-
illary number.
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(1) Reynolds number (Re), is a dimensionless number to characterize fluid flow
through a chip channel. Re = pUl/u, where p, U, p and [ represent mass
density, characteristic velocity, dynamic viscosity and characteristic length,
respectively. Re is the ratio of the inertia force to the viscous force, and a value
of Re < 2300 indicates that the liquid is a laminar flow under selected con-
ditions. In general, the Re of fluid in the microfluidic channel is small, which
means negligible inertial force and the regular fluid condition [31].

(2) Weber number (We), is used to describe the movement of the fluid. We = pU?
/o, where p, U and o represent the fluid density, the characteristic velocity of
the flow and surface tension. Weber number represents the ratio of the inertial
force to the surface tension. The droplet is likely to be disintegrated if the
Weber number is larger than a certain critical value when droplets are formed
by droplet-based microfluidic technology, and the droplet will be deformed but
not broken if the Weber number is at a moderate value [32].

(3) Bond number (Bo), is the ratio of gravity to surface tension. Bo = Apgl’/c, g
and Ap represent acceleration of gravity and density difference between the two
liquids, respectively. Bo is usually much smaller than 1 at the microscale,
meaning that the effect of gravity can be ignored.

(4) Capillary number (Ca), also named as the interfacial tension number, is defined
as the ratio of viscous stress to surface tension. Ca = p.U/c, where . is the
fluid viscosity, and U is the velocity, and o also represents the surface tension.
A low value of Ca means that the surface tension are dominant over viscous
stress, and the droplets perform spherical to reduce the surface area and energy.
While a high value of Ca appears opposite meaning that the viscous stress plays
a dominant role, and the droplets will become deformation by the flow and
present asymmetric structure [33].

From the definition of above, we can discover that the Reynolds number, Weber
number and Bond number have small effect on droplet generation in most cases,
while the surface tension and capillary number own a dominate role on the
micrometer scale of microfluidic technology. Furthermore, other factors have also
contribute their efforts, such as the hydrophilic of channel, boundary effects and so
on. It is worth noting that the design of the microchannel still plays an important
role in the generation of droplets.

7.3 Methods for Droplet Generation

There are many methods have been developed for droplet formation, the core of
droplet-based microfluidic technology, after extensive and years of study. In gen-
eral, these methods can be categorized into two groups, passive and active
approaches. The passive methods are mainly based on different microfluidic
geometries, such as T-junction, flow focussing structure and co-flowing structure,
utilizing the principle of hydrodynamics for droplet formation [34, 35]. This
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method is simple, efficient and fast, so it is widely studied and used, but the
flexibility of droplet is relatively poor as limited by channel geometry [36]. The
active approaches are primarily driven through the control of external field to
generate droplets, such as pneumatic drive, optical drive, thermal drive, electric
field drive and other methods [30]. People can control the size and frequency of the
generated droplets well by this method without totally dependence of chip structure,
but the velocity of droplet production is very slow. We will mainly focus on the
passive approach since it’s the most common configuration of droplets formation.

7.3.1 T-junction

T-junction are the most commonly used microfluidic geometry for droplet gener-
ation (Fig. 7.4a). Thorsen firstly used T-junction to generate droplets in 2001 [37].
In this configuration, the main channel, injected with the mobile phase, and the side
channel, introduced with the dispersed phase, are intersected at focused zone in a
perpendicular way to create droplets, under the effect of surface tension and shear
stress. At the same time, two asymmetric forces, upstream water pressure of the side
channel and the pressure of the mobile phase in the main channel, together with the
surface tension, can cut off continuous dispersed phase to single and independent
droplets [38]. A brief summary of the droplet formation process is dropping,
spraying, and deformation. The frequency and size of generated droplet can be
effectively regulated and controlled by adjustment of the flow rate, channel size and
liquid viscosity. For example, increasing channel width of the downstream can
effectively accelerate the rate of droplets formation and improve the stability of
droplets. And multi-wrapped droplets can be achieved through reasonable use of
multiple T-junction (Fig. 7.4b) [39]. However, cells encapsulated in droplets will be
greater effected due to the asymmetry force in droplet generation process, so
T-junction is most commonly used in other aspects but not cell analysis.

7.3.2 Flow Focusing Structure

In flow focussing structures, three channels, one main channel and two symmetric
side channels, are focused on a narrow region connecting the downstream channel
(Fig. 7.4a). In brief, the dispersed phase is injected into the side channels, while the
continuous phase is introduced into main channel, which approach the confluence at
the straight line in the downstream channel. The advantage of this design is that the
dispersed phase in focused zone will only bear the driving force on the main
channel and force from other directions would be counteracted as the symmetrical
structure of side channels, leading to less affected and more stable droplets. It can
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Fig. 7.4 Common methods of generating droplet. a The two most commonly used methods of
passive generation droplets are the T-junction and the flow focussing, and the less commonly used
co-flowing method (Reprinted with permission from Ref. [40]). b A double T-junction cross
structure to obtain droplets of oil/water/oil structure (Reprinted with permission from Ref. [39]).
¢ Pulsed laser-generated holes promote droplets on demand (Reprinted with permission from
Ref. [41])

be seen that the size of the droplet is related to the velocity ratio of the two phases.
The larger the flow rate of the mobile phase is when compared with the dispersed
phase, the smaller and faster the generated droplet is. In addition, the size of the
focusing region, the viscosity of the liquid can also influence the formation and size
of droplets. Similarly, the application of multiple flow focussing structures is
designed to obtain multilayered droplets, which are often used for cell co-culture in
cell analysis [42]. However, some small satellites droplets are often produced
accompanied with droplets generation in this process, which greatly reduces the
monodispersity of the whole system. So some control methods, such as screening
systems, adjusting the flow rate, selecting the appropriate two phases and designing
appropriate focused zone, have been studied to control the non-uniformity [43].

T-junction and flow focussing structure are the basic structures for droplet for-
mation in droplet-based microfluidic technology. Different designs are usually
implemented in the actual process to meet the needs of different research. Song
et al. vertically connected the downstream channel in flow focussing structures with
another main channel to form a second T-junction, thereby achieving the purpose of
mixing three reagents in one droplet [44]. Adamson et al. integrated the T-junction
with the dendritic bifurcation channels to generate multiple droplet arrays [45].
Both methods are simple, fast and easy to be achieved, so they have been widely
used in droplet based microfluidic technology.
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7.3.3 Co-flowing Structure

The co-flowing structure has utilized a drive pipe to create interface between two
co-flowing immiscible fluids (Fig. 7.4a). That is to say, the dispersed phase flows
into the inner channel while the outer channel is mobile phase. One serious dis-
advantage of this structure is that the dispersed phase has suffered strong viscous
shear force of continuous phase for its roomy diameter. As the continuous
phase-touched droplets march forward, their surface tension force have counter-
acted with drag force, thus to pinch the droplet off from the continuous phase.
Compared with other two methods, this approach is complex and difficult to a
certain extent, and strong uniform forces in the process of generation make it
unusually applied for cell research.

7.3.4 Other Methods

Though some methods to generate droplets, such as air pressure driving, light
driving, heat driving and electric field driving, are not convenient, fast and high flux
as the former methods, they also attract a lot of research due to the stable size and
controllable frequency of the droplets [46]. The basic principle of these methods is
that the dispersed phase is pinched into the mobile phase to form droplets by the
power of regular, controlled, continuous pulse pressure, which is applied to the
dispersed phase near the mobile phase. Park et al. irradiated pulsed laser light into
the dispersed phase to produce small voids, which can extrude the dispersed phase
into the mobile phase, and then form droplets of small volumes (Fig. 7.4c) [41].
Collins et al. imposed the surface acoustic waves to the dispersed phase and utilized
the generated sound to force the dispersed phase into the mobile phase, forming
droplets under the action of shear stress and surface tension. The size and frequency
of droplets could be adjusted and controlled by the frequency and amplitude of the
surface acoustic waves [47]. He et al. applied a high-voltage pulse to the dispersed
phase so as to move the two-phase interface towards the direction of potential. The
dispersed phase could be incised into single droplet with a minimal volume of fL. or
pL in this process [48]. The droplets formed by these methods have been widely
used in mass spectrometry analysis, protein detection, DNA analysis, particle
encapsulation and other fields, but not in cell analysis, especially cell manipulation.
One reason is that some extra field driving, such as electric field driving, maybe
have bad impact on cell or biological sample by produced high voltage. Besides, the
frequency of droplet generation is low, and the homogeneity of the wrapped cells is
poor by using such methods, which is far inferior to T-junction and flow focussing
structure. Therefore, these technologies need to be further improved and optimized.
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7.4 Analytical Methods in Droplet Microfluidic

The analytical methods in droplet microfluidic, especially cell analysis, have a
higher standards whether off-line analysis or online analysis, due to the high flux of
generated droplets, the small size of the droplets, a small amount of cells or even
single cell usually contained in one droplet, together with the different size and
frequency of the droplets in different experiments. Now the commonly used
methods are fluorescence, mass spectrometry, electrochemical detection, capillary
electrophoresis and so on.

7.4.1 Fluorescence

Fluorescence detection is the most common and effective method in microfluidic
technology. This method usually requires an assistance of fluorescence reagents and
fluorescence microscopy. It has the characteristics of high specificity, sensitivity
and accuracy, and can be used for analysis of the enzyme activity, proteins, DNA,
small molecules, even single molecules and individual cells (Fig. 7.5a) [19, 49-51].
For example, Chen et al. were able to detect enzyme activity for a long time by
encapsulating enzyme proteins in fluorescent substrates contained droplets [52].
Harris et al. utilized microfluidic and fluorescence techniques to successfully detect
single-molecule nucleotide sequences without amplification of the sequence [53].
Gu et al. have constructed a multifunctional droplet manipulation platform, which
could achieve many functions of efficient single cell encapsulation, single cell
enzyme activity analysis, and single cell DNA purification with the aid of
fluorescence microscopy (Fig. 7.5¢) [55]. In these analysis, quantitative analysis of
fluorescence intensities and high-resolution images via the use of high-resolution
microscopy are often required to obtain more complete and meaningful data.
However, the effective analysis of the droplets need to be conducted in the con-
dition of slow generation velocity or idle state, or after being collected and captured
since the droplets are generated very quickly, because production frequency of
droplets are usually much faster than frame number of a charge-coupled camera
(Fig. 7.5b) [54, 56]. Shi et al. attached a droplet trapping array behind the
T-junction, capturing the formed droplets in a specific small space and then ana-
lyzing them [57]. Fidalgo et al. reduced the flow rates of generated droplets and left
the fluorescent droplets and water droplets alternately flowing past the fluorescence
detection region, allowing for selective separation of the fluorescent droplets [58].
Thousands of droplets can be monitored simultaneously for long periods of time
using fluorescence detection because of the small size of droplets, so a large amount
of statistical data and parallel results can be obtained in an experiment. Baret et al.
could directly detect the bacteria of overexpressing PB-galactosidase in a large
number of Escherichia coli encapsulated droplets, and compare their enzyme
activity using fluorescence detection [59].
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Fluorescence detection method can also provide the information of spatial dis-
tribution of the material in the droplet, such as protein secretion, cell migration,
droplet breakage, and connection between droplets [60]. For example, Khorshidi
et al. continuously observed and analyzed the dynamic behavior of a large number
of droplets containing HEK293T single cells up to 11 h using automated
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microscopy and image analysis [61]. Chokkalingam et al. encapsulated micro-
spheres of capturing secretions on T-cell membranes, and then incubated, cooled,
gelled the single-cell droplets, finally detecting the secreted cytokines by flow
cytometry after adding fluorescent antibodies [62]. Courtois et al. have studied the
time-dependent release of molecules from droplets by observing the fluorescence of
the fluorescent derivatives in the droplets [63]. The emergence of fluorescence
lifetime imaging microscopy, has achieved observation in spatial distribution and
ultra-short time interval imaging as low as 1 microsecond, providing possible for
ultra-sensitive and ultra-fast detection [64]. Solvas has observed the mixing
behavior of two droplets in microsecond time resolution by using a fluorescence
lifetime imaging microscope [65]. Laser-induced fluorescence microscopy can be
realized for analysis and detection of highly sensitive and high-throughput, making
it possible for a large number of droplets detection, such as single-cell analysis,
PCR detection, cell screening and so on [51, 66]. For example, Agrest et al. have
implemented ultra-high throughput cell sorting to study biochemical reactions and
protein evolution with the assistance of laser-induced fluorescence microscopy [67].
Therefore, the visualization, localization and quantification of fluorescence detec-
tion make it well suited for droplet analysis and cell analysis.

7.4.2 Mass Spectrometry (MS)

Many study have investigated the association of microfluidic chip with mass
spectrometry as it is a label-free method and can provide the structure information
of substance compared with fluorescence detection methods [68, 69]. Lin’s group
has carried out a series of study about combination of microfluidic chip with mass
spectrometry and made great progress by developing micro-solid phase extraction
cartridge for sample pretreatment and constructing MS connector. This combination
of microfluidic chip with MS has been widely used for cell analysis, cell co-culture,
drug metabolism and cancer therapy research. Chen et al. directly linked micro-
fluidic chip to the mass spectrometry via attaching a micro-solid phase extraction
cartridge to the end of the microfluidic structure for removal of salt in the cell
culture medium [70]. However, combination of the droplet microfluidic with mass
spectrometry is more difficult, mainly as the followings: (1) The mobile phase
surrounding the droplets tends to interfere the detection of mass spectrometry and
dilute the target content in the droplet; (2) The cells and target molecules are very
rare as small volume of droplets, thus requiring high sensitivity of the mass
spectrometer; (3) The cell culture medium can’t be directly accessed into mass
spectrometry for containing much salts when cells are contained in the droplets;
(4) High flux of the droplets generation also limits its combination with mass
spectrometry [71-73].

The first thought of researchers is to separate the droplet from the mobile phase,
in order to reduce the interference of mobile phase when facing these difficulties
[77]. Smith et al. collected and stored the surfactant-stabilized droplets, and then



7 Droplet-Based Microfluidic Technology for Cell Analysis 239

re-injected into the microfluidic chip attached to the mass spectrometer to perform
high-flux droplet analysis [78]. Fidalgo et al. have constructed a two-phase interface
of water-oil in a chip, each leading to different channels, and then pushed the
generated droplets into the water phase from the oil phase by using the electric field
(Fig. 7.6a) [68]. The droplets were sprayed into mass spectrometry after moving
into the fused silica nozzle. Su et al. drove the generated droplets onto the glass to
form arrays, and then pipetted them into the capillary that connecting with the mass
spectrometer for detection [79]. Similarly, Kiister et al. formed droplets microarray
in an indium tin oxide-coated glass, which were then detected by matrix assisted
laser desorption ionization (MALDI) [80]. Of course, some people also used clever
designs to omit these steps [79, 81]. Gasilova et al. punched an observation hole in
the top of the main channel and connected with the mass spectrometer inlet, and
then sprayed the droplets of flowing through the observation port by using the high
pressure, thus accompanying little of mobile phase and minimum effect on the MS
analysis (Fig. 7.6b). In addition, the droplets have been generated without mobile
phase or just chosen as sampling device due to the existence of the above diffi-
culties (Fig. 7.6c, d). For example, Chen et al. generated single-cell droplets
without mobile phase by utilizing piezoelectric ceramics to squeeze cell-containing
organic solvents. So the droplets could be directly dropped onto a high-pressure
needle and sprayed into mass spectrometry for obtaining information [75]. Lee and
Zhang et al. used droplets as agent to extract individual cell and then for mass
spectrometry analysis by laser or electric spraying [82, 83]. Liu et al. employed a
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Fig. 7.6 Some usually ways of combination droplet microfluidics with mass spectrometry. a The
droplets were separated from the mobile phase by an electric field (Reprinted with permission from
Ref. [68]). b The droplets are directly sprayed into the mass spectrum from the channel using high
voltage pulses (Reprinted with permission from Ref. [74]). ¢ Single cell droplets were directly
produced by piezoelectric ceramics to drip onto the high pressure needle (Reprinted with
permission from Ref. [75]). d Capillary sampling and generation of droplets combined with
multi-channel microfluidic chip and paper spray mass spectrometry (Reprinted with permission
from Ref. [76])
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small diameter capillary to inhale the cell culture medium from multi-channel
microfluidic chip by capillary action, and then got stable droplets with height
difference into the paper spray mass spectrometry to obtain metabolite signal [76].
Even so, many difficulties and problems still remain unresolved. Therefore, the
combination of droplet microfluidic technology and mass spectrometry also need
more in-depth research and more technical support.

7.4.3 Electrochemical Detection and Capillary
Electrophoresis

Electrochemical detection is a simple, rapid, effective, high sensitivity and low cost
detection method, and has been mainly used to measure the electrical signal
changes, for detection of the droplet size, frequency, speed and conductivity [84—
86]. Luo et al. have firstly measured droplet size and ion concentration with a
detection limit of 20 uM by utilizing different electrochemical signals as the dif-
ferent impedance in water and oil [87]. Moiseeva et al. also successfully detect the
droplet chains based on thin-film electrodes and the difference of two-phase
impedance [85]. In addition, the droplet size, speed and frequency can be well
analyzed since changes in capacitance when droplets flow into the specific detection
area. Liu and Elbuken have successfully measured the capacitance change of the
droplet stream by different arrangement of the electrodes, and then analyzed these
properties of the droplets [88, 89].

Capillary electrophoresis is a simple, fast and efficient separation technique,
which is often used in conjunction with other detection methods. If the components
of the droplet are complex or easily interfered with each other, capillary elec-
trophoresis can be used for separation to obtain a good analytical result before
entering the detector. Edgar et al. were able to simultaneously analyze the various
substances contained in the droplets via droplets separation of capillary elec-
trophoresis and detection by using laser-induced fluorescence [90]. As the low
efficiency of capillary electrophoresis in microfluidic chip, Wang et al. modified the
surface of the chip to get high efficiency of capillary electrophoresis, and suc-
cessfully detect the neurotransmitters in the brain of rats by such method [91].

7.4.4 Other Methods

Except for the above methods, other usually methods are Raman spectroscopy,
chemiluminescence, absorption spectrophotometry, nuclear magnetic resonance
and so on. Cecchini et al. have constructed an ultrafast surface-enhanced Raman
scattering system for the detection and analysis of droplets, with highest rate up to
32 droplets per second. [92]. Trivedi et al. allowed quick and efficient screening of
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droplet libraries by combining droplet generation with absorbance detection [49].
Shen et al. integrated the three reagents required in chemiluminescence into one
droplet to complete luminescence and detection by means of liquid-liquid extraction
after trapping droplets on both sides of the main channel [93].

There are still many problems in the analysis of droplets when they are applied
to cell analysis although many detection methods have been carried out.
Fluorescence, capillary electrophoresis, and chemiluminescence need assistant of
additional reagents to complete the detection. Mass spectrometry, Raman spec-
troscopy, nuclear magnetic resonance, and absorption spectrophotometry, require
complex pre-treatment, or still seriously interfere the detection owing to matrix
effect, or have relatively low detection limit. Therefore, further technical progress,
improvement and the establishment of new methods have broad prospects and
requirement in droplet microfluidic technology.

7.5 Single Cell Analysis

Tumor is a disease that seriously threatens the health of human beings nowadays,
and the heterogeneity of tumor cells is one of the important reasons for its easy
relapse and difficult treatment [94]. As the traditional analysis is often the average
results of abundant cells, some key information is likely to be hidden. So the
analysis of individual tumor cells shows great meaning and has been widely con-
cerned and explored for better mastering and understanding the occurrence,
development, transferring and treatment of tumors [95, 96]. Droplet microfluidic
technology has an intrinsic advantage in single cell analysis because droplets can
provide a limited environment with easy accessibility by regulation of cell loading
patterns. Besides, it’s also convenient to carry out analysis and detection of cellular
secretion and factors because of long survival of cells in droplets and metabolism in
a narrow space [97]. Meanwhile, the droplet also is a moving chamber that can be
high-throughput screening according to the property of the droplets and cells, which
is contributing to observation and analysis of follow-up [98].

7.5.1 Encapsulation of Single Cells

One of the key points in single cell analysis is the separation of single cells from a
large population of cells. There are two main ways for single cells encapsulation by
using droplet microfluidic technology: passive and active methods [10]. Passive
encapsulation is a way that actuates cells into droplets by adjusting the flow rate,
cell concentration and channel width (Fig. 7.7a). This method is convenient, simple
and high throughput, but the number of cells in each droplet is variable and presents
a pattern of Poisson distribution, even no cells in considerable number of droplets
[99, 100]. The active encapsulation is the utilization of external force such as sound,
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electricity, light, magnetic to wrap cells into droplets based on microfluidic chip
(Fig. 7.7b). This approach is more accurate and produces higher proportion of
single cell droplets than passive method, but with shortcomings of low throughput
and efficiency [101, 102].

Passive encapsulation is the most common method of generating single-cell
droplets today, and a large number of studies have used this method. The main
process is that the cells are suspended to a certain concentration in the dispersed
phase and incised into single droplet to complete single cell separation in the
confluence zone by flowing phase on the basis of typical T-junction or flow
focussing structure [105]. The droplets produced in this way don’t have uniform
number of cells in each droplet with a presentation of Poisson distribution as the
spatial distribution of the cells and the moment of reaching the focusing region are
random, thus greatly reducing its research significance [106]. The most common
approach to solve this problem is the sorting of droplets, which will be described in
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Fig. 7.7 Common methods of encapsulating single cell into one droplet. a Basic T-junction and
flow focussing structures were used to encapsulate single cells (Reprinted with permission from
Ref. [103]). b Surface acoustic wave was used to actively wrap a single cell (Reprinted with
permission from Ref. [104]). ¢ Regulating cells for stable spacing by high aspect ratio channels to
obtain high occupancy rates for single cell droplets (Reprinted with permission from Ref. [108])
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detail later. Others have come up with some sensible methods, such as regulation
the rates of cell arriving at the focal region and droplet production to the same,
making one cell in one droplet [107]. On that account, Edd et al. engendered a more
stable spacing between cells by passing through a high-aspect-ratio channel, and
kept the frequency of arriving at the focusing region with the same as droplets,
resulting in a significant increase in the ratio of single cell droplets (Fig. 7.7¢)
[108]. The realization of this method is based on a series of hydrodynamics, such as
hydrodynamic repulsive effect, repellent effect and parabolic shear gradient, which
make the cells arranged orderly in long, wide and high, respectively, and easily
controlled by reasonable regulation. Kemna et al. used a helical channel to align the
cells in good order of horizontal and vertical, and most of the droplets only con-
tained a single cell by a straightforward confluence with flowing phase in flow
focussing structure. [102]. This method needs to arrange appropriate conditions
of the cells in advance, so its application is limited as the heterogeneity of different
cells during the process and it’s difficult to balance the flow rate.

Active encapsulation refers to droplets generation with the assistance of external
force, for the main advantage of accurate single-cell droplets production. Such as
sound, electricity, light, magnetic force can be applied near the interface of the two
phases and drive the cells into the focus area to control the generation of single cell
droplets [104, 109-111]. He et al. immediately applied a high voltage pulse to
produce a single cell droplet once the cells reached the two-phase interface with
optical capture of the cell site [112]. Schoendube et al. used two electrodes to
precisely determine the position and velocity of the droplets and installed a
piezoelectric actuator in the focal region. After the electrode-measured signal was
transferred to the piezoelectric actuator in real time, the force released by the
piezoelectric actuator perfectly contacted with cells, generating single-cell droplets
[113]. Another method was that the surface acoustic wave was used to act on the
cell-containing dispersed phase to generate a thin liquid bridge, and then the mobile
phase divided the bridge into droplets, but the number of cells is also uncertain by
this method [101]. It is evident that the generation of single-cell droplets by active
encapsulation results in very low rates due to the need of precise control of the
cell’s location for exerting external forces, even in comparison with passive
encapsulation. However, single-cell analysis often require a large number of sam-
ples for statistics and comparison. Um et al. constructed a microwell array con-
taining mesh-grid for simultaneous merging and storage of single-cell droplets in a
high-throughput manner [114]. This way is still not fast as passive method and also
an off-line method, so how to effectively improve the rate of single cell droplets is
an important problem to be faced in active methods.

7.5.2 Droplet Sorting

As mentioned above, the number of cells in a droplet is often not deterministic, thus
making subsequent experiments much more difficult. The main purpose of sorting



244 J. Wang and J.-M. Lin

is to select high-purity single cell droplets or other required droplets. For example,
Wau et al. screened fluorescent-labeled lymphoma cells at high-speed by using laser
pulse excitation, up to 45,000 cells per second (Fig. 7.8c) [115]. Another goal of
sorting is to reduce the work of analysis in follow-up. A large number of cell-free or
multiple cells-contained droplets can be filtered out by sorting, greatly reducing the
subsequent experimental workload. Sorting is mainly based on the different char-
acters among the target droplets with other droplets, such as physical size, mag-
netic, mechanical properties or optical properties and so on [109, 111, 116]. Jing
et al. instituted a small column array after flow focussing structure and sorted
cells-contained droplets by adjusting the spacing of the column, due to different
sizes of the cell droplet and empty droplets (Fig. 7.8b) [116]. Chen et al. covered
cells with magnetic beads to obtain magnetic droplets after cells encapsulation,
which were then separated from all the droplets depended on the attraction of an
electromagnet. Nam et al. used a standing surface acoustic wave to encapsulate cells
into droplets and separate single cell droplet based on density (Fig. 7.8a) [117].
There are two ways of sorting: active and passive sorting, according to the different
modes of action [118].

Passive sorting is a way that makes full use of microfluidic chip structure and the
physical properties of droplets to sort, without external field or force [119]. Size
screening of micro-column arrays in passive method is a common approach as the
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presence of cells in the droplets changes the size of the droplets [120]. Joensson
et al. set up a micro-column array to let droplets move towards different directions
according to their size in order to allow droplets for determinate lateral movement.
Some sorting methods are also on the basis of the dynamic effect of liquid [121].
Chabert et al. rendered the droplets lateral movement and spatial dispersion by
using shear flow and compression flow of liquid, respectively, to achieve the
purpose of self-sorting [122]. In addition, methods making use of channels with
selective size and different fluid forces are also commonly used [123, 124]. Passive
sorting doesn’t need much equipment and is relatively simple to operate.
Nevertheless, it is less used in practical application because it owns low efficiency
and large error, and requires a complete understanding of every parameters in
droplets for being likely to redesign the chip once any changed.

Active sorting, based on the droplet itself or the external cause of the differences
in the physical or chemical properties, utilizes technology to find these difference
and screens droplets by exerting external force [125]. Active methods provide the
most flexible method for droplet sorting, and have employed most measurable
parameters of droplets. The most common, efficient and accurate method is
depended on the optical properties of the droplets, especially the fluorescence
intensity [126]. Cell expression proteins, secretory proteins, surface proteins, and
other molecules can be fluorescent labeled for sorting with a property of the high
specificity, sensitivity, and easy detection [59, 127]. For example, Wu et al. sorted
generated single-cell droplets at 1000 Hz by using fluorescent-labeled cells and
laser sorting, obtaining droplets containing single cells up to 98% [128]. Joensson
et al. used this principle and the enzyme signal amplification technique to analyze
low-level surface markers in individual cells and to sort cells with higher marker
content [129]. Fluorescence-activated dielectrophoresis force, as one of the com-
monly used driving forces, can be combined with fluorescence detection, and move
the charged droplets in the electric field to achieve the purpose of droplet sorting.
Agresti et al. sorted droplets based on fluorescence-induced electrophoretic
equipment, realizing to screen 10® droplets in 10 h [67]. In addition, the electric
field force, magnetic force, surface acoustic wave and other forces are also often
used as the driving force for active sorting [103, 111, 130-132]. Chen et al. labeled
cells with magnetic particles and then sorted out droplets with cells with the assist
of magnetic fields [126]. The more the cells are contained in the droplet, the farer
the droplets will move to both sides of the channel by surface acoustic wave. Franke
et al. sorted the droplets in a wide channel to select out droplets containing no cells,
a few cells and multiple cells by using this principle without prior labelling and cell
encapsulation into liquid droplet [131]. Active sorting can greatly increase sorting
efficiency and speed with high accuracy, based on not only whether the droplets
contain cells, but also the characters of the cells in the droplet [22, 62]. At the same
time, active sorting is less dependent on the structure of microfluidic chip than
passive sorting, and still works on a wide range of droplet sizes, but usually requires
additional reagents or equipment, which is one of the reasons for its higher sen-
sitivity [18, 133].
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7.5.3 Protein Analysis

The heterogeneity of cancer cells has reflected in different proteins expression of
different cells, but single-cell protein analysis has been always a major challenge in
cell research because of the small amount of protein in a single cell [134, 135].
While conventional methods such as flow cytometry can carry out single-cell
protein analysis to a certain extent, but its practical significance is greatly weakened
because of its damage to cells, and analysis without real-time [136, 137]. The single
cell in the droplet is not only high-throughput, long-term survival, easy to detect,
but also limited to a tiny space and not easily damaged, so it’s considered as an
ideal place for single cell protein analysis in recent years [10, 138].

The protein of cells mainly includes three types: surface protein, secretory
protein and internal protein [139]. Because proteins can’t amplify as DNA by
polymerase chain reaction (PCR), the basic principle for trace protein detection is to
amplify signals like enzyme-linked immunosorbent assays (ELISA) [60, 140].
Surface proteins and secretory proteins are easily captured by the addition of
antibodies, so the basic idea is to collect protein by the antibody or aptamer, and
then enhance signal through the other end of the antibody (Fig. 7.9a). Kony et al.
connected antibodies with avidin bridge, which was linked with special DNA chain
after capturing the cell surface protein. The DNA chain can conduct amplification
of the signal through the DNA rolling chain amplification for protein detection
[141]. In the detection of secreted proteins, nanoparticles modified with specific
antibody were usually wrapped in the cell surface to perform enrichment and signal
amplification in order to get better results as the protein will disperse into whole
parts of the droplet [142]. Konry et al. used the microfluidic droplet system again to
analyze the amount of surface protein CD86 and secreted protein IL-6 in single
dendritic cells stimulated with drugs and co-cultured with T cells, demonstrating the
feasibility of this method [145]. In addition, the feature that protease can specificly
decompose corresponding substrate has also been used to detetct secreted protease
by analysis of production (Fig. 7.9b). Antibodies are hard to enter the internal of
cells due to the presence of cell membranes, so the detection of internal proteins is
more difficult [146]. Now it’s mainly implemented by extracting proteins from the
cell internal after cell lysis or allowing cells to express fluorescent protein by
transfection, and then to detect, except for some specific dyes that can entering the
interior of the cell to label protein (Fig. 7.9c) [144]. For example, Huebner et al.
have successfully detected droplet size, cell occupancy and fluorescence expression
of a single cell through combination of T-junction, bending channel, laser induced
fluorescence microscopy and transfected cells [51].



7 Droplet-Based Microfluidic Technology for Cell Analysis 247

(a) q Color code Temparature control
Cell
Antibody™ :; AN -
Enzyma + <
FDG 7 |
eulbetrate Droplet Reinjecti Fluorescence
generatio inlemrogation
A Antibody
o Biotin
€ Streptavidin

@ [}-Galactosidase
# Qdot wheat germ agglutinin

Secreted cytoking IL6

4 e m
A0, ¥
— e

Baad

Fig. 7.9 Analysis of single cell proteins in microdroplets. a Surface proteins of single cell were
analyzed by enzyme—amplified signal method (Reprinted with permission from Ref. [143]).
b Simultaneous determination of a variety of cell secretory protein activity analysis (Reprinted
with permission from Ref. [60]). ¢ Cell surface proteins and secretory proteins were simultane-
ously monitored in single cell droplets (Reprinted with permission from Ref. [144])

7.5.4 Single Cell PCR

PCR, the abbreviation of polymerase chain reaction, is one of the most commonly
used nucleic acid amplification means. High-throughput DNA sequencing method
has been applied by combination droplet microfluidic technology with PCR in
recent years [11]. Droplets provide a small, independent space, and a good envi-
ronment for controllable and efficient replication reaction, reducing pollution of
moving process in the traditional method [140]. In single-cell PCR, diluted cells or
samples are dispersed into a large number of droplets, each with only a single or
even no target DNA sequence, so a large number of parallel experiments can be
carried out simultaneously, thus greatly increasing the throughout [150]. Moreover,
template nucleic acid molecules are only located in droplets without fusion into the
mobile phase in droplet microfluidic PCR, avoiding nucleic acid recombination
with multiple cells in a conventional method, and not generating short, chimeric and
other artificial products [151, 152]. These factors make droplet PCR very suitable
for single-cell and single-molecule nucleic acid amplification. For example, Zhong
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et al. used multiple real-time droplet PCR to break the barrier of the traditional
PCR, in which a color can only indicate one target [153].

Currently, there are two main approaches available to perform microfluidic PCR
in droplet: digital microfluidic PCR and continuous-flow microfluidic PCR. Digital
microfluidic PCR is performed by placing reagents and amplification reactions in
fixed or semi-fixed droplets for accurate flow control, droplet manipulation, and
rapid detection [154, 155]. Pekin et al. screened the mutated genes in a 20,000-fold
normal gene and accurate quantified by using digital microfluidic droplet PCR
[156]. While the continuous-flow microfluidic PCR is different as droplets are often
in continual motion in microfluidic devices (Fig. 7.10c), which makes the operation
great challenge and is less use but higher throughout and suitable for continuous
amplification and detection [149, 157]. Mohr et al. integrated cell lysis, comple-
mentary DNA synthesis and gene amplification into the chip by manipulating the
droplets using the magnetic field dynamics after adding cells and magnetic beads
into the droplets [158]. Microfluidic PCR in droplet can orderly process a large
number of droplets in a short time with a higher throughout. Difficulties in
single-cell PCR mainly exist in three processes: cell lysis, DNA extraction, and
PCR. The lysate after cell lysis can strongly inhibit the PCR reaction reversely, and
it will also interfere with the PCR results if the DNA extraction is incomplete or
contains impurities. To solve these problems, Novak et al. used agarose as the
dispersed phase to encapsulate single cells and released the DNA from the cells
with sodium dodecyl sulfate and proteinase K, in which impurities could be washed
away, and finally reacted with the PCR reagents to proceed amplification and
analysis (Fig. 7.10a) [147]. Some by-products or undesired reagents can be
removed in this way, but it is not suitable for simultaneous cell staining and gene
analysis due to the presence of the gel. Eastburn et al. have constructed a micro-
fluidic platform to perform the whole PCR process by diluting the droplets con-
taining the cell lysate with a large water droplet to reduce the inhibitory effect, and
then separating parts of the droplets for amplification and analysis after adding the
PCR reagents (Fig. 7.10b) [148]. In the PCR process, two types of thermal cycling
are often used: on-chip and off-chip. The off-chip thermal cycling is simple, con-
venient, efficient, and capable of handling a large number of droplets simultane-
ously, but the off-chip thermal cycling is more convenient for automating [159].
Kim et al. performed droplets PCR reaction with the aid of laser for heating,
obtaining good results because the laser can be well controlled to heat the droplets
only and produce thermal reactions very quickly [160].

7.6 Cell Manipulation

Though the size of droplet is small, it can be much larger than a single cell, so
droplets can be used not only for single-cell analysis, but also for manipulation of
multiple cells [161]. When many cells are encapsulated in droplets, the number of
cells in the droplet obeys no longer a Poisson distribution, but rather a Gaussian
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Fig. 7.10 Droplet microfluidic chip for single-cell PCR. a Single cell PCR analysis system based
on gel droplets (Reprinted with permission from Ref. [147]). b A common water-in-oil droplet
platform was used for single-cell PCR analysis (Reprinted with permission from Ref. [148]).
¢ Architecture of a complete real-time PCR device (Reprinted with permission from Ref. [149])

distribution [39]. For droplet manipulation of cells, it is important not just by
droplet generation and sorting, but by a series of other operations: fusion, splitting,
and mixing [27, 162]. Some special cell manipulations can be achieved through
droplets operations, such as cell three-dimensional (3D) culture and cell co-culture.

Compared with conventional 2D culture system, 3D cell culture more accords
with the condition of cells in the organism, which makes people understand the cell
differentiation, tissue production and function more deeply and is meaningful to
study cells and tissues as important components of body [163]. Cells culture in gel
is considered to be the most commonly used method for 3D cell culture as the gel
has good biocompatibility, provides good support for cells growth and is conve-
nient for the addition of cytokines [164]. Meanwhile, gel can perform the con-
version between the liquid and semi-solid state under certain conditions, which is
exploited to carry out micro-droplet 3D culture. Headen and colleagues wrapped
human bone marrow mesenchymal stem cells with RGD (Arg-Gly-Asp pep-
tide) functionally modified liquid polyethylene glycol gel, which would become
coagulation state under the action of triethanolamine, and then cells microspheres
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were successfully formed after cultivation (Fig. 7.11a) [165]. The formation of gel
droplets by droplet microfluidic technology can not only accurately control the size,
shape and dispersibility of the gel, but also precisely regulate the chemical com-
position of the gel. Now there are two ways for formation of microgel droplets. One
is to firstly generate droplets with small molecule monomers, and then polymerize
these monomers to form micro-gel (Fig. 7.11b) [166]. Such way is convenient to
operate and easy to implement with closely linked two-step operation, but difficult
to control the degree of reaction and morphology of droplets. The other way serves
prepolymer as disperse phase to form droplets, and then to develop micro-gel via
cross-linking reaction by adding cross-linking agent. The difficulties in this
approach are that the prepolymer is a non-Newtonian fluid and owns different fluid
properties contrast with the mobile phase, while its advantage is getting more
controllable microgels [167]. The latter method is more suitable for cell culture,
such as commonly used alginate, agarose, carrageenan, gelatin, and so on [168,
169]. For example, Siltanen et al. formed stem cells encapsulated hydrogels in a
way of pre-polymerisation and then cross-linking, and have found that the formed
stem cell spheres expressed higher content of endoderm markers [170]. Now three
kinds of cross-linking methods are commonly used: chemical crosslinking, tem-
perature crosslinking and ion crosslinking. Kumacheva et al. encapsulated cells and
formed microgels with an agarose precursor capable of gelatinization by thermal
inversion [171]. Liu et al. formed calcium ion droplets and alginate droplets,
respectively, and then fused two droplets to produce microgels to achieve cell
encapsulation and 3D culture as the property that alginate turns into gelation in
presence of calcium ions [166]. The 3D cell culture in droplet provides an effective
to study drug screening, cell differentiation and phenotypic change. Du and colleges
accomplished drug screening of a large number of cell microspheres formed by
microfluidic droplet array just with a small amount of drugs [172].
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Fig. 7.11 Cells were wrapped in biocompatible gel for 3D cell culture. a The microfluidic device
was used to generate droplets with macromonomers encapsulating the cells and then were
polymerized to form gel [165]. b The droplets containing two components of synthetizing gel are
formed and the gel was formed by droplet fusion [166]. (Reprinted with permissions from
Refs. [165] and [166])
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Except for 3D culture, cell co-culture is also an important direction for biological
research as the cells in vivo are not isolated, but closely contacts with other cells
through directly or indirectly communication. Since the droplets are born in
sequence and can be operated with fusion and separation between each other,
Tumarkin et al. mixed two cell lines contained in agarose with a Y-channel, and
formed droplets through a T-junction, and finally developed into micro-gel by the
temperature cross-linking, in order to get the purpose of two cells co-culture [175].
Yu et al. fused two types of droplets pathway containing E. coli and phage,
respectively, by applying the same method for the detection of phage content in
water after culture for a certain time (Fig. 7.12a). Chen et al. have developed a new
core-shell structure consisting of human hepatocellular carcinoma cells and
NIH-3T3 cells, respectively, by wrapping the water droplets with gels and analyzed
the secretion of albumin and urea in single culture and co-culture (Fig. 7.12b). In
addition, Zhang et al. printed arrays of two cell with accurate and controllable
interval by using Inkjet to study intercellular drug metabolism (Fig. 7.12c). Liu and
colleges applied high-voltage pulse into three metal nozzles which were next to
each other, so that the generated droplets got fused together in the process of spray
for cell co-culture [176]. In contrast with other methods, cells co-culture in droplet
enables co-culture between a few cells, or even single cells and high-throughput
study, and provides a more precise control of droplet behavior. Furthermore, cell
patterning [177], the study of cell growth [178], and live cell monitoring [179],
through union of droplets and nanoparticles are also widely used in droplet
microfluidic technology.

7.7 Summary and Prospect

The droplet-based microfluidic technology inherits the advantages of microfluidic
technology and further performs some characters of high-throughput, low con-
sumption, and higher specific surface area, so it has been developed rapidly in
recent years and has become a hotspot and powerful tool in the fields of chemical
and biological research. It mainly depends on T-junction, flow focussing structures
or external forces, to produce monodisperse and high-flux droplets with a minimal
volume of fL. or pL. This process is easy to operate and provides tiny and inde-
pendent space for single or small number of cells. The generated cell droplets are
charactered with a variety of analytical methods, such as fluorescence, mass
spectrometry, electrical detection and chemiluminescence, to fulfill aim of study the
cell states, phenotypes, metabolism, genes and so on. The single-cell analysis, 3D
cell culture and cell co-culture are well controlled by the design of the microfluidic
chip structure and some pluripotent operations of fusion, splitting, sorting and
mixing, which offers a possible direction in single cell level research and analysis.

For future droplet-based microfluidic technology, we expect that it will allow
better integration with various detection methods for real-time assay of cell meta-
bolism and other markers, or incorporation with new biocompatible materials to
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fibroblasts located in shell (Reprinted with permission from Ref. [42]). C Inkjet printing was used
to perform cell co-culture in droplet. a schematic of complete system; b an inkjet print, integrated
chip, and drug metabolism process (Reprinted with permission from Ref. [174])

establish new methods and systems for cell research. Since droplets are
high-throughput, some unexpected conclusion may be obtained by combination
experimental results with big data analysis. One possible field of future droplet
microfluidics may be the development of portable devices that apply some simple
and sensitive detection techniques such as electrical or chemiluminescent detection
for diagnosis of diseases. Even with few applications, active methods of generating
droplets can overcome many disadvantages of passive methods in encapsulating
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cells and will promote progress in study of single cell and cell manipulation if
further developed. In addition, efficient and extensive drug screening, development
of new isothermal amplification methods and other applications also have broad
prospects. We believe that droplet-based microfluidic technology will play a more
important role in cell research and analysis, tumor therapy, disease diagnosis in the
near future.
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