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Preface

Since the first observation of the structure of plant cells at the thin sheets of cork by
Robert Hooke, a British scientist in 1665, the methods for the study of cellular
biology are mainly from the employment of petri dishes as cell culture container
even though there are million people using different types of dishes in all over the
world. As we have described in our last book “Cell Analysis on Microfluidics”
(Springer 2018), until now, after repeated optimization and modification, dishes are
still utilized in every biochemical laboratory. The observation of cells culture in the
dishes is also a challenge due to too big diameter of dish to be monitored by
microscopy at all space. To develop a more advanced method for cell culture,
observation, and metabolite analysis, with the grant supported by National Natural
Science Foundation of China (Nos. 21435002 and 21727814), we innovated a new
instrumentation of microchip combined with mass spectrometer and microscopy.
This technique is commercialized by Shimadzu China in 2018 and started to be
applied in the study of drug screening, environmental toxicology, basic medicine,
and cell biology. However, during the cell culture study, we found that the same
types of single cells often have the heterogeneities in morphology, functions,
composition, and genetic performance of the seemingly identical cells. For
understanding the heterogeneities of single cells, we tried to use the principles of
surface tension, micro-flow force, and laminar for developing a new technique of
single-cell analysis. We are lucky and successfully fabricated a microfluidic with
two flow lines of “flow in” and “flow out” which can be used as live single-cell
extractor. A number of research results concerning with microfluidics for single-cell
analysis have been published in the recent years. In this book, we summarized in
nine chapters of advances of single-cell analysis on microfluidics, microfluidic
technology for single-cell capture and isolation, single-cell culture and analysis on
microfluidics, microfluidic technology for single-cell manipulation, droplet-based
microfluidics for single-cell encapsulation and analysis, microfluidics for single-cell
genomics, microfluidics-mass spectrometry combination systems for single-cell
analysis, micro/nano-fluidics-enabled single-cell biochemical analysis, and micro-
fluidic chip-based live single-cell probes.
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Although chapters in this book only provide a brief review of microfluidics for
single-cell analysis and limited collection of its applications on cell biology, plenty
of knowledge is included about almost every element to establish a microfluidic
platform for single-cell analysis. And we hope this book can be helpful to those
ardent researchers and students who wish to know more, explore more, and achieve
more in the fields of microfluidics and cellular biology.

We would like to thank all the authors contributing to this book for their effort in
helping us to put together this work. We also would like to thank Springer for
inviting us to publish this book and all the support during its preparation. We are
grateful to financial support to our research topics of cell analysis on microfluidics
from National Key R&D Program of China (No. 2017YFC0906800) and National
Natural Science Foundation of China (Nos. 21435002, 21727814, and 21621003).

Beijing, China Jin-Ming Lin
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Chapter 1
Advances of Single-Cell Analysis
on Microfluidics

Qiushi Huang and Jin-Ming Lin

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

Keywords Microfluidics development � Single-cell analysis � Mechanisms

1.1 Introduction

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

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

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

Cell heterogeneity in population has promoted understanding in the fields of
systems biology, stem cell biology, and cancer biology. Since the development of
single-cell analysis techniques, these fields above have been benefited at the same
time [3]. The heterogeneity of tumors has already been known in cancer biology
[4]. And it is possible to infer tumor progression from genomic heterogeneity [5].
This condition has gained immense interest and insights. Using single-cell tech-
niques, dynamic proteomics has been applied to measure the single-cell response to
drug stimuli [6]. Besides, single-cell gene expression techniques have been
developed for the studies of stem cells [7]. Using single-cell transcriptome analysis,

2 Q. Huang and J.-M. Lin



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

Invention of the microfluidic technique has greatly promoted single-cell analysis.
Traditional detection systems on multi-cells can be applied at single-cell resolution
through this technique as well as isolating single populations from complex sam-
ples. Due to the development of microfabrication techniques, traditional analysis
platforms have been miniaturized into micrometer scale which is so-called micro-
fluidic lab-on-a-chip platforms. These tools support precise control of mechanical
and chemical access [8] and are able to collect highly quantifiable single-cell data
from high-throughput assays [9]. These miniaturized systems focus on evaluating of
cell–cell interactions [10] and cell–substrates interactions [11]. Conventional
macroscale platforms cannot achieve simulation in vivo microscale environments,

Fig. 1.1 Cell heterogeneity in population. a Time-response signals of single cells. b Informational
cells’ respond to stimuli mix with other cells’ respond which is weak and scarce. c Subpopulations
in bimodal expressions. d Rare cell populations are not accurately expressed by average assays
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which microfluidic techniques can easily realize [12]. To analyze practical samples
with complex components such as blood and cancer tissue, the high-throughput
method is needed. Microfluidic meets the requirement of assigning precise positions
in arrays or positioning in flow. Single-cell manipulation such as mechanical
trapping [13], inertial isolation [14], dielectric isolation [15], and acoustic isolation
[16] has been developed well suited for the single-cell analysis.

1.1.2 Development of Single-Cell Approaches

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

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

Year Research Reference

1965 Isolation and direct
observation of haemoglobin
in single erythrocytes

Matioli GT et al. Science 150(3705):1824–1826

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

1987 Open tubular liquid
chromatography for the
electrochemical analysis of
single neurons

Kennedy RT et al. Mikrochimica Acta 2(1–3):37–4

1988 Single-cell capillary zone
electrophoresis

Wallingford RA et al. Analytical Chemistry 60
(18):1972–1975

2000 Single-cell proteomics Zhang Z et al. Analytical Chemistry 72(2):318–322

Valves Unger MA et al. Science 288(5463):113–116

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

2009 Live single-cell MS Masujima T. Analytical Sciences the International
Journal of the Japan Society for Analytical
Chemistry, 2009, 25(8):953

2015 Single-cell MALDI-MS Ong TH et al. Analytical Chemistry 87(14):7036–
7042

2018 Live single-cell extractor Mao S et al. Angewandte Chemie International
Edition 57(1):236–240
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the cell size and concentration of the determinant which is hardly to control.
Radioactive labeling is limited for one kind of compound detection at one time, and
the unknown compound is not suitable. The development of flow cytometry has
been widely applied in cytobiology [22]. When the sample is complex that contains
multiple populations of cells, flow cytometry is able to detect the physical and
chemical parameters of single cells. Parameters such as size, volume, quantity, and
even the content of proteins and nucleic acids can be collected at high throughput.
However, the flow cytometry also has limitations in the single-cell analysis that
limits the universality, such as expensive instrument costs, complex cell surface
markers, increased sample pre-treatment time and reduced cell viability, as well as
sample contamination risk. Patch clamping was developed by Neher and Sakmann
in 1976 [23]. This technique was applied for the discovering of the function of
single ion channels in cells which has won the Nobel Prize in Physiology or
Medicine in 1991. The high sensitivity and high spatial resolution of the patch
clamping have great potential for the study of the rapid reaction kinetics in the
ultra-microenvironment of single-cell organisms.

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

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

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

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

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

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

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

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

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

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

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

Zare’s group has done excellent work in single-cell analysis on microfluidic [37–
39]. In their previous work [40], they have developed multilayer microfluidic chips
for the analysis of single cells. The microfluidic channels enabled the passive and
gentle isolation of a single cell from the complex cell suspension, and integrated
valves and pumps enabled the precise delivery of nanoliter volumes of reagents to
the cell. Various applications were demonstrated such as cell viability analysis,
ionophore-mediated intracellular Ca2+ flux measurements, and multistep
receptor-mediated Ca2+ measurements. The experiments had significant improve-
ments in reagent consumption, analysis time, and temporal resolution compared
with macroscale assays.

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

Our group has focused on this field as well in recent years. For cell sorting,
two-dimensional ordered polystyrene microspheres based microwell arrays [44] has
been developed for high-throughput single-cell analysis. In this work, rounded
bottom microwell arrays (Fig. 1.2a) in poly(dimethylsiloxane) were fabricated by
molding a monolayer of ordered polystyrene microspheres. Sizes of microwell were
tunable in the 10–20 lm ranges which were able to capture adherent or
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non-adherent cells with high efficiency. Further, designed microwell structures
enable us to launch strong interactions of the target cell surface with biomolecules
[45]. By coating DNA aptamer on the 3D-structured microwell, a satisfactory
single-cell occupancy could be obtained.

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

Fig. 1.2 Microfluidic enabled single-cell analysis. a Cell arrays on the microwells. Reprinted with
permission from Ref. [44]. b Controlled encapsulation of single cells inside hydrogel
microstructures. Reprinted with permission from Ref. [46]. c Microfluidic chip-based live
single-cell extractor. Reprinted with permission from Ref. [11]
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1.2 Mechanisms of Microfluidic Technologies
in Single-Cell Analysis

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

Fig. 1.3 Microfluidic enabled workflow of single-cell analysis
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1.2.1 Cell Sorting

Compared with traditional methods, microfluidic devices have inherent advantages
in the cell sorting platform. Miniaturized devices reduce reagent consumption to a
certain extent and increase portability. The production cost of the devices can be
decreased by introducing soft lithography for standard microfabrication. The
flowing cells can be controlled spatiotemporally by laminar fluid dynamics, which
achieves passive and label-free cell separation. Commonly, cell sorting is achieved
continuously in an enclosed microfluidic device, which minimizes the risk of
sample contamination. However, several drawbacks exist as the immaturity of this
technology. The throughput is a major research focus to improve compared with
commercial flow cytometry. Besides, cell adhesion and clogging problems occur
frequently which limit the life of the device. Till now, there are several excellent
works [47–51] in the field regarding microfluidic enabled cell sorting. Here, we

Fig. 1.4 Different microfluidic cell sorting techniques. a Mechanism of microfluidic cell sorting
integrated with EP. A uniform electric field induces a Coulomb force on negatively charged cells,
resulting in a net force toward the positive electrode. The target cells are then separated.
b Mechanism of microfluidic cell sorting integrated with DEP. DEP force and gravity force
together positions different cell types at individual regions of different flow velocity, leading to
different retention time for each cell type. c Mechanism of microfluidic cell sorting integrated with
EOF. Solvated negative ions migrate toward the positive electrode, inducing fluid flow and cell
separation. The electrode charge is controlled by the signal from laser interrogation. d Mechanism
of microfluidic cell sorting integrated with SSAWs. The standing surface acoustic waves,
generated by interdigital transducers, separate cells at distinct streamlines, and the cells are
separated via different outlets

1 Advances of Single-Cell Analysis on Microfluidics 9



introduce existing cell sorting technologies integrated on microfluidic chips that
specific relevance to single-cell analysis. Different sorting mechanisms suit for
different cell type’s properties.

1.2.1.1 Electrical

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

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

Similar to the EP and DEP sorting mechanisms, electroosmotic enabled sepa-
ration also utilizes an electric field. Electroosmotic flow (EOF) is defined as fluid
flow by inducing solvated ions movement under an electric field. Then particles in
the solution will accompany the fluid flow induced by migrating solvated ions.
Using this technique, target cells can be picked up actively from the complex
sample (Fig. 1.4c). The advantage of EOF is the accurate control of volume in
microfluidics which enables precise control of small volumes of reagents and
size-based cell sorting. However, electrophoretic cell movement can influence the
accuracy of electroosmotic driven in this approach.
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1.2.1.2 Acoustic

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

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

Bulk standing waves are generated by a piezoelectric transducer in microfluidic
channels when the acoustic wavelength matches the channel dimension. In this

Fig. 1.5 Different microfluidic cell sorting techniques. a Mechanism of microfluidic cell sorting
integrated with bulk standing waves. Cells separate to the wave node or antinode depending on
their acoustic contrast factor. b Mechanism of microfluidic cell sorting integrated with traveling
acoustic waves. c Mechanism of microfluidic cell sorting integrated with optical tweezer. A laser
emitter is integrated on the microfluidic chip and the cells are deflected by the laser beam toward
different outlet. d Mechanism of microfluidic cell sorting integrated with magnet. The device is
operated under the magnetic field and the magnetic particle labeled cells are collected from
different outlet with normal cells
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approach, cells flowing through the channel will respond differently to the standing
wave by the acoustic contrast factor, which is dependent on cell density and
compressibility (Fig. 1.5a). Cells with a positive acoustic contrast factor will
migrate toward the wave node, and cells with negative acoustic contrast factors will
migrate toward the wave antinodes. Thus, cell sorting will be achieved by cell
separation to different outlets.

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

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

1.2.1.3 Optical

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

1.2.1.4 Magnetic

In magnetic enabled cell sorting, magnetic particles can be biologically combined
with the target cells via a cell-specific antibody. Therefore, the target cells can be
separated from the complex sample by flow through a microfluidic channel pos-
sessing a magnetic field (Fig. 1.5d). The advantages of this approach are the
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simplicity and non-touching separation. The magnetic field can be induced via an
integrated permanent magnet or an electromagnet for a low cost. However,
applying magnetic sorting requires antibody labeling of magnetic particles on cells.
This can be a drawback for several reasons. Labeling may negatively impact cells’
endogenous genetic expression and is difficult to achieve in specific cells that lack
of surface markers. Besides, labeling is not desirable in clinical concerns, and
antibodies are quite expensive. Till now, microfluidic magnetic enabled cell sorting
has been applied in many fields, and the reader can refer to several reviews [63–65].

1.2.1.5 Array of Micropillars

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

Fig. 1.6 Different microfluidic cell sorting techniques. a Mechanism of microfluidic cell sorting
integrated with micropillars array. An array of micropillars induces cells with different radius
toward different outlet. b Mechanism of microfluidic cell sorting based on inertial effect. A spiral
channel is designed to form the vortex (Dean flow) perpendicular to the primary flow. Cells with
different sizes, densities, or shapes are positioned at the vortex and the cells are separated from
different outlets
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1.2.1.6 Inertial

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

1.2.2 Single-Cell Isolation

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

1.2.2.1 Valves

Valves can be utilized to trap objects in the microscopical pipes, which provide an
easy conversion into microscale for the single-cell trapping. In microchannels,
valves can be utilized to regulate fluid flow and control flow direction. Quake’s
group [73, 74] have developed valve on microfluidic that is so-called Quake valves,
which is commonly used later in other researches. The common examples of Quake
valves in microfluidic are two-layer pneumatic valves. The top layer integrated
channels for the pneumatic valves. When gas passes through the channel, the
barometric pressure will force the channels in the bottom layer to close, where single
cells are trapped (Fig. 1.7a). The valves commonly utilize computer-controlled
programs which simplify the operation but complicate device fabrication and
increase the cost. The throughput of this approach is limited for the requirement of
microscopy to confirm single-cell trapping. Perhaps, the combination of automatic
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feedback-controlled valves and microscopy will enable hands-off single-cell isola-
tion and increase the throughput.

1.2.2.2 Microwells and Microdams

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

Another single-cell isolation method uses physical boundaries is called micro-
dams such as U-shaped cups to physically isolate single cells on chip (Fig. 1.7c).

Fig. 1.7 Different microfluidic enabled single-cell isolation techniques. a Quake valves integrated
microfluidic chip for single-cell isolation. b Schematic diagram of single-cell isolation based on
microwells. c Schematic diagram of single-cell isolation based on microdams. d Schematic
diagram of hydrodynamic single-cell isolation. An oscillating flow around a micropillar generates
four surrounding eddies. Single cells are trapped at the center of eddies
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The microdam is required to have cutaways allowing fluid flow through an unoc-
cupied trap, thereby preventing clogging. This approach is beneficial because of the
passive isolation and applicability for various cell sizes and shapes. However, most
applications of this approach are used for single-cell culturing and transient imaging
analysis, rather than single-cell lysate analysis.

1.2.2.3 Hydrodynamic

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

1.2.2.4 Dielectrophoretic

Single-cell isolation by dielectrophoretic methods has been developed with great
success. In this approach, a pair of electrodes enabling single-cell trapping is inte-
grated into a microfluidic chip which is called DEP cage. A dielectrophoretic-based
single-cell isolation system consists of a disposable cartridge which is an array of
individually controllable DEP cages (Fig. 1.8a). After the process of trapping, cells
are identified under a microscope and manipulated to other traps or isolated off the
chip. The approach can be applied for isolating rare cancer cells from real blood

Fig. 1.8 Different microfluidic enabled single-cell isolation techniques. a Schematic diagram of
single-cell isolation based on DEP. Individually controlled electrodes generate DEP cages to trap
single cells. b Schematic diagram of droplets enabled single-cell isolation
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samples. However, the limitations of the approach are low throughput, inapplica-
bility to smaller samples, and large labor costs. Besides, single cells are not strictly
compartmentalized on a chip, which turns down the applicability for single-cell
lysates analysis.

1.2.2.5 Droplets

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

1.2.3 Single-Cell Lysis

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

1.2.3.1 Chemical

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

1.2.3.2 Mechanical

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

1.2.3.3 Electrical

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

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

1.2.3.4 Optical

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

1.2.3.5 Thermal

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

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

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

The modern science of single-cell biology is particularly fascinating. The
development of detection techniques has allowed researchers to study cells in depth
which are the basic units of life. Novel concepts in this field have been well
established such as single-cell genomics, single-cell proteomics, and single-cell
immunology which are a paradigm shift in biology. Currently, existing work in
single-cell analysis always removes cells from their native environment for more
convenient operation. This will lose the impact of native tissue and change cells’
behavior. As such, new works often focus on the cells’ original spatial context
which has profound implications [106–108]. Nevertheless, these remarkable works
only indicate the beginning of a new era, when revolutionary single-cell omics and
innovative microfluidic approaches befall to the world.
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Chapter 2
Microfluidic Technology for Single-Cell
Capture and Isolation

Jing Wu and Jin-Ming Lin

Abstract Compared to conventional biological assays that statistically analyze the
average response from a large population of cells, single-cell assay can tell the
differences between individual cells allowing more precise understanding of
single-cell behavior. The challenge of studying single cells is requiring hundreds or
thousands of isolated single cells. Numerous microfluidic-based techniques have
been developed and are successfully utilized to capture single cells. In this chapter,
we summarize technologies integrated onto microfluidic chips for single-cell cap-
ture and isolation. According to the principle used, these techniques can be cate-
gorized into physical and biochemical approaches. At last, the challenges and future
directions about these microfluidic techniques have been remarked.

Keywords Single-cell � Capture and isolation � Physical microfluidic techniques �
Biochemical microfluidic approaches

2.1 Introduction

Analysis at the single-cell level has been raised particular interests due to cell pop-
ulations can be very heterogeneous. Studying the heterogeneity can reveal how cells
function, transform and react to different stimuli and how these different behaviors
relate to genetic and epigenetic changes [1–4]. Capture and isolation of single cells
are prerequisites for understanding these cellular variations. However, efficient
single-cell capture and isolation are complex tasks for any given cell population.
Therefore, a large variety of technologies for single-cell capture and isolation
have been studied [5]. Conventional methods for cell capture and isolation cannot
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easily manipulate single cells in standard petri dishes because of the cell sizes. In this
regard, microfluidic technologies emerge as potentially powerful tools for precise
control and efficient capture of target single cells from cell mixtures [6–9].

Microfluidic techniques show great promises in single-cell capture and analysis
because of their inherent advantages [10–14]. (1) Miniaturization of microfluidic
systems makes them possible to handle the cell transfer, capture, sorting, and
analysis in a very small volume. (2) Integration of microfluidic systems combines
multi-step operations and shortens the assay time. (3) Three-dimensional
(3D) substrates of microchannels enhance interactions between cell surface and
the local topographic substrate leading to enhanced cell capture efficiencies.
(4) Biocompatibility of microfluidic systems reconstitutes the native microenvi-
ronments and presents cells in a more physiologically relevant context to keep their
normal behaviors and functions. Various microscale physical traps and numerous
microfluidic chips with different underlying cell isolation principles are increasingly
emerging to isolate and investigate single cells [15–17].

In this chapter, we review the recent emergence of microfluidic technologies
applied in single-cell capture and isolation for biomedical applications. Focus is put
on the principles and advances accounting for these technologies. This chapter is
divided into three sections. At first, we highlight a variety of microfluidic tech-
niques which employ physical means to capture individual cells in the
high-throughput model. Physical principle-based microscale traps contain optical
tweezers, dielectrophoresis (DEP), acoustic wave and magnetic traps. Secondly,
microfluidic approaches based on interactions between affinity ligands and cell
surface markers have been discussed. Emphasis is put on antibody- and
aptamer-based approaches. In the last section, we summarize the key advantages of
these techniques and remark the challenging and future directions about the
development of these approaches.

2.2 Physical Microfluidic Techniques

2.2.1 Optical Traps

Due to the ubiquity, non-contact and contamination-free of optical instruments in
laboratories, optical traps are commonly utilized to capture and isolate single cells
in microsystems. We described a photolithography approach to encapsulate single
cells by generating arrayed hydrogel microstructures inside microchannels. Poly
(ethylene glycol) diacrylate precursor was photopolymerized using a fluorescence
microscope to generate microstructures with controlled morphology and position
[18, 19]. Optical tweezers are the chief optical traps which are integrated onto
microfluidic systems to trap single cells with high precision and possibility [20–22].
Optical tweezers are a single-beam optical gradient trap and manipulate cells by
optical forces toward the focus point of a laser beam. The laser beam focused on a
particle or cell can form a 3D optical potential well which induces optical pressure

28 J. Wu and J.-M. Lin



to capture the particle or cell. The intensity and shape of spatial light distributions
can be rapidly switched, so the trapped cells can be repositioned in all dimensions
through moving the beam and changing focus [16, 23].

Optical tweezers were tried to be implemented on a digital microfluidic platform
to accurately manipulate single magnetic beads which were used to mimic single
cells and seeded in a microwell array (Fig. 2.1a). Under the optimal conditions,
magnetic beads were trapped, retrieved, transported, and repositioned to a desired
microwell by the optical tweezers. The optical tweezers-combined platform was
presented as a powerful dynamic microwell array system for single-molecule and
single-cell researches [24]. Laser tweezers Raman spectroscopy (LTRS) was proved
to be a powerful tool for the label-free detection and discrimination of individual
cancer cells. Microfluidic flow chamber was introduced to avoid the problem of
manual trapping of cells and allow single cells to be optically trapped and analyzed
in an automated fashion using LTRS[25]. Single-wall carbon nanotube electrodes
were embedded into multilayer polydimethylsiloxane (PDMS) structures to integrate
optoelectronic tweezers with microfluidic chip allowing single-cell sample prepa-
ration and analysis (Fig. 2.1b). Individual cells were picked up from a population
with light beams depending on their optical signatures, such as size, shape, and
fluorescence [26]. Due to the complexity and expensive fabrication of optical
tweezers, low-throughput is their inherent limitation for wide applications in
large-scale cell sample processing. Cheng et al. [27] combined optical tweezers with
a tapered microfluidic nanoparticle delivery system to deliver target nanoparticles to
the laser trap region by active microfluidic flow. Compared to conventional systems,
it was observed a more than tenfold increase in throughput opening the door to
high-throughput analysis of nanoparticles and single cells. Although the integration
of optical tweezers with microfluidic devices exhibits great promise in single-cell
capture and analysis, objective lens always is required. Furthermore, it is challenging
to trap non-transparent or optically insensitive target for optical tweezers. Chen et al.
[28] firstly reported thermal tweezers which were fabricated with a photon-free

Fig. 2.1 Optical tweezers integrated on microfluidic devices. a Optical tweezers were
implemented on a digital microfluidic platform for accurate manipulation of single magnetic
beads and cells (Reprinted with permission from Ref. [24]. Copyright 2016 American Chemical
Society.). b Schematic of the optoelectronic tweezers integrated microfluidic platform (Reprinted
with permission from Ref. [26]. Copyright The Royal Society of Chemistry 2013.)
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trapping technique to avoid the above problems. The thermal-gradient-induced
thermophoresis was demonstrated to successfully trap polystyrene spheres and live
cells. As a noninvasive and non-destructive cell manipulation method, optical
tweezers are advantageous in handling small number of single cells since properly
chosen forces are strong enough. Throughput enhancement and construction sim-
plification are the two directions for future development of optical tweezers.

2.2.2 DEP

DEP has been widely used in manipulating and separating single cells in
microsystems because of its merits of easy-operation, label-free, high-efficiency,
and low-damage [29, 30]. Most cells have various dielectric characteristics, such as
polarizability and conductivity, in external electric fields due to different cellular
compositions and physical properties. These properties can be utilized to isolate
cells by DEP which occurs when a polarizable particle or cell is placed in the
non-uniform electric fields.

Both positive and negative DEP force can be used to control cells to be travelled
to the designated location. Cheng et al. [31] generated positive DEP (pDEP) on a
planar chip by applying an alternating current signal on a novel two-pair inter-
digitated array electrode (TPIDA). More than 4800 single cells were trapped and
paired by the pDEP within only several minutes on a 1 � 1.5 cm area. The single
cell–cell pairing efficiency was improved up to 74.2% by TPIDA which decreased
the induced electric field during consecutive trapping of two cell types. pDEP was
combined with a solenoid-valve-suction-based switch on a Raman-activated cell
sorting microfluidic system for single-cell trap and release. Single cells were
trapped, ordered, and positioned individually to the detection point for Raman
measurement through exerting a periodical pDEP field [32]. Negative DEP (nDEP)
was demonstrated to attract and repulse B-cells from each a bipolar electrode
cathode and anode. The impact of faradaic ion enrichment and depletion on electric
field gradients was exploited to shape and extend DEP force. This technology
addressed a need for effective and inexpensive single-cell manipulation in micro-
fluidic devices [33]. Quadrupole-electrode units were patterned onto microfluidic
chips to trap and position individual living cells based on nDEP. Different types of
cells were effectively distinguished as well as single-cell impedance was success-
fully measured in real time [34, 35]. Chiou et al. [36] fabricated a 3D tunnel DEP
device with two pieces of glass substrates sandwiching a thin and open PDMS
channel (Fig. 2.2a). Electrodes were laid out to provide DEP forces perpendicular
to the hydrodynamic flow in the channel. A long DEP interaction zone was gen-
erated by the electrodes spanned up to several centimeters in length across the entire
channel. As a result, microparticles and cells had sufficient time to migrate to the
focal stream in high-speed flows. Kim et al. [37] fabricated an advanced elec-
troactive double-well array (EdWA) which was consisted of cell-sized trap wells
and high aspect ratio reaction wells (Fig. 2.2b). Trap wells were designed for
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deterministic single-cell trapping using DEP and reaction wells were used to con-
fine cell lysates extracted by lysing trapped single cells via electroporation. On-chip
highly efficient single-cell arraying was successfully formed, and single-cell anal-
ysis was facilely performed. Single-cell trapping, impedance measurement, and
liquid manipulation by DEP were integrated into a parallel-plate device. A HeLa
cell was trapped in microstructure by DEP and its impedance was measured in a
SU-8 cavity between measurement electrodes [38]. Sonkusale et al. [39] applied
alternating current (AC) DEP in microfluidic channel to deliver and extract cells as
well as direct current (DC) electric fields to lyse cells. AC-DEP was even utilized to
drive the assembly of live bacteria into miniaturized single-cell microarrays.
Voltage and frequency of AC-DEP were optimized to obtain maximum cell capture
efficiency [40]. Definitely, DEP is a convenient and outstanding single-cell sepa-
ration method, and it still has some limitations needing to solve in future, such as
application limited to cells with distinguishable electrical characteristics, damage of
cells caused by electrodes, fluid convection induced by Joule heating.

Fig. 2.2 Single-cell capture
via DEP on microfluidic
chips. a Schematic
representation of tunnel DEP
for singe-stream cell focusing
in high-speed microfluidic
flows (Reprinted with
permission from Ref. [36].
Copyright 2016 Wiley-VCH
Verlag GmbH & Co. KGaA,
Weinheim). b Schematic
illustration of an EdWA for
on-chip single-cell trap and
analysis (Reprinted with
permission from Ref. [37].
Copyright The Royal Society
of Chemistry 2016.)
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2.2.3 Acoustic Waves

Capture of single cells by an acoustic wave at microlevel has been developed for
decades and advances in preserving cell integrity, functionality, and viability [41,
42]. Acoustic waves are generated by acoustic field. Cells in fluid are pushed
toward designated regions with a minimal acoustic radiation pressure when an
acoustic field is present within a flow channel. According to the property of acoustic
wave, surface acoustic waves (SAWs) are categorized into travelling SAWs
(TSAWs) and standing SAWs (SSAWs).

The surface wave generated from a single interdigitated transducer (IDT) is
TSAW which manipulates micro-objects via acoustic streaming flow and is mainly
used to actuate fluids [43]. An acoustic topographical manipulation method was
present to efficiently and reproducibly manipulate diverse microscale objects
relying on the acoustic-induced localized microstreaming forces (Fig. 2.3a).
Micro-objects were trapped and manipulated along a determined trajectory based on
local topographic features. Microparticles with diverse geometries and densities,

Fig. 2.3 Acoustic wave-based microfluidic devices for single-cell capture. a Acoustic topo-
graphical manipulation method was developed to trap micro-objects and control them along a
determined trajectory relying on microstreaming forces (Reprinted with permission from Ref. [44].
Copyright 2017 American Chemical Society.). b Illustration of 3D acoustic tweezers and
numerical simulation results mapping the acoustic field around a particle (Reprinted with
permission from Ref. [49]. Copyright 2016 National Academy of Sciences.)
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including live cells, could be autonomously manipulated by this method without
external feedback, particle modification, or adjustment of operational parameters
[44]. Commonly, TSAW-based microfluidic sorting techniques are particularly
useful for small particles or cells because of the generated acoustic radiation force.
In contrast, Franke et al. [45] introduced an acoustic sorting technique to sort cells
or other micro-objects independent of their sizes at high rates. The acoustic sorter
combined the advantages of fluorescence-activated cell and droplet sorting and
showed great promises to be integrated into many available microfluidic platforms.
Droplets are a powerful tool which can be used as single-cell containers [46].
TSAWs also were used to trap, incubate, and release individual selected droplets
from a continuously flowing stream with a high rate [47, 48]. Through regulating
the operation frequency of the TSAWs, each droplet could be individually
addressed, manipulated, released, or incubated for variable times as required.

One TSAWand its reflected formwhich comes from a sound hard boundary or two
oppositely propagating identical TSAWs come together and interfere, then, generate
SSAW. SSAWs always are applied for manipulating micro-objects and microfluidic
actuation. 3D acoustic tweezers were created by Huang et al. [49] to capture and
manipulate microparticles and cells along three mutually orthogonal axes using
SSAWs (Fig. 2.3b). Standing-wave phase shifts were used to move particles or cells
in-plane, while the amplitude of acoustic vibrations was utilized to control particle or
cell motion along an orthogonal plane. The 3D acoustic tweezers were successfully
used to pick up, translate, and print single cells and cell assemblies to create 2D and
3D structures in a label-free, contact-free, precise, and noninvasive manner.
Commonly, suspended particles or cells within microfluidic systems were controlled
to migrate a distance less than half the acoustic wavelength to the nearest pressure
node of SSAWs which were generated by identical frequency, counter-propagating
travelling waves. Thus, a periodic pattern of particles or cells was formed. Neild et al.
[50] creatively used two counter-propagating travelling waves with different fre-
quencies to create a substantially different force field. As a result, a much longer range
force field was created causing particles to be gathered together in a single trapping
site. Meanwhile, the location of the single trapping site could be controlled by the
relative amplitude of the two waves. Cells or particles could be exactly migrated
laterally across a fluid flow to defined locations using this approach. Concentration
and separation of microparticles are of the same importance as cell enrichment and
isolation [51]. Sung et al. [52] designed a pumpless acoustofluidic device by posi-
tioning two parallel IDTs underneath the PDMS microchannel. Larger particles were
trapped and concentrated by the virtual acoustic radiation force field generated by the
IDTs while the smaller particles were allowed to pass through the acoustic filter.

Acoustic-based cell isolation approaches offer a means of capturing single cells
according to their size and physical properties in a label-free, contactless, and
biocompatible manner. However, the need for bulky function generator and
amplifier becomes the drawback of SAW-based devices and limits their portability.
Future challenges are minimizing the affiliate accessories, realizing manipulation of
cells in 3D structures using 2D acoustic wave as well as keeping the intact bio-
physical and biochemical properties of cells.
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2.2.4 Magnetic Traps

Magnetic field is used to facilely and effectively capture and isolate single cells
because almost all cells are either diamagnetic or very weakly magnetic and easy to
be selectively modified. Once the cells labeled with superparamagnetic (SPM) beads
are exposed to a non-uniform magnetic field, they are manipulated by the field
gradient forces and migrate toward the regions with the highest magnetic flux
density [53–57]. Micromagnet devices are suitable for single-cell applications
because they can control SPM beads with high-resolution enabling high-efficiency
separation and analysis [58]. Kim et al. [59] fabricated a universal micromagnet
junction using a remote magnetic field. By carefully designing the geometry of the
junctions, MCF-7 and THP-1 cells were delivered and trapped in individual apart-
ments with high fidelity. Lee et al. [60] present converging and diverging micro-
magnet arrays (MMAs) to focus, sort, and separate on-chip SPM beads. Converging
MMAs were used to collect the SPM beads from a large region of the chip and focus
them into synchronized lines. Diverging MMAs were used to transport the SPM
beads and separate them according to their sizes. The transport of SPM bead-labelled
single MDA-MB-231 cells was successfully controlled by regulating the magneti-
zation of the micromagnet, the size of the beads and the rotation of the external
magnetic field. A more complex micromagnet and circuit network were designed by
Lim et al. [61] A class of integrated circuits were constructed from lithographically
defined, overlaid patterns of magnetic film and current lines to execute sequential
and parallel, timed operations on an ensemble of single particles and cells. Magnetic
patterns were used to passively control particles similar to electrical conductors,
diodes, and capacitors. Current lines were used to actively switch particles between
different tracks similar to gated electrical transistors. Single cells were compart-
mentalized in trapping station providing a mean for single-cell level sample
preparation. The generation and fine-tuning of the magnetic field was very important
in constructing effective single cell-based analysis of target cells. A limit range of
field gradient potentially led to aggregation of cells and nanoparticles. Huang et al.
[62] integrated a micromagnet into a microfluidic system to enhance localized
magnetic field up to eightfold stronger than that without the micromagnets
improving cell capture efficiency to over 97% (Fig. 2.4a).

Microfabricated magnetic structures also have been created resulting in some
novel bioanalytical systems. Kokkinis et al. [63] reported a fully automated and
computer-controlled microfluidic platform to label and separate cancer cells utilizing
functionalized magnetic particles. Following magnetic separation, the magnetically
labeled cells were quantified for further analysis using integrated giant magnetore-
sistance sensors. Chen et al. [64] separated immunomagnetically labeled cells and
encapsulated them with reagents into picoliter droplets for single-cell analysis on a
microfluidic chip integrated with a mobile magnetic trap array. Single-cell sorting,
reagent delivery, and cell compartmentalization were successively performed on the
same chip reserving cell traits as originated from its native environment and reducing
contamination chance. Magnetic nanostructures modified with antibody as probes
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were integrated onto a lateral flow immunoassay sensor to realize ultrasensitive
naked-eye detection of pathogenic mircoorganisms at a near single-cell limit
requiring no pre-enrichment or preculture steps [65]. Zhe et al. [66] present a
single-cell detection device which was consisted of two successive micro Coulter
counters coupled with a high gradient magnetic field generated by an external
magnet (Fig. 2.4b). The transit times of target and non-target cells were different,
and thus, they could be identified. A target cell conjugated with magnetic beads had
a longer transit time at the first counter than that at the second counter because it
interacted with the magnetic field when it travelled through the two Coulter counters.
In contrast, a non-target cell had nearly the same transit times through the two
Coulter counters due to it had no interaction with the magnetic field.

Fig. 2.4 Microfluidic magnetic traps for single-cell isolation. a Schematic illustration of the glass
substrate patterned with micromagnets for screening of single circulating tumor cells (Reprinted
with permission from Ref. [62]. Copyright 2015 Springer Nature Limited.). b Schematic of in situ
single cell detection via microfluidic magnetic bead assay and micro Coulter counters (Reprinted
with permission from Ref. [66]. Copyright 2017 Liu et al.)
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Magnetic traps are useful in single-cell capture and suitable to be combined with
other cell analysis techniques. The key for future magnetic microtrap development
is to generate the magnetic flux density peaks at a spatial resolution comparable to
the cell dimension and pattern the on-chip magnetic sources to produce desired
magnetic flux [67].

2.2.5 Hydrodynamic Traps

Hydrodynamic phenomena are universal in living organisms and influence multiple
cellular properties and processes. With the advent of microfluidic technologies and
accumulation knowledge of fluid mechanics at the micrometer-length scale,
microfluidic hydrodynamics emerges as a new generation of experimental tools
emulating and providing control over cellular microenvironments experienced
in vivo [68]. We developed a Dean flow-induced cell ordering platform to separate
cells from a cell suspension and analyze lipids in single cells through connecting to
an electrospray ionization mass spectrometer [69]. Microfluidic hydrodynamic cell
separation methods use specific microstructures and valves in microfluidic channels
to control the fluid flow and isolate single cells based on their size differences. This
method presents high retrieval ability and throughput without using external
apparatus.

Commonly, the cell separation methods based on hydrophoresis are simple but
rely on complicated microstructures. Di Carlo et al. [70] reported the first hydro-
dynamic trapping device based on U-shaped trapping structures for high-throughput
single-cell studies. Takeuchi et al. [71] developed a cell-trapping device to pattern
single cells in well-controlled order and morphology. The device is comprised of a
parylene sheet which was used for assembling cells and a microcomb which was
utilized for controlling the cell-trapping area. Cooper-White et al. [72] incorporated
a U-shaped hydrodynamic trap into the downstream wall of each microwell to trap
single cells in a high-throughput manner and at high trapping efficiency. We simply
fabricated microwell arrays for high-throughput single-cell capture and analysis by
molding a monolayer of ordered PS microspheres. PS microspheres were
self-assembled on a glass slide and heated to partially melt mainly from the bottom
at 240 °C. The partially melted PS arrays were used as a master to microwell arrays
[73]. PDMS microwell arrays were utilized by us to capture single cells with
defined cell density and intercellular space. By combing with microchannels for
quantum dot (QD) solution diffusion, cell cycle-dependent QD cytotoxicity and
cellular uptake were observed on this microfluidic platform [74].

Circulating tumor cells (CTCs) as a strong biomarker are very rare and require
precise separation and detection for effective clinical applications. We developed a
particle sorter by overlapping two pieces of porous membranes. The particle sorter
was capable of separating PS microbeads with different sizes as well as different
components of whole blood and showed promise in CTC separation [75].
A flow-restricted microfluidic trap array reported by Lee et al. was capable of
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capturing single CTCs. The extent of flow restriction was correlated with the device
geometry and optimized to achieve 97% capture efficiency with a single-cell cap-
ture rate of 99% [76]. Benavente-Babace et al. [77] selectively trapped and treated
single cells via co-flow within a microfluidic platform. The versatile combination of
coexisting laminar flow manipulation and hydrodynamic single-cell trapping
offered a cost-effective solution for studying single cells. Laminar flow was utilized
by us to give in situ partial treatment on single cells. A stable distribution of
microenvironments was generated around a single adherent cell realizing manipu-
lation of partial region of the single cell [78]. We also used laminar flow as fluid cell
knife to precisely cut off a single cell from its remaining portion. Temporal wound
repair was successfully observed [79]. Cylindrical-shaped micropillar array was
fabricated in a microfluidic device to act as a sieve for breaking cell clusters into
single cells and isolate them into individual micro-hydrogels. The combination of
hydrodynamic forces and a flow-focusing technique improved the probability of
encapsulation of a single cell into each hydrogel with a broad range of cell con-
centrations [80]. Lee et al. [81] present an interfacial hydrodynamic technique to
encapsulate single cells. Cells were initially trapped in micro-vortices and later
released one-to-one into the droplets controlling by the width of the outer
streamline that separated the vortex from the flow through the streaming passage
adjacent to the aqueous-oil interface. Brouzes et al. [82] conducted true single-cell
encapsulation based on the sequential capture and original encapsulation of single
cells into a series of hydrodynamic traps. As shown in Fig. 2.5a, each trap consisted
of two flow paths. An incoming cell progressed through the unoccupied trapping
pathway until it blocked the entrance of the trapping channel. The cell plugged that
flow path and further flow was diverted through the bypass channel reconfiguring
the local flow topology. The same cell-plugging principle was harnessed to
encapsulate single cells. The injected oil was diverted toward the bypass channel
and thus surrounded the chamber containing a single cell. Droplet sequentially
generated at all occupied traps resulting in true single-cell encapsulation.

Hydrodynamic traps always are combined with other microfluidic techniques to
be developed for on-chip single-cell capture and manipulation. Microfluidic valving
techniques are one kind of technologies frequently combined with hydrodynamic
traps. Seshia et al. [83] developed a multilayer device composed of hydrodynamic
trapping and microfluidic valving techniques for manipulating and imaging of single
cells and particles. The flow layer in the device was designed to capture single
particles or cells with trapping channels and the control layer was developed to
selectively control the trap and release processes with valve channels. The trapping
efficiency of single particles was greater than 95%. Single particles and cells are
allowed to be trapped, released, and manipulated by simply controlling corre-
sponding valves. Wang et al. [84] combined pneumatic microvalve arrays (PlVAs)
and hydrodynamic single-cell trapping sites in a single microfluidic device to gen-
erate single-cell arrays (Fig. 2.5b). PlVAs were designed to guide multiple types of
cells being trapped in the corresponding single-cell trapping sites located in the
fluidic channel. A multiplex single-cell array with three different types of cells was
successfully realized. Electrical impedance spectroscopy also was combined with

2 Microfluidic Technology for Single-Cell Capture … 37



hydrodynamic trapping to efficiently trap single cells as well as provide sensitive and
label-free electrical impedance measurements of individual cells. The composite
device enabled it to simultaneously analyze physical state and heterogeneity of a cell
population. A hybrid microfluidic system that combined hydrodynamic trapping and
acoustic switching also was demonstrated to organize an array of single cells at high

Fig. 2.5 Microfluidic hydrodynamic approaches for single cell capture and isolation. a Schematic
representation of the microfluidic circuit and work flow for true single-cell encapsulation
(Reprinted with permission from Ref. [82]. Copyright The Royal Society of Chemistry 2017.).
b PlVAs-combined hydrodynamic single-cell trapping sites in a single microfluidic device
(Reprinted with permission from Ref. [84]. Copyright 2016 published by Elsevier B.V.)
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density [85]. A microfluidic trifurcation was formed by balancing the hydrodynamic
resistances of three parallel channel segments in order to capture single cells in a
high-density array. Then, the cells were transferred into adjacent larger compart-
ments by an active acoustic transfer for single-cell measurements.

Microfluidic systems driven by pure hydrodynamic forces show great promises
for applying in single-cell capture and isolation. Size or shape differences of the
separated cells are the prerequisite for the technique to be applied. Future efforts
focus on design and fabrication of the geometry of the microchannels which is
critical for hydrodynamic devices.

2.3 Biochemical Microfluidic Approaches

The differences of physical properties between target cells and background cells are
the prerequisite to adopt physical techniques to capture and isolate single cells.
Biochemical approaches based on affinity are another way to capture and isolate
cells by taking advantage of the formation of noncovalent bonds between affinity
ligands and cell surface markers. These methods are particularly well suited to the
conditions that target cells are physically similar to the background cells [86].

2.3.1 Immunoaffinity

Antibody as one kind of affinity ligand can selectively capture the target cells while
others are passed through. Cell capture methods consequently constructed are called
immunoaffinity-based approaches. Antibody always is modified onto microwells to
efficiently capture single cells. The first microwell-based single-cell immunoassay
was developed by Love et al. depending on micro-engraving method [87].
Microarrays engraved by soft lithographic method enabled a rapid and
high-throughput system for identification, recovery, and clonal expansion of cells
producing antigen-specific antibodies. Cytokine secretion from single cells has also
been analyzed. Single cells were confined with antibody-modified sensing beads
inside 20 picoliter microcompartments for monitoring cellular release of cytokine
and exosome (Fig. 2.6a). *7000 microchambers were fabricated in the roof of the
microfluidic device which was micropatterned to contain cell attachment sites. The
capture of cell-secreted molecules onto microbeads was followed by binding of
secondary antibodies generating fluorescent signals. The fluorescent intensity
indicated dynamics of single-cell secretory activity [88]. Alginate microparticles
were functionalized as permeable cell culture chambers to capture single cells
secreting antigen-specific antibodies and prevent the cross-talk between the
neighboring encapsulated cells [89]. Photodegradable hydrogel array was
micropatterned onto a reconfigurable microfluidic device to enable cell secretion
analysis and cell retrieval at single-cell level (Fig. 2.6b). Fluorescence resonance
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energy transfer (FRET) peptides were entrapped inside microfabricated compart-
ments to monitor the activity of protease molecules secreted from single cells. The
hydrogel islands tethering cells to the surface could be degraded by UV exposure to
release specific single cells of interest [90]. Shin et al. [91] also developed a strategy
to isolate and sort cells based on photodegradable hydrogel. Leukocyte-specific
antibodies were printed on the photogel-covered substrates to capture specific cell
and detect cytokine secretion. Single cells of interest were released through
regiospecifically degrading the photogel. Huang et al. [92] developed a 3D scaffold
chip with thermosensitive gelatin hydrogel coating for high-efficiency capture and

Fig. 2.6 Immunoaffinity-base approaches for single-cell capture and analysis on microfluidic
devices. a Microcompartment arrays for isolating single cells and sensing beads modified by
antibodies for monitoring cellular secretory activity (Reprinted with permission from Ref. [88].
Copyright The Royal Society of Chemistry 2016.). b A reconfigurable microfluidic system
integrated photodegradable hydrogel microstructures for single-cell analysis and retrieval
(Reprinted with permission from Ref. [90]. Copyright The Royal Society of Chemistry 2015.)
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release of individual and cluster CTCs. The gelatin hydrogel was functionalized
with anti-EpCAM monoclonal antibody making the 3D scaffold chip combine the
specific recognition and physically obstructed effect to significantly improve cell
capture efficiency. Because of the similar length scales, microfluidic approaches are
suitable to isolate, analyze, and culture single cells to extend single-cell charac-
terization from nucleic acids to proteins to final functional behavior [93, 94]. Chen
et al. [95] present a constriction channel integrated microfluidic flow cytometer
enabling absolute quantification of single-cell intracellular proteins. Single cells
were stained with fluorescence-labeled antibodies and forced to squeeze through the
constriction channel to quantify the fluorescence intensities. Solutions with
fluorescence-labeled antibodies were flushed into the constriction channel to obtain
calibration curves. Absolute quantification of intracellular proteins was realized by
combining raw fluorescence data and calibration curves. Deng et al. [96] developed
a microfluidic system conjugated with photocleavable ssDNA-encoded antibody for
streamlining isolation, purification, and single-cell secretomic profiling of CTCs
from whole blood. CTCs in patient blood were found to exhibit highly heteroge-
neous secretion profile of interleukin-8 (IL-8) and VEGF. Using the specific
antigen-antibody reaction, this kind of biochemical approach for single-cell capture
results in very high-accuracy enrichment. The big challenge is that the biomarker
expression levels of single cells are not certain so it desirable to develop more
comprehensive and efficient immunoaffinity approaches to capture single cells.

2.3.2 Aptamer-Based Approaches

Aptamers are short single-stranded sequences of nucleic acids which can specifi-
cally bind with target cells through folding into unique secondary and tertiary
conformations [97–99]. Aptamer-based microfluidic affinity cell separation meth-
ods are consequently developed and show some attractive advantages: (1) Aptamers
present higher stability that withstanding high temperature and extreme pH.
(2) Surface immobilization of aptamers is more efficient because of their nanometer
sizes so aptamer-based separation methods can be used to capture target cells under
flowing conditions. (3) The operation process is more simple and adaptable for
following single-cell analysis [100–102].

We integrated cell-recognizable aptamer-encoded microwells onto a microfluidic
platform to isolate single tumor cells. The specifically designed microwells enable
strong 3D local topographic interactions between target cell surface and biomole-
cules realizing satisfied single-cell occupancy and unique bioselectivity [103]. Cui
et al. [104] designed three kinds of spectrally orthogonal surface-enhanced Raman
spectroscopy (SERS) aptamer nanovectors combined with size-based microfluidic
cell isolation to provide individual cells with composite spectral signatures in
accordance with surface protein expression. A revised classic least square algorithm
was employed to obtain the 3D phenotypic information at single-cell resolution to
statistically demultiplex the complex SERS signature and profile the cellular
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proteomic phenotype. Figdor et al. [105] developed a cell membrane-anchored
fluorescent aptamer sensor and combined it with a droplet-microfluidic platform to
probe the cytokine production of single cells. The type II interferon (IFNc) aptamer
was anchored to cell membrane and its two ends were labeled with a ROX fluor-
ophore and a TAO quencher, respectively. At the initiation stage, ROX and TAO
were kept in close proximity due to the formation of the hairpin structure resulting
in fluorescent quench. Upon binding with IFNc, the aptamer probe switched into a
specific tertiary structure separating the fluorophore from the quencher and leading
to fluorescent restoration. Pei et al. [106] immobilized DNA aptamers onto the inner
surfaces of a glass capillary to develop a rapid DNA nanostructure
scaffold-supported aptamer pull-down (DNaPull) assay in a nano- or picoliter
droplet for applications in single-cell analysis (Fig. 2.7a). DNA aptamers were
employed to ensure highly selective recognition of target molecules. Automatic
sample delivery and convective transport with pressure-driven fluid flow were
introduced to improve the rate of the DNaPull assay. Tang et al. [107] detected
membrane protein on single living cells by aptamer and nicking enzyme-assisted
fluorescence signal amplification in microfluidic droplets (Fig. 2.7b). Membrane
protein-triggered conformation alteration of hairpin (HP) probe could improve the
detection accuracy with the elimination of several washing and separation steps.
The highly monodisperse droplet functioned as an independent microreactor for the
aptamer and nicking enzyme-assisted fluorescence signal amplification providing a
high-throughput platform for the detection of a single cell. Strano et al. [108]
conjugated an aptamer-anchor polynucleotide sequence to near-infrared emissive
single-walled carbon nanotubes to fabricate nanosensor arrays. Individual proteins
from microorganisms immobilized in a microfluidic chamber were measured with
ultralow detection limits and in real time. The successful detection of a unique
protein product resulting from T7 bacteriophage infection of Escherichia coli
illustrated that nanosensor arrays can enable real-time, single-cell analysis of a
broad range of protein products from various cell types.

Aptamers, referred as “chemical antibodies”, have been developed to be pow-
erful tools for cellular applications. However, aptamers are not surrogates for
antibodies. Specificity is the particular advantage of aptamers also becomes their
shortage. Various aptamers need to be generated or multiplexed aptamers have to be
used to deal with different cell samples or target analytes. Stability is another
concern for aptamers which are easily degraded by nuclease. As a result, aptamers
are needed to be modified or incorporated with non-natural bases [99].

Besides antibody and aptamer, other biochemical interactions also were explored
to capture single cells. We reported a live single-cell extractor (LSCE) to extract
single adhered cells to understand cell heterogeneity and the connections of various
single-cell behaviors (Fig. 2.8). Trypsin cell-extracting solution was injected by the
tip of LSCE to digest the cell-adhesion molecules connecting the adhered cell and
the extracellular matrix. The digested single cell was aspirated for the following
analysis [109]. Further, the LSCE was utilized to reveal the cell-matrix adhesion
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strength at single-cell resolution and evaluate the influences of different biomate-
rials on cell adhesion [110]. Adhesion strength of single CTCs on a base layer of
endothelial cells (ECs) also was clarified by the LSCE. Moreover, the drug influ-
ence on the adhesion strength of single CTCs on ECs was uncovered implying drug
screening for tumor therapy [111].

Fig. 2.7 Aptamer-based
approaches for single-cell
capture and analysis on
microfluidic devices.
a DNaPull assay under
convective flux in a glass
capillary for analyzing the
contents of droplets with
nano- or picoliter volumes
and single-cell samples
(Reprinted with permission
from Ref. [106]. Copyright
2017 American Chemical
Society.). b Schematic
representation of the aptamer
and nicking enzyme-assisted
signal amplification assay for
membrane protein on single
living cells combined with
microfluidic droplet system
(Reprinted with permission
from Ref. [107]. Copyright
2014 American Chemical
Society.)
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2.4 Conclusions and Remarks

Cellular heterogeneity calls for analysis on single-cell level which requires capture
and isolation of single cells at first. As reviewed above, a rich library of tech-
nologies is available for precise single-cell capture. All the technologies in this
chapter show their own innovative advances and specific challenges.

Physical principle-based approaches capture and isolate single cells based on
their physical properties and usually do not need to label cells. Optical tweezers are

Fig. 2.8 LSCE applied in single-cell analysis. a Schematic illustration of LSCE (Reprinted with
permission from Ref. [109]. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.). b LSCE was applied in measuring cell-matrix adhesion at single-cell resolution to
reveal the functions of biomaterials for adherent cell culture (Reprinted with permission from Ref.
[110]. Copyright 2018 American Chemical Society.). c LSCE was applied in analyzing adhesion
strength of single CTCs on an EC layer (Reprinted with permission from Ref. [111]. Copyright
2018 The Royal Society of Chemistry.)
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universal in laboratories and capture single cells with high precision depending on
the refractive index, size, or shape of the cells. The external detector complicates the
microsystem and the one-beam-one-trap nature limits the throughput.
High-throughput and simple fabrication are the two aims for future development of
optical tweezers. DEP manipulates and separates single cells by utilizing their
dielectric characteristics in the non-uniform electric fields. Joule-heating effect and
damage of cells caused by microelectrodes are two defects needing to be reduced or
avoided. SAWs push cells toward the designed regions with acoustic radiation
pressure generated by an acoustic field preserving cell integrity, functionality and
viability. However, bulky function generator and amplifier are necessary affiliate
accessories for SAW-based microfluidic techniques. Future development direction
is minimizing or eliminating these accessories. Single cells are facilely and effec-
tively captured by magnetic traps because they are easily to be labeled with mag-
netic beads. Fabrication of magnetic materials or structures compatible with
microfluidic chips is future challenging. Hydrodynamic traps capture single cells
according to their size or shape differences relying on complicated and specifically
designed microstructures. As a result, future efforts will give on designing the
geometry of the microstructures or integrating more microfluidic modules on one
chip. Biochemical approaches are another way to capture single cells based on the
interactions between affinity ligands and cell surface markers. Therefore, it is highly
desirable to identify more biomarkers to develop more accurate capture.

High integration is one of the remarkable features of microfluidics.
Consequently, the future trend is integrating multiple of these approaches to per-
form complex single-cell capture and isolation tasks as well as the downstream
analysis on one platform.
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Chapter 3
Single-Cell Culture and Analysis
on Microfluidics

Weiwei Li and Jin-Ming Lin

Abstract Heterogeneity of cell populations is a major obstacle for understanding
complex biological processes. In order to have a more comprehensive quantitative
comprehending of cellular processes, it is necessary to quantify the distribution of
behavior in a population of individual cells. Analysis of single-cell behaviors
requires efficient single-cell capture, controllable single-cell culture performance as
well as reliable analysis techniques. The microfluidic system provides advanced
technology for single-cell culture and observation. This chapter gives a brief
account of single-cell capture by microfluidic methods, long-term single-cell culture
on both two-dimensional models and three-dimensional microfluidic systems, as
well as single-cell growth and differentiation in a microfluidic environment.
Furthermore, the advanced methods used for characterizing on-chip single-cell
culture were also discussed.

Keywords Single cell � Capture � Culture � Growth and differentiation � Analysis

3.1 Introduction

Single-cell analysis holds much promise to better understand cell behaviors and cell
metabolism [1, 2]. Individual isogenic cells are not identical even in the same
culture environment [3, 4] known as heterogeneity. Heterogeneity among cell
populations is a major obstacle to understand complex biological processes. The
averaged results from the sample of large cell populations are insufficient when
considering individual cell behaviors and usually obscure the variable response of
individual cells. These problems are highlighted in the research of normal and
malignant stem and progenitor cell populations, because of the lack of cell purifi-
cation methods [5] and the inherent stochastic nature of cells’ self-renewing and
differentiation [6, 7]. Cell-to-cell interactions grown in a monolayer cell culture
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microenvironment are considered as one of the vital factors which influence large
distributions in behavior. In this case, both contact and diffusible elements seem to
be working. Therefore, single-cell analysis is increasingly being employed to a
number of different biomedical fields, such as genetic analysis [8], cancer pro-
gression [9, 10], developmental biology [11], and fundamental biological studies on
rare stem cells, or cancer cells [12].

The accompanying need with single-cell analysis is cell culture method to
interrogate phenotypes through a culture of the rare amount of cells or single cells
[13–17]. Single-cell culture is based on multiple generations from single-cell
starting points. However, it is technically difficult to establish the single-cell culture
platform. Technical difficulties are mainly reflected in (1) precise manipulation of
cells and minimal loss of samples; (2) contact with non-biological surfaces and
minimum shear stress or other damage stresses; (3) sustainable growth of target cell
number and total cell number (need enough culture space, replaceable medium,
etc.). In order to solve these difficulties, the development of cell culture platform
requires the inherent advantages of microfluidics. Microfluidic platforms have
recently been widely applied to realize cell-based assays, for example, manipulation
of single cells [18], automated media perfusion [19, 20], providing cellular
microenvironment and external stimuli to study cellular responses [21–24], and
establishment of long-term cell culture systems.

In general, single-cell analysis requires (1) a large number of captured individual
cells in order to obtain statistical significance of single-cell properties, (2) long-term
clonal cell culture originated from a start of a single cell, (3) continuous observation
of multiple generations of cells on their growth, differentiation, phenotype, meta-
bolism, and other aspects. Single-cell culture is a crucial step in single-cell level
analysis followed by single-cell isolation. In this chapter, we mainly present the
advances, limitations, and outlooks in microfluidics based on the exploration of
single-cell culture, categorized as two-dimensional (2D) and three-dimensional
(3D) devices for the cultivation of a variety of cells, and analysis at single-cell level.
We first introduce single-cell capture including conventional methods and micro-
fluidic methods, and then we shift to single-cell culture based on microfluidics. In
the last section, we focus on the advanced analysis techniques for single-cell
culture.

3.2 Single-Cell Capture

Single-cell capture is the first step for single-cell analysis. Conventional methods
for single-cell capture include micromanipulation, laser capture microdissection
(LCM), and fluorescence activated cell sorting (FACS) (Fig. 3.1).
Micromanipulation usually achieves through manual identification and selection
with a microscope, which has the advantages of being low cost and easy-to-
implement and the disadvantages of being laborious and low throughput [25]. LCM
utilizes laser to cut and collect individual cells from tissues also under a microscope
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[26, 27]. LCM usually requires fixed tissue or cells and high laboratory skills.
FACS is a high-throughput single cell sorting system, which could collect single
cell into tubes or microwells for further experiments; while FACS is generally lack
of visual inspection of the cells. Conventional micromanipulation, FACS, and
LCM, could be referred to previous reviews [28–31], and here are only briefly
described.

Modern approaches are based on microfluidic systems for single-cell capture and
analysis, including droplet, microwell, hydrodynamic traps, live single-cell

Electrical traps

Optical traps
(a)

(b)

(f)

(d)

(e)

(c)

(g)

(h)

(i)

Conventional methods

Microfluidic methods

LCM

Micro-
manipulation

FACS

Droplets

Microwells

Hydrodynamic traps LSCE

Single cell
isolation

Fig. 3.1 Conventional and microfluidic methods for single-cell capture. Conventional methods
includes: aMicromanipulation, figure was adapted from Ref. [33]; b Laser capture microdissection
(LCM), figure was adapted from Ref. [33]; c Fluorescence-activated cell sorting (FACS), figure
was adapted from Ref. [37]. Microfluidic methods includes: d Droplets, figure was adapted from
Ref. [59]; e Microwell, figure was adapted from Ref. [63]; f Hydrodynamic trap, figure was
adapted from Ref. [70]; g Live single-cell extractor (LSCE), figure was adapted from Ref. [75];
h Electrical traps, figure was adapted from Ref. [79]; i Optical traps, figure was adapted from ref.
[87]
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extractor (LSCE), electrical traps, optical traps (Fig. 3.1). Microfluidic devices have
more advantages than conventional approaches in single-cell capture. Microfluidic
systems offer a closed platform for integrating downstream experiments, which
reduce the risk of sample contamination. Miniaturized compartments for single cell
reduce the experimental cost and enrich biomolecules with low concentration [32].
Moreover, most microfluidic systems could be automated to save labor, which
means easy to achieve high throughput. In this part, we focus on the microfluidic
design of single-cell capture for further downstream culture or analysis.

3.2.1 Conventional Methods

3.2.1.1 Micromanipulation

Micromanipulation relies on the manual selection technique typically through a
micropipe combined with a microscope [33]. As shown in Fig. 3.1a, target
single-cell identification is via microscope visual inspection. The micropipe moves
in close proximity and picks a specific suspended cell in a petri dish or well plate.
This process is usually performed manually. Micromanipulation can obtain specific
cells accurately, but cannot achieve high throughput. Except single-cell capture, the
micromanipulation is widely applied in the bacterial analysis [34], reproductive
medicine, and forensics.

3.2.1.2 Laser Capture Microdissection

Laser capture microdissection (LCM) is a mature technique to capture single cells
or tissue compartments typically from fixed tissue or cells samples [33]. As shown
in Fig. 3.1b, the working process of LCM consists of laser cutting procedure and
extraction of dissected tissue. Target cell or compartment is observed via a
microscope and marked to be cutoff. The focused laser cuts the selected section, and
then the operator extracts the dissected tissue. A particular advantage of LCM is
that the access to cells in situ is beneficial for the spatial information of single cells
[35, 36]. Typical samples are cryo-fixed, fixed in formalin, or embedded in paraffin,
which causes cell death. Some modern LCM systems allow the extraction of living
cell or tissue for downstream cell culture or analysis, such as Leica LMD7000 with
live cell cutting (LCC). However, if the target cells are not precisely cut, they may
be contaminated by adjacent cells. LCM allows very limited throughput.

3.2.1.3 Fluorescence-Activated Cell Sorting

Fluorescence-activated cell sorting (FACS) is a high-throughput and automatic
method for cell sorting, and large amount of cells can be sorted in a very short time
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[37]. FACS uses laser excitation and provides various analytical choices
(Fig. 3.1c). Cell characteristics such as relative size and granularity can be obtained
as forward scattering (FSC) and side scattering (SSC), respectively. In addition,
cells’ functional properties can be measured by fluorescence staining. The samples
for FACS cover almost every cell type from blood, bone marrow, tumor, plants,
protoplasts, yeast, bacteria, and viruses. Thus, FACS has a diverse spectrum of
applications, such as quantification of soluble molecules and subpopulations [38],
cancer diagnostics, microbial analysis [39], cell cycle analysis, hematopoietic stem
cells, DNA content analysis, and apoptosis. FACS has been recognized as a
worldwide standard for cell population analysis and sorting. However, the draw-
back to this approach is that the morphological information is limited to cell size
and complexity. In addition, the open environment of FACS system increases the
risk of introducing pollution.

3.2.2 Microfluidic Methods

3.2.2.1 Droplets

Droplet-based microfluidics use oil to keep aqueous droplets separated. The droplet
like a separate microreactor encapsulates single cells, thus single cells can be
collected [40, 41]. Droplet systems for single-cell capture typically generate dro-
plets from a statistically dilute suspension of cells [42]. Single-cell capture via
droplets is a feasible and high-throughput method. This method provided a platform
for various biological assays on the single-cell level, such as single-cell culture [43,
44], single-cell counting [45], antibody detection [46], drug screening [47], RNA
sequencing (RNA-seq) [48, 49], PCR [50, 51], whole genome amplification [52,
53], enzyme screening [54, 55].

Droplet-based single-cell isolation is usually consistent with Poisson distribu-
tion, which means that more than half of the droplets are cell-free [56]. Stochastic
cell loading is the inherent variability of droplet contents. For single-cell analysis, it
is important to improve the droplet encapsulation efficiency of a single cell, while
reduce empty droplets and droplets encapsulating multiple cells. Much effort had
been made to improve the efficiency of single-cell encapsulation, such as opti-
mizing channel designs [57, 58]. Improving the efficiency of single-cell loading is
another method to maximize the number of droplets containing a single cell. Edd
et al. proposed a method to controllably load single cells into drops by utilizing
inertial sorting to generate two trains of single cells in the loading channel
(Fig. 3.1d) [59]. This method caused self-organization of cells, which conquered
the intrinsic limitations arose from Poisson distribution, and ensuring that almost
every drop contains a single cell. Kemna et al. introduced Dean forces by long
helical microchannels and the final cell encapsulation efficiency of *80% because
cells were ordered in the channel before being encapsulated into droplets [60].
Droplet-based microfluidics has becoming a popular technology with extensive
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applications, such as biotechnology [61], chemical analysis [62]. Droplet-based
high-throughput single-cell biology is promising, but not yet realized.

3.2.2.2 Microwells

Microwell-based single-cell capture generally relies on sized well or modified
surface, and cells are separated by the physical boundaries of multi-well. With the
microwell array, cells that are attracted to the microwells can be preserved, and
other cells outside the microwells would be washed away. Microwells provide a
simple method enabling high-throughput single-cell analysis. The prominent
advantages of microwells are that the microdevice is simple to operate and easy to
achieve the capture of plenty cells. However, the disadvantage is that single-cell
capture may occur only in part of the microwell array, and there may be a microwell
with multiple cells or without any cells. Adjusting the size and shape of the
microwell and optimizing the concentration of the cell suspension are the common
solutions to improve the efficiency of single-cell capture.

Microfabrication technology allows the simple preparing of parallel microwells
and enables high-throughput single-cell analysis. Liu et al. molded self-assembled
polystyrene microspheres in poly (dimethylsiloxane) (PDMS) to produce microwell
arrays for single-cell collection (Fig. 3.1e) [63]. For improving the efficiency of
single-cell capture, Huang et al. constructed a truncated cone-shaped microwell
array, which realized *90% single-cell occupancy within a few seconds [64].
Surface modification achieved cell collecting without complicated fabrication of
cell-sized microwells [65–67]. The combination of surface modification and
specific size of microwells could improve the efficiency of cell occupancy. Specific
aptamer and protein micropattern could also be modified in the microwell for
capturing single cells from a mixture [68].

3.2.2.3 Hydrodynamic Traps

Hydrodynamic trap is a very common method for single-cell capture. The working
principle of hydrodynamic trap system is that physical barriers or hydrodynamic
tweezers stop the cell and remove it from the flow of cell suspension. In order to
trap single cell, physical barriers are designed microscale structures, and hydro-
dynamic tweezers are specific and complex fluid flow profiles [69]. The advantages
of using this method are that it does not require complex experimental steps and
operations and could handle a large number of cells in a short time.

U-shaped traps as a popular physical barrier have been widely applied to obtain
single cell. One of the typical single-cell U-shaped traps was demonstrated by Di
Carlo et al. to collect single cells in large arrays (Fig. 3.1f) [70]. They used this
U-shaped traps to determine single-cell enzyme kinetics for three different cell line
(HeLa, 293T, Jurkat). Pattern flow channels have been introduced into the
U-shaped traps structure, which allowed the fluid to fill the channel and provide a
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suitable environment for cell culture [71]. Another type of hydrodynamic trap
system is hydrodynamic tweezers. Lutz et al. used four vortices fabricated from
cyclic oscillations of the sound waves around a cylinder to trap single cell in the
vortex center [72]. In addition, hydrodynamic tweezers also have been used to trap
particles [73, 74].

3.2.2.4 Live Single-Cell Extractor

Live single-cell extractor (LSCE) is a newly developing tool for collecting single
adhered cell in a tissue culture. LSCE consists of injection part and aspiration part
(Fig. 3.1g) [75]. The target cell is digested by the trypsin injected around the cell
and then is extracted by aspiration part for further culture or analysis. A prominent
advantage of LSCE is to extract live single-cell in situ without damage. Thus, it
holds the spatial information of live single cells to their specific positions in the
tissue. This method is usually combined with a microscope, which allows for the
selecting of the target cell. LSCE takes only a few seconds to extract a single cell
each time, without complicated operation. This method will provide a valuable
novel tool for studying biology on the single-cell level.

The concept of LSCE was proposed by Mao et al. for revealing the correlation
between adhesion strength and viability at single-cell resolution [75]. They used
LSCE to extract adhered U87-MG cells (U87) and human hepatoma (HepG2) cells
cultured in a culture dish. The microscopy recorded the information of individual
cells’ morphology and stained metabolites. The relationship among cell adhesion
strength, cell morphologies as well as intracellular metabolites were explored,
which revealed cell heterogeneity. Deepened on LSCE, Mao et al. clarified the
cell-matrix adhesion strength on the single-cell level and revealed the effects of
biomaterials on cell-matrix adhesion and heterogeneity of cell-matrix adhesion for
adherent cell culture [76]. Moreover, LSCE also clarified the drug effects on the
adhesion strength of individual circulating tumor cells (CTCs) on endothelial cells
(ECs), which has broad prospects in drug screening for cancer therapy [77].

3.2.2.5 Electrical Traps

The cell membranes generally exhibit negative electronegativity at neutral pH, so
the suspended cells are attracted toward the positive electrode. Cells have different
charge, sizes, and masses, resulting different electric field force of cells; therefore,
different cells can be distinguished. This is the working principle of electrophoresis
(EP) [78]. However, the specificity of different cells in electrophoretic migration is
not efficient. Electrical traps for single-cell capture generally include electric
field-directed adhesion and dielectrophoresis (DEP). The method of electric
field-directed adhesion needs cell surface modification. Toriello et al. demonstrate a
microfluidic cell capture system comprised of interdigitated gold electrodes covered
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in an oxide layer within the PDMS channel (Fig. 3.1h) [79]. The cell surface was
modified with thiol functional groups by endogenous RGD receptors. The exposed
gold pads bonded the single cell with modified thiol functional group through
applying a driving electric potential. However, DEP could electrically capture cells
without cell surface modification. DEP uses alternating current and generates a
non-uniform electric field. DEP has been widely used for cell trap and further cell
analysis. For example, Das et al. coated DEP electrodes on the microscope slide,
which could collect different kinds of cells on the slide [80]. Thomas et al. designed
concentric ring negative DEP (nDEP) for trapping single cell in the flow system
[81]. In addition, DEP combined single-cell Raman spectra (SCRS) to capture
single cells for downstream Raman detection [82, 83].

3.2.2.6 Optical Traps

Tightly focused laser beam acts as laser tweezers to trap single cell in aqueous
solution. The laser beam could also act as an excitation source to generate a Raman
spectrum of samples, known as laser tweezers Raman spectroscopy (LTRS) [84].
Laser tweezers could be integrated into microfluidic devices for transmission,
identification, and simultaneous sorting of single cells [85, 86]. Adrian et al. pre-
sented the integrated optofluidic Raman-activated cell sorting (RACS) platforms for
label-free cell sorting [87]. The specific single cells were identified by Raman
spectroscopy and then captured and removed from cell suspensions (Fig. 3.1i). This
method achieved automated sampling and high-throughput cell sorting. Another
type of optical traps is optoelectronic tweezer, a combination of laser tweezers and
DEP, which has been applied to manipulate and select single cells [88, 89].

3.3 Single-Cell Culture on Microfluidics

Many creative microfludic platforms have been proposed for single-cell culture.
Except for allowing the collecting of single cells, microfluidic platforms for
single-cell culture require sufficient space for cell division and growth, timely
nutritional supplementation, and appropriate microenvironment with minimal shear
stress or other damage stress. In addition, access to cells of interest should be
considered for subsequent study. Here, we classified microfluidic platforms by two
dichotomous characteristics: two-dimensional (2D) and three-dimensional (3D).
The methods and applications of single-cell culture carried out on these platforms
have been described, with multiple types of cells including stem cells, tumor cells,
immune cells, and so on.
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3.3.1 Two-Dimensional Single-Cell Culture
on Microfluidics

2D single-cell culture platforms based on microfluidics divided into two categories:
closed and open microfluidics. Closed systems typically integrate hydrodynamic
trapping structures and physical barriers into the platforms, which are isolated from
the external physical stimulation. In contrast, open microfluidic systems, such as
traditional microplate, microwells, and micropatterned surfaces, expose cells to the
external physical, which allows direct access to single cells. Closed and open
microfluidics with diverse designs have their own merits and demerits.

3.3.1.1 Closed Microfluidic Systems

Closed systems typically rely on hydrodynamic trapping structures and physical
barriers. For example, Carlo et al. designed U-shaped hydrodynamic trapping
structures on the bottom of the flow channel to trap single cells and cultured the cell
in the original position for 24 h (Fig. 3.2) [90]. One of the important advantages of
this single-cell culture array is controllable cell–cell interaction by both contact and
diffusible elements.

To improve the single-cell capture efficiency, Kobel et al. optimized trap
geometries with U-shaped hydrodynamic regions on the edge/wall of a
microchannel (Fig. 3.3a) [91]. The single-cell capture efficiency of this device was
nearly 100%. And this device allowed a long-term culture of individual
non-adherent T-cell lymphoma cell in high throughput without a significant
decrease in cell viability. Except U-shaped hydrodynamic trapping structures as
efficient trap geometries, Lin et al. [92] fabricated sieve-like traps on adhesive
protein micropatterns to capture single cells and cultured the trapped Hela cells on
the micropatterns (Fig. 3.3b). The sieve-like trap positioning device was

Fig. 3.2 Two-dimensional closed microfluidic systems, U-shaped hydrodynamic trapping
structures, for single-cell culture. In most cases, cells rest at the identical potential minimum of
the trap, while in some cases two cells are trapped in an identical manner among traps.
A magnify-cation shows the details of the trapped cell. Trapping is a gentle process, and no cell
deformation is observed for routinely applied pressures. Figure was adapted from Ref. [90]
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detachable, allowing easy access to individual cells of interest for subsequent
manipulations. Moreover, the micropattern with multiple protein pattern clusters
could adhere different cell populations, which provided a promising opportunity for
studying cell–ECM interactions and cell–cell interactions.

To investigate single cell–cell contact, Frimat et al. reported a highly parallel
microfluidic method combined differential fluidic resistance trapping with cellular
valving (Fig. 3.4) [93]. They applied differential fluidic resistance to sequential
single-cell arraying. Continuous single-cell arrangement of the second cell type
relied on the reversal of the fluid. The trapped single-cell pairs could contact with
each other through the aperture. This microfluidic system is promising to study
homotypic/heterotypic co-culture at the level of a pair of single cells. In addition,
the long-term microfluidic culture of mammalian cells was considered difficult for
reduced growth rates and deviations from normal phenotypes [94]. Lecault et al.
exploited a high-throughput microfluidic system with automated medium exchange
to investigate hematopoietic stem cell (HSC) proliferation control at the single-cell
level [95]. Closed systems have the advantages of protecting samples from con-
tamination and solvent (e.g., medium) evaporation. However, the disadvantages are
the limited accessibility to samples of interest and increased costs from the inte-
grated components (e.g., pumps, tubes).

t=0h

t=6h

t=12h

cell division

cell lost

(a) (b)

Fig. 3.3 Optimized two-dimensional closed microfluidic systems for single-cell culture. a Fates
of non-adherent EG7 cells in a microfluidic single-cell trap. Series of typical images from a
time-lapse experiment in a 2 mm device at a flow rate of 100 nl/min show a stably trapped cell and
one that was lost after 6 h (bright-field image, left panel). Cell death was detected using propidium
iodine (PI) added to the medium. Figure was adapted from Ref. [91]. b Demonstration of pairwise
positioning of cells. (i) Traps were aligned to micropatterns. (ii) Single cells trapped on top of the
micropatterns. (iii) Cells were allowed to spread and adhere to the micropattern. (iv) Microchannel
peel-off leaving behind cells adhered to the micropattern. Scale bars of i–iv depict 50 mm.
Figure was adapted from Ref. [92]
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3.3.1.2 Open Microfluidic Systems

Microwell chips as a kind of common open microfluidic systems have been useful
in single-cell culture and analysis [96]. It is easy to achieve large-scale single-cell
capture and culture and get the information of single-cell metabolism. A large
number of optimization methods for efficient single-cell capture were proposed [97,
98]. Cell suspensions are normally introduced manually into the microwells, and
cells are randomly positioned in the wells. Cells outside the well are then washed
away. Single non-adherent cells and adherent cell both could be collected by
microwell chips, such as single epithelial cells [99], hematopoietic stem and pro-
genitor cells [100], blood cells, and lymphocyte. It is more difficult to fabricate
microfluidic devices for the investigation of non-adherent cells, because of
restricting non-adherent cells to a known position in the microdevice. Cell seeding
efficiency is the most important parameter to evaluate microwell chips. The number
of wells containing cells and the number of wells containing single cells, corre-
sponding to well occupancy and single-cell occupancy respectively, in addition, the
shape, size, the number of the microwells and material are all parameters should be
taken into consideration. Square, hexagonal, and round shapes are common for
microwells. Larger wells provide enough space for long-term culture, while smaller
wells are propitious to the collection of single cells and instant analysis (hours and
days). The number of the microwells (density of wells) need considers two aspects,
harboring many cells and communicating with other cells to keep normal functions
(without those conditions, cells may subsequently change their normal functions,
e.g., diminished viability). Various materials have been used for the fabrication of
microwell chips, such as etching/drilling silicon and glass [101], polymer PDMS
[102]. The surface of silicon and glass with favorable mechanical properties could

Fig. 3.4 Cellular valving
approach for single-cell
co-culture. Figure was
adapted from Ref. [93]
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be grinded and polished chemically to be suitable for cell adhesion. Besides the
mechanical properties, the optical properties should be taken into consideration.
Transparent materials have good satisfactory performance, which facilitates
acquiring cell images, such as flat glass surfaces and conventional microscopic
slips. Polymer PDMS is another material commonly applied for well-based
single-cell chips with the advantages of easy fabrication, facilitated sealing onto
other materials, good light transmittance, and biologically inert property. Open
microwell chips allowed cell manipulation and handling.

Revzin et al. fabricated microwells composed of PEG hydrogel walls and square
glass attachment pads and modified the glass pads with T-cell specific anti-CD5 to
capture T-lymphocytes with the single-cell occupancy of *95% (Fig. 3.5a) [103].
They used laser capture microdissection (LCM) for the retrieval of individual cells
from the microwell array, which was prepared for downstream experiments (e.g.,
genomic or proteomic analysis). Tokimitsu et al. picked the single antigen-specific
B-cells from cell-sized microwells by using micromanipulation [104]. Microwell
chips should be designed for further cell study with the possibility to retrieve
samples of interest. Since most of the existing analysis techniques for cell retrieval
are suitable for open microfluidic systems, thus it can be integrated with most
microwell chips. Although most microwells are roofless, the wells can be sealed by
the addition of a roof (e.g., a glass slide) to capture the cell in the wells from the

Fig. 3.5 Two-dimensional open microfluidic systems of microwell type for single-cell culture.
a Retrieval of individual leukocytes from the cell array using LCM system. Step 1: Cells of interest
are identified using light microscopy. Step 2: LCM cap containing a transfer film is brought into
contact with the cell array after which focused laser beam is pulsed. Step 3: Transfer film melts and
fuses with cells lying underneath. When the LCM cap is removed, cells remain preferentially
attached to the transfer film. The cap is placed into an Eppendorf tube containing DNA, mRNA, or
protein preparation buffers. Figure was adapted from Ref. [103]. b Nanowells confine cells by
gravity and can subsequently be sealed with a membrane or glass slide to obtain single cells and
their components. These cells or components can then be picked out of the wells for further
processing or characterized in-well. Figure was adapted from Ref. [105]
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external environment (Fig. 3.5b) [105]. The roof could be modified as a func-
tionalized seal to pick the cells or the components out of the wells for further
analysis, for example, the analysis of the secreted cytokines or antibodies [106].

Single-cell culture is required to confine single cells to a specific location on the
substrate. Chemically micropatterned surface with cytophilic and cytophobic
regions (promoting and suppressing cell growth) is another strategy existing for
controlling the position of single cells. Micropatterned surfaces for single-cell
culture have been helpful in studying the effects of cell morphology and
microenvironment on movement, migration, proliferation, and differentiation of
cells [107]. Similar to the most microwell-based assay, the micropatterned surface
is also a kind of open microfluidic systems. Various methods have been used to
pattern cytophilic and cytophobic chemicals on the substrate for single-cell culture
and analysis. Cheng et al. combined plasma-assisted surface chemical modification,
soft lithography, and protein-induced surface activation to accomplish surface
patterning for single-cell culture (Fig. 3.6) [108]. A polydimethylsiloxane mem-
brane mask was put on the polystyrene film. The patterning was formed by oxygen
plasma treatment which could produce hydrophilic areas. Then, the patterned film
was incubated with either Pluronic F108 solution or a mixture of Pluronic F108
solution and fibronectin. Protein loading enhanced selective cell attachment on
patterned dishes. Long-term (>2 weeks) single-cell culture experiments showed the
influence of surface patterning on both cell and nucleus shape and also confirmed

O2 plasma
substrate
untreated Parylene C film 
treated Parylene C film 
PDMS mask
Pluronic F108
protein
cell
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Fig. 3.6 Two-dimensional open microfluidic systems of chemically micropatterned surfaces for
single-cell culture. Combination of plasma-assisted surface chemical modification, soft lithogra-
phy, and protein-induced surface activation to accomplish surface patterning for single-cell culture.
Figure was adapted from Ref. [108]
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the stability of the produced single-cell molds in serum medium. Ye et al. proposed
an alternative approach based on micromolding in capillaries (MIMIC) to achieve
chemical surface patterning for single-cell culture [109]: the PDMS micropattern
with grid pattern was placed on the cytophilic substrate; cytophobic chemicals filled
the microchannels under capillary action; discrete cell adhesion regions surrounded
by cytophobic chemicals; removed the PDMS mold and seeded cells in the cyto-
philic pattern. The micropatterned surface for single-cell culture could be used to
investigate the physiological activity of specific cells and employed for further
analysis (e.g., drug screening).

3.3.2 Three-Dimensional Single-Cell Culture
on Microfluidics

Traditional 2D single-cell culture models generally suspend cells freely in culture
medium or randomly allowed cells adhere onto the support surface. Although 2D
models have advantages of low cost, reproducibility, accessibility, and easy oper-
ation, they are insufficient to recapitulate physiological systems. The poor physi-
ological correlation of 2D models may cause misunderstandings of the cell
proliferation, differentiation, cytotoxicity, and metabolism, leading to inaccurate
prediction of in vivo behaviors. In addition, most two-dimensional models are faced
with some common limitations, such as nutrient depletion, toxin accumulation,
influence of the complicated fluid shear, and random cellular migration. Thus,
three-dimensional (3D) single-cell culture microfluidic platform mimics the real 3D
microenvironment in vivo to reflect cell function and the geometry of tissues. Large
amount of microfluidic devices featuring long-term 3D single-cell culture has
sprung up. Microgel provides a promising strategy for single-cell 3D culture.
Microgel allows long-term single-cell analysis, including heterogeneity of cellular
proliferation, differentiation, and drug cytotoxicity. With the advantages of
repeatability, flexibility, and highly controllable supporting microenvironment, cells
could be independently packaged, cultured, monitored, or manipulated in the
microgel. The structures of microgel for single-cell 3D culture are generally divided
into three types: hydrogel droplets, microgel column, and microgel arrays.

In order to produce homogeneous hydrogel droplets for encapsulation of single
cell, Utech et al. proposed a novel method to form alginate microgels in a highly
controlled manner [110]. They added acetic acid into the continuous oil phase to
dissociate Ca2+-EDTA into Ca2+, thus releasing Ca2+ to react with alginate chains
(Fig. 3.7i). They used RGD-functionalized alginate to encapsulate single mes-
enchymal stem cells, as RGD provided integrin binding sites for cell attachment.
The results showed that 25% of the droplets generated carrying single cells, while
the majority of drops (70%) remained an empty and very small number of drops in
contained more than one cell (Fig. 3.7ii). Improving the single-cell encapsulation
efficiency has always been one of the challenges of microgel droplet technology.
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The encapsulated cells in the droplets kept high viability for 2 weeks. The cells
proliferate inside the microstructure and maintained spherical morphology
(Fig. 3.7iii). Similarly, Dolega et al. presented a method for 3D single-cell culture
based on a flow-focusing microfluidic system that encapsulates epithelial cells in
matrigel beads to analyze clonal acinar development [111]. They cultured single
prostatic and breast cells in each individual bead, and the cells proliferated and
differentiated into a single acinus per bead. Compared to conventional protocols of
bulky 3D culture, this method generated more uniform acini population and
recorded acinar development from the very first division to the final stage.
Moreover, it provided easy recovery of 3D structures for further analysis, such as
the combination with large particle FACS, fundamental genomics.

Hydrogel microcolumn inside microchannels is also one of the microgel types
for single-cell culture. Liu et al. developed an photopolymerization approach for
controlled encapsulation of single cells in poly(ethylene glycol) diacrylate (PEG-
DA) precursor [112]. As shown in Fig. 3.8, cells were suspended in PEG-DA

Fig. 3.7 Three-dimensional single-cell culture on microfluidics. Microfluidic generation of
homogeneously cross-linked alginate microparticles by on-demand release of calcium ions from a
water-soluble calcium–EDTA complex. (i) Schematic illustration of the cross-linking process.
Upon addition of acid to the continuous phase, the calcium–EDTA complex dissolves, calcium
ions are released, and cross-linking of alginate is induced. (ii) Cells are encapsulated using a
50 µm flow-focusing device (scale bar: 100 µm). Single-cell-containing droplets are indicated by
white arrows. (iii) Representative images of cell-containing alginate gels directly after
encapsulation and after being cultured for 3, 6, 12, and 15 days, reprehensively. The cells grow
and proliferate inside the generated microenvironments while maintaining their spherical
morphology. The encapsulated cells are stained using a calcein assay and analyzed via a confocal
laser scanning microscope to determine the cell viability (inlets). All scale bars are 25 µm.
Figure was adapted from Ref. [110]
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precursor solution in the microchannel. A fluorescence microscope projection
provided UV source to generate photopolymerization of PEG-DA precursor. The
photopolymerization only occurred where the target cell suspended. Thus, the cell
was chosen for encapsulation inside the hydrogel microstructures. The remaining
freestanding cells in uncross-linked precursor were removed by TE buffer. Single
cells encapsulated inside the microgel structure remained their viability for hours to
days, which allowed long-term culture for further single-cell analysis [113].

Microgel arrays provide a feasible and high-throughput 3D mode for long-term
single-cell culture. Large-scale microgel arrays carry out high-throughput
single-cell analysis, and each unit of the arrays acts as an individual 3D cell cul-
ture room. Guan et al. developed a microcollagen gel array (lCGA) for 3D
single-cell culture [114]. The process of lCGA fabrication was not complex:
soaked the PDMS microwell array in the mixture of collagen solution and cell
suspension; pressed the PDMS membrane with cells in-wells with another flat
PDMS membrane; removed the cover layer after gelatinization; placed the fabri-
cated lCGA with cells encapsulated into culture medium; added fresh medium to
supply nutrients for cell growth and proliferation (Fig. 3.9i). In order to analyze the
cell proliferation heterogeneity under 3D culture conditions, they continuously
recorded the proliferation of some random single cells for 11 days, which showed
growth of five typical cell clones with different proliferation ability during the
whole culture process (Fig. 3.9ii). Furthermore, they retrieved the cells of interest in
lCGA by integration with a microscale manipulation platform, as open culture
conditions based on the microwell array allowed for more convenient retrieve of the
target cells.
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Fig. 3.8 Controlled encapsulation of single cells inside hydrogel microstructures. i Schematic
setup of the controlled encapsulation of single cells. ii Bright field and fluorescence images of the
large-scale encapsulation of single cells. Figure was adapted from Ref. [112]
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3.4 Analysis Techniques for Single-Cell Culture

The final step for single-cell culture is to characterize and screen cell biophysical
and biochemical information, such as morphology, behaviors, metabolism, and so
on. A variety of technologies has been emerging for obtaining the single-cell
information during a series of processes, including single-cell capture, single-cell
short-term/long-term culture, single-cell lysis, and drug monitoring. Here, we
covered optical, electrochemical, and mass spectrometric techniques for physical,
chemical, molecular biology, and gene analysis of single cells.

3.4.1 Optical Characterization Techniques

Optical characterization is very commonly used in single-cell analysis, due to the
direct visual observation of cells. Fluorescence methods play a vital role in optical
characterization, providing images with high contrast and chemical-specific prop-
erties. Through fluorescence imaging, it is easy to reveal the distribution of intra-
cellular molecules and dynamic states of biological processes, and the trace of

Fig. 3.9 Microcollagen gel array (lCGA) for 3D cell culture. i Schematic of lCGA fabrication
process. ii Images of five typical single cells with significant cellular proliferation ability
heterogeneity during the 11 day culture. Figure was adapted from Ref. [114]
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biomolecules. However, fluorescence imaging requires the target molecule to
generate fluorescence. As to the non-luminescent molecule, fluorescent labeling or
chemical modification is needed, which limits the use of fluorescence methods.
Thus, label-free optical methods without the need for fluorescent labels or staining
have been emerging. In addition, super-resolution microscopy allows the resolution
down to 10 nm [115] and permits the observation of the submicroscopic structure
of cells. It is necessary to briefly introduce recent advances in optical characteri-
zation techniques, including fluorescence techniques and label-free methods.

3.4.1.1 Fluorescence Techniques

Fluorescence resonance energy transfer (FRET) as a specialized fluorescence
technique is extensively applied to biochemical reactions. The principle of FRET is
that the energy transfer from an excited donor fluorophore to an acceptor molecule
leading to the acceptor emitting fluorescence. FRET sensors with different excita-
tion and emission wavelengths can be designed to analyze parameters in parallel.
Ng et al. designed multi-color Förster resonance energy transfer (FRET)-based
enzymatic substrates in a microfluidics platform to measure multiple specific pro-
tease activities from water-in-oil droplets encapsuling single cells [116]. They first
mixed suspended cells with multiple modified FRET substrates for cell encapsu-
lation in water-in-oil droplets (Fig. 3.10a). The secreted proteases cleaved
multi-color FRET substrates to yield multiple fluorescent signals in
cell-encapsulated droplets (Fig. 3.10a). They successfully used four FRET sensors
with different excitation and emission wavelengths to measure different metallo-
proteinases of several breast cancer cell lines on the microdroplet-based platform
(Fig. 3.10a). Metalloproteinases (MMPs) have been known as important
biomarkers of cancer diagnosis and treatment. For example, MMP9 degrades the
basement membrane of the extracellular matrix (ECM), which facilitates cancer cell
invasion and metastasis [117]. Metalloproteinases were also regarded as the target
in research by Son et al., who designed a micropatterned photodegradable hydrogel
array integrated with reconfigurable microfluidics to enable cell-secreted metallo-
proteinases analysis and specific cell retrieval at the single-cell level. They also
monitored the activity of protease molecules secreted from single cells through
FRET peptides entrapped inside microfabricated compartments. Moreover, the gel
islands could be degraded by UV exposure, which easily allowed to release specific
single cells of interest.

Fluorescence in situ hybridization (FISH) relies on fluorescence labeled nucleic
acid probes to localize specific sequences of DNA or RNA molecules in single cells
or tissues. FISH has many advantages, such as high economy and safety without
radioactive isotopes, high stability and specificity, simultaneous detection of mul-
tiple sequences through different colors displayed in the same nucleus, yet with the
disadvantages of limited throughput. FISH is widely applied to identify hetero-
geneities in gene expression within single cells or tissues samples. For example,
Perez-Toralla et al. presented a protocol for quantitative characterization of ERBB2
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gene by FISH based on the microfluidic chip made of cyclic olefin (Fig. 3.10b)
[118]. This protocol allowed cell immobilization with minimal dead volume and
performed characterization in the liquid phase. The target ERBB2 gene as a
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Fig. 3.10 Analysis techniques for single-cell culture. a Fluorescence resonance energy transfer
(FRET) based enzymatic substrates and in a microfluidics platform to simultaneously measure
multiple specific protease activities from water-in-oil droplets encapsuling single cells. Figure was
adapted fromRef. [116]. b Fluorescence in situ hybridization (FISH) results for HER2 typing of cells
from a pleural effusion from a breast cancer patient (sampleB) onCOCchip. Figurewas adapted from
Ref. [118]. c Super-resolution microscopy (SRM) imaging of fixed single cells. Figure was adapted
from Ref. [119]. d Laser tweezers Raman spectroscopy (LTRS) setup. Figure was adapted from Ref.
[120]. e Surface plasmon resonance imaging (SPRi) sensor showing cell division and subsequent cell
removal. Figure was adapted from Ref. [121]. f Interferometric scattering microscopy (iSCAT).
Schematic representation of the planar waveguide chip and detection offluorescently labeled vesicles
in fluorescence and scattering modes. Figure was adapted from Ref. [122]. g Live cell tomography.
Time-lapsed refractive index change during filopodia formation of a neuronal spine. Figure was
adapted from Ref. [123]. h SEM images of vertical nanowire electrode array (VNEA) and single cell
on the VNEA pad. Figure was adapted from Ref. [125]. i Scanning electrochemical microscopy
images (SECM) of PC12 cells. Figurewas adapted fromRef. [128]. jDeanflow-assisted cell ordering
system for lipid profiling in single cells using electrospray ionization MS (ESI-MS). Figure was
adapted from Ref. [129]. k Matrix-assisted laser desorption/ionization MS (MALDI-MS) platform
for investigations of single cells spotted into microwells on the stainless steel plate. Figure was
adapted from Ref. [131]
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biomarker for the monitoring of HER2+ breast cancer progression was measured
quantitatively with a tenfold reduction of sample consumption and decreases the
assay time by a factor of two [118].

Fluorescent super-resolution microscopy (SRM) breaks through the original
optical far-field diffraction limit in principle. With the help of fluorescent molecules,
it could exceed the limit of optical resolution and reach nanometer resolution. This
technology is widely applied in biology, chemistry, medicine, and so on. SRM can
be used to track target intracellular molecules in single-cell research. Spectacular
two- and three-dimensional images of subcellular components have been obtained
by SRM techniques. Although SRM could provide images with high resolution, it
remains challenging to obtain multiplexed images for a large number of distinct
target species. Jungmann et al. used the transient binding of short fluorescently
labeled oligonucleotides (DNA-PAINT, a variation of point accumulation for
imaging in nanoscale topography) for images with ultra-high resolution that
achieves sub-10 nm spatial resolution in vitro on synthetic DNA structures [119].
They experimentally demonstrated spectacular imaging of proteins in fixed cells
(Fig. 3.10c).

3.4.1.2 Label-Free Optical Methods

Laser tweezers Raman spectroscopy (LTRS) is promising in the label-free analysis
of individual cells, particularly suited to the research of living cells, because it
allows cells to be captured and analyzed in an aqueous environment. However, the
most reported LTRS methods involved manual trapping of cells, which is time
consuming. Casabella et al. proposed a LTRS with an automated microfluidic
platform for single-cell Raman spectroscopy (Fig. 3.10d) [120]. They introduced
simple microfluidic channel to realize an alternating flow: cells trapped by optical
tweezers during low flow intervals and successfully removed once fluid flow
increases. During each capture period, Raman spectroscopy was used to measure
individual cells. Results showed discrimination in the Raman signals of live
epithelial prostate cells and lymphocytes. This method improved the throughput
and reduced the manual work of the single-cell Raman measurements.

Surface plasmon resonance imaging (SPRi) is also a popular method used for the
label-free measurement of biomolecular interactions. Stojanovic et al. applied SPRi
to screen and quantify antibody production from individual hybridoma cells
(Fig. 3.10e) [121]. The cells from a hybridoma produced monoclonal antibodies
recognizing epithelial cell adhesion molecule (EpCAM) that was preimmobilized
on the SPR sensor surface. Through this method, an excreted antibody from indi-
vidual cells ranged from 0.02 to 1.19 pg per cell per hour.

Interferometric scattering microscopy (iSCAT) is another optical microscopy
technique without fluorescent labels. The principle of iSCAT is that light is scat-
tered by an object leading to the change of light intensity based on interference with
a reference light field. Agnarsson et al. developed evanescent light-scattering
microscopy for label-free interfacial imaging [122]. The core technology of the
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evanescent light-scattering microscopy is a waveguide chip consisting of a flat silica
core embedded in a symmetric organic cladding with a refractive index matching
that of water (Fig. 3.10f). Measurements and theoretical analysis showed that the
size of single surface-bound lipid vesicles could be characterized by the
light-scattering signals without employing fluorescent lipids as labels.

Live cell tomography is another new label-less super-resolution microscopy
technique allowing direct imaging of unstained living biological specimens. Cotte
et al. recently presented this microscopic method that 3D imaging of living cells
with a resolution less than 100 nm could be obtained by phase contrast of unlabeled
single cells [123]. Through this method, they realized longtime neuronal observa-
tions for synaptic remodeling in 3D (Fig. 3.10g) and direct study of bacteria
(Escherichia coli).

3.4.2 Electrochemical Analysis

In recent years, electrochemical analysis has been applied in the field of single cells.
Electrochemistry analysis can be integrated on a miniaturized platform, and
microelectrodes are suitable for miniaturization of signal acquisition.
Microelectrodes can be easily fabricated on various material substrates (e.g.,
polymers, silicon, or glass). A wide range of electrochemically active molecules
could be detected by microelectrodes. Thus, microelectrodes are very useful in the
quantitative measurement of neuronal communication and related neuroscience
research. One of the hotspots is the fabrication of ultrasmall electrodes for mea-
suring the neurotransmitter’s release of single vesicle from living cells. Anderson
et al. used carbon fiber microelectrodes to penetrate into individual cells and cell
nuclei. The changes of electrode impedance with cell and nuclear penetration were
measured [124]. They also monitored transmitter release from single vesicles of
individual cells. However, the carbon fiber microelectrodes have to be punched into
cells, which requires high experimental operation skills and is very low in
throughput. In order to improve the throughput and reduce the cell damage,
Robinson et al. fabricated vertical nanowire electrode array (VNEA) for parallel
electrical interfacing to multiple mammalian neurons. Depending on VNEA, neu-
ronal activity of rat cortical neurons was intracellularly recorded and stimulated. It
was also possible to map multiple individual synaptic connections (Fig. 3.10h)
[125]. Another common application of electrochemical methods at the single-cell
level is to monitor oxidative stress. Jeffrey E. Dick recently presented a macro-
scopic setup for the detection of reactive oxygen species (ROS) at single cells level
[126]. He monitored the consumption of a single cell’s contents upon its collisions
with a microelectrode under the presence of surfactants. He obtained large differ-
ence with two orders of magnitude between acute lymphoblastic lymphoma T-cells
and healthy thymocytes.

Electrochemical analysis is sensitive. The introduction of the enzymatic labeling
amplification step further increases the detection limit and gets faster and more
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reliable signals. For example, Safaei et al. [127] used velocity valley (VV) chip to
capture CTCs tagged with magnetic nanoparticles modified with the anti-EpCAM
antibody. And then, they enzymatically labeled alkaline phosphatase on the cells,
which catalyzed the reaction of paminophenyl phosphate to an electrochemically
active reagent p-aminophenol to be measured. This method shows sensitive per-
formance in analyzing the whole blood samples. The above methods are all based
on fixed electrodes, but if the electrode is freely movable, it can be used for the
two-dimensional scanning of the electrochemical properties of the underneath
samples. Scanning electrochemical microscopy (SECM) is based on this principle.
Koch et al. combined SECM with fast-scan cyclic voltammetry (CV) for the
simultaneous measurement of impedance and amperometric current of PC12 cells
[128]. Amperometric signals were converted into topographical images, because the
current density depended on the distance between the tip and the cell (Fig. 3.10i).
CV revealed the spatial distribution of minimum oxygen consumption. This method
made it possible to achieve chemically and spatially resolved measurements along
with imaging topography. However, one unavoidable disadvantage of the electro-
chemical method is that testing many substances simultaneously is difficult.

3.4.3 Mass Spectrometric Analysis

Mass spectrometry is a powerful tool for single-cell analysis, with the advantages of
high sensitivity, simultaneous detection of multiple substances, and the ability to
structure the molecules of interest. In particular, mass spectrometry can differentiate
hundreds of biological molecules from the sample without labeling, thus making it
attractive. However, low abundant cellular targets with any labels are still chal-
lenging in single-cell analysis through mass spectrometry. This is why most studies
focus on highly abundant metabolites. Moreover, quantification by mass spec-
trometry generally needs internal references. Various ionization methods have been
developed used for desorption/ionization of different kinds of samples in single-cell
analysis field, such as electrospray/nano-electrospray ionization (ESI/Nano-ESI),
laser ablation/laser desorption ionization (LA/LDI), and secondary ionization mass
spectrometry (SIMS). These ionization methods provide multiple choices to ionize
and analyze a wide range of substances, such as nucleotide, peptides, proteins,
carbohydrates, esters, and small molecular metabolites.

3.4.3.1 Electrospray Ionization MS

Electrospray ionization MS (ESI-MS) is very suitable to investigate the samples
with small volumes. In order to be supplied to ESI-MS, the single cell must be
lysate. Huang et al. reported a cell ordering platform induced by Dean flow to
isolate single cells from cellular suspension. The platform has been integrated with
ESI-MS (Fig. 3.10j) [129]. In this method, individual cells were lysate one after
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another and then analyzed ESI-MS to identify a single-cell into a subpopulation by
lipid profiling. This platform made cells in suspension evenly distributed and sig-
nificantly improved the efficiency of single-cell mass spectrometry. Lipid is the
high abundant target to detect, and some researches more focused on other low
abundant targets. For example, Gong et al. developed a probe ESI-MS spectrometry
with capillary microsampling to monitor single living leave cells and analyzed the
cellular stress of healthy and damaged plant leave cells [130]. The results showed
the clear differences in the levels of abscisic acid as compared to other MS analysis
methods. However, this method had a disadvantage that the microneedles might
hamper normal cellular functions.

3.4.3.2 Matrix-Assisted Laser Desorption/Ionization MS

Matrix-assisted laser desorption/ionization MS (MALDI-MS) utilizes the power of
a laser to make the sample embedded in matrix crystals desorption and ionization.
This is a soft ionization technique, thus the majority of molecules maintain their
original size and weight without fragment. MALDI-MS was employed in
single-cell analysis over the last few years. Many efforts have been made to
improve the spatial resolution and decrease the interference from the matrix
material. For example, Krismer et al. screened different strains of Chlamydomonas
reinhardtii through MALDI-MS [131]. They embedded microwells to the stainless
steel plate for separating individually spotted cells. And then, they fast freezed the
samples and deposited the matrix to obtain the mass spectra of single cells
(Fig. 3.10k). The MS results showed that the native strain with two different kinds
of chlorophyll could be distinguished from the mutant strain lacking one of these
chlorophyll subtypes.

3.4.3.3 Secondary Ion Mass Spectroscopy

Secondary ion mass spectroscopy (SIMS) provides a tool to enable and analyze the
composition of solid surfaces and thin films. The principle of SIMS is that MS
investigates the release of secondary ions from the surface sputtered with an ion
beam. Although SIMS has the advantages with the low detection limit and the high
spatial resolution, yet samples must be placed in the ultra-high vacuum for analysis,
thus inhibiting the study of living organisms. Bobrowska et al. have published a
protocol of single cells preparation for the time of flight secondary ion mass
spectrometry (TOF-SIMS), including the steps for pretreatment of single-cell
samples (fixation, washing, dehydration) and detection by SIMS [132]. TOF-SIMS
has frequently been employed for single-cell analysis. For example, it was applied
to uncover differences among breast cancer cell lines, and the results showed an
18-carbon chain fatty acid only presenting in the BT-474 cell line [133]. In addition,
3D TOF-SIMS allowed for multiple MS images taken at different heights, thus
creating Z-scans for samples [134].
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3.5 Conclusions and Outlooks

Single-cell research is a newly established field and develops rapidly. The rapid
development of this field is inseparable from the contributions of emerging
microfluidic technologies. Although conventional methods for single-cell capture,
in particularly FACS, are mature and used routinely, they have one or more fol-
lowing disadvantages: high laboratory skills, low throughput, lack of visual
inspection, and the risk of introducing pollution. Emerging microfluidics for
single-cell capture overcomes these shortcomings and becomes increasingly
mature. However, high-throughput and efficient single-cell separation are still an
important goal of microfluidics. In addition, open microfluidic techniques (e.g.,
microwells) provide convenience for subsequent single-cell manipulation, but also
increase the risk of sample contamination; therefore, the work of microfluidic
methods for single cell sorting needs continuous development. Microfluidic
designers must take full account of the throughput of cell sorting, the efficiency of
single-cell separation, the subsequent extraction of single cells, and sample con-
tamination, and visual observation of cells, easy operation, and low cost are other
aspects that need to be taken into account.

Single-cell culture is especially important for rare cells. Multiple generations
from single-cell starting points are different from the cell populations derived
randomly. Single-cell dynamic culture process provides real-time evidences for
better understanding of cell behaviors and interrogation of cell phenotypes.
Compared to microfluidic methods for single-cell capture, single-cell culture
microfluidic platforms need bigger space for single-cell division, timely nutrition
supplement for long-term cell growth, and minimum shear stress or other damage
stresses. In addition, the single-cell culture platform should consider the easy
acquisition of cells of interest. Similar to microfluidic single-cell capture, micro-
fluidics provides 2D and 3D molds for single-cell culture. Although 2D models
have the advantages with low cost, reproducibility, and easy operation, 3D molds
simulate cell function and the geometry of tissues and organs, which is an irre-
placeable advantage of 2D models. We also briefly presented advanced analytical
technologies to identify heterogeneities among large cell populations, including
optical characterization techniques, electrochemical analysis techniques, and mass
spectrometric analysis techniques. Optical characterization techniques based on
microscopy and fluorescence have the advantages of high sensitivities and spatial
resolutions. Electrochemical and mass spectrometric techniques play unique roles in
single-cell analysis in recent years, due to the detection of label-free biomolecules.
Single-cell analysis methods are not limited to these technologies, and more novel
technologies are emerging to extend our knowledge of cellular processes. However,
the reliability of quantitative results is often questioned due to the limited accuracy
of many analytical approaches and the lack of references. In addition, combining
two or more analysis technologies can provide complementary information,
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because of the complexity of cellular processes. We believe that further develop-
ment of microfluidics and innovations of analytical instruments will cast light on
single-cell heterogeneity and potentially promote the development of individual
therapy.
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Chapter 4
Microfluidic Technology for Single-Cell
Manipulation

Weifei Zhang, Nan Li and Jin-Ming Lin

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.

Keyword Microfluidics � Droplet � Single-cell encapsulation � Cell manipula-
tion � Single-cell lysis

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 = lU/c, where l (Pa s)
and U (m s−1) are the viscosity and velocity of the continuous phase, and c (N m−1)
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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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

Fig. 4.1 Three regimes for droplet generation, squeezing, dripping, and jetting with an increase of
capillary number

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]. c 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. Häberle 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. 4.2c [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.

Fig. 4.3 Scheme of three geometrical designs of the microchannel junction: coflowing,
cross-flowing, and flow-focusing
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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

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]
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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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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. 4.5c [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.

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]. c Droplet generation via gravity
and electrostatic attraction for ESI-MS analysis [39]
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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

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]. c Droplet generation by
thermal method [43]. d Droplet generation by optical method [45]
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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. 4.6c [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 µm) and small empty droplets
(diameter 14 µm) 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.

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]. c 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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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

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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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 hFDEPi could be calculated according to the
following equation.

hFDEPi ¼ 2pr3emRe½fCMðxÞ�r Ej j2

Here, r was the radius of cells, em was the permittivity of the culture medium,
and ∇|E|2 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
[fCM(x)]) 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:

fCMðxÞ ¼ e�cðxÞ � e�mðxÞ
e�cðxÞþ 2e�mðxÞ

where e�cðxÞ and e�mðxÞ represent complex permittivity of cells and culture medium,
respectively. And complex permittivity is dependent on permittivity (e), conduc-
tivity (r), and angular frequency (x = 2pf) of the applied electric field, which can
be described as follows:

e�c or m ¼ e0ec or m � j
rc or m
2pf

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

fCMðxÞ ¼ � x2ðsms�c � scsmÞþ jxðs�m � sm � s�cÞ � 1
x2ð2sms�c þ scs�mÞ � jxðs�m þ 2sm þ s�cÞ � 2

where s�c ¼ cmr=rc and sc ¼ ec=rc are time constants for cells. cm is membrane
capacitance. rc and ec are conductivity and permittivity of cells, respectively. In
addition, s�m ¼ cmr=rm and sm ¼ em=rm are time constants for medium. rc and ec
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represent conductivity and permittivity of medium, respectively. The value of fCM
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. 4.9c, 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].

Fig. 4.9 Different electrodes applied with voltage to generate non-uniform electric field for
single-cell manipulation. a, b Ring electrode [77]. c, d Quadrupole electrode [78]

98 W. Zhang et al.



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

Fig. 4.10 Schematic of the microfluidic chip and illustration of the forces acted on the particle
[79]
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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

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]
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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

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]. c Single cells trapped in a microwell are
pushed out of the microwell by using an optical manipulation technique [89]
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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

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 lm [91]
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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

Fig. 4.14 Schematics of cell manipulation by acoustic methods. a Acoustic manipulation via bulk
standing waves, where the cells’ acoustic contrast factor determines their migration to the node or
antinode. b Acoustic manipulation via standing surface waves, where the acoustic waves are
generated by interdigitated electrodes position cells at distinct streamlines [70]

Fig. 4.15 A schematic of on-chip cell manipulation with two-dimensional acoustically focused
region [93]
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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

Fig. 4.16 A schematic of droplet-sorting device according to the principle of standing surface
acoustic wave [94]
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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. 4.17c [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 roboticmanipulation 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].

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]. c Four kinds of different structure for cells
capture [99]
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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

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. c Suspend
bacterium using sterile solution. d Aspirate suspended cell [100]
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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
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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

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]. c 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
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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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Chapter 5
Droplet-Based Microfluidics
for Single-Cell Encapsulation
and Analysis

Qiushui Chen and Jin-Ming Lin

Abstract Droplet microfluidic techniques have been rapidly developed as a
powerful tool to perform high-throughput and low-cost analysis of single cells.
Microscale droplets can be easily produced by a microfluidic manipulation to
encapsulate and manipulate single cells for precise analysis. This offers a new
approach to measure genetic and functional heterogeneity of cell division, growth,
metabolism, and apoptosis. Functional characteristics of cellular molecules, such as
DNA, RNA, and proteins, can be realized at a single-cell level. In this chapter, we
will present a general introduction to single-cell analysis involving droplet-based
microfluidic techniques. We will highlight the current state of droplet-based
microfluidic single-cell analysis for deep insights understanding the biological
process at the single-cell level.

Keywords Single-cell analysis � Droplet microfluidics � High throughput �
Screening

5.1 Introduction

The emerging technology of single-cell analysis brings great opportunities for
physics, biologists, and chemists to gain insights into cell biology [1–3]. Through
directly observing and measuring dynamic cellular processes at a single-cell level,
people can study time-resolved changes in cells, which is not impossible without
advanced single-cell techniques [4–6]. In the past two decades, microfabrication
techniques have been developed to perform miniaturized analytical tools for cell
researches [7–10]. The concept of “cells on chips” has been proposed to precise
control of cells for culture, separation, sorting, and analysis [11–15]. Microfluidic
device enables to integrate several individual analytical operations in a microfluidic
channel for single-cell study [8, 16, 17].
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In particular, droplet microfluidics has been developed as a powerful tool to
achieve single-cell encapsulation and analysis [18]. Microscale-sized droplets can
be generated by introducing two immiscible fluids in a microfluidic channel. For
example, an aqueous microdroplet (1 pL–10 nL) can be produced by introducing
an immiscible oil in a microfluidic device [19]. This technique has become a useful
tool for single-cell analysis with small sample consumption and high throughputs
[20]. The use of biological compatible surfactant and hydrogels is able to prepare
highly stable droplets for on-chip cell encapsulation, off-chip cell culture, and fast
cell screening in a microfluidic chip [21]. Typically, droplet is generated quickly
and manipulated digitally, enabling a high-throughput (up to 5000 per second)
screening. These droplets offer physically and chemically isolated environment to
avoid cross-contamination among single cells, opening the opportunity for
droplet-based manipulation of cells, such as single-cell encapsulation, single-cell
culture, and single-cell analysis. In this regard, droplet-microfluidic technique
enables to design a whole workflow for cell screening.

Nowadays, droplet microfluidics has been increasingly emerged as an important
tool for single-cell analysis, because of their unique merits of high-throughput
analysis, low reagent consumption, dynamic reagent control, biological compati-
bility, and high sensitivity [22, 23]. Single-cell encapsulation in a microscale
droplet can be cultured and further analyzed by performing polymerase chain
reaction (PCR), sorting and detection for studies of gene and protein expression at a
single-cell level [24–26]. This microfluidic platform employs droplets as spatially
separate compartmentalization to facilitate single-cell studies. In addition,
high-throughput droplet microfluidics can be rapidly manipulated and analyzed at a
rate of over 1000 droplets per second [27]. In this chapter, we describe the aspects
of droplet-based microfluidic technology for high-throughput and sensitive
single-cell analysis. We will introduce the basic concept and classical technique to
generate droplets in a microfluidic device. We will discuss the unique advantages of
the droplet-microfluidic approach. Next, we will describe representative examples
of applications that are challenging to perform with conventional high-throughput
screening methods and are facilitated by droplet-microfluidic techniques.

5.2 Droplet-Microfluidic Device

Droplet-generation microfluidic devices are excellent tools for generating highly
reproducible microsized droplets [28]. Typically, two different microfluidic systems
are mainly used for production of monodisperse droplets, including glass-capillary
microfluidics and glass-polydimethylsiloxane (PDMS) microfluidic device
(Fig. 5.1) [29, 30]. For cell encapsulation, the most popular device is PDMS-based
microfluidic device, which is commonly fabricated by soft lithography [31, 32].
Notably, PDMS is a type of soft material allowing for permeability to O2 and CO2,
because its porous structure allows gas bubbles diffusing to the channels [33]. The
biological compatibility and light transparency of PDMS devices are important for
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real-time observation of cell operation and culture on a microfluidic chip. However,
the PDMS is inherently hydrophobic, and surface treatment to microchannels can
be employed to achieve required wetting properties for generation of stable liquid
emulsion. For instance, glass-PDMS devices treated with Aquapel flushing are
generally applied to generate aqueous-in-oil droplets [34]. Another consideration
for the use of PDMS device for cell-based droplet generation is that soft lithography
technique is able to precisely design small microchannels for single-cell encapsu-
lation. In this respect, it easily controls the cell encapsulation in each droplet using
microfluidic techniques.

Fig. 5.1 Two typical types of microfluidic devices for droplet generation. a PDMS/glass
microfluidic device for production of monodisperse microdroplets. Left, photographic images.
Right, microscopic images of droplet generation. Reproduced with permission from Ref. [29].
Copyright 2015 American Chemical Society. b Three-phase glass-capillary device for
double-emulsion generation. Microscopic image of droplet generation is from the region marked
by red-dashed line. The directions of inner, middle, and outer fluids are, respectively, indicated by
blue, green, and red arrows. Reproduced with permission from Ref. [30]. Copyright 2015 Elsevier
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5.3 Microfluidics Droplet Generation

Microfluidic technique is a powerful tool to produce highly monodisperse droplets
with a narrow distribution of emulsion sizes [35]. One typical technique to generate
monodisperse droplets is breaking an aqueous phase in a co-flowing continuous
phase containing a stabilizing surfactant in a capillary device (Fig. 5.2) [36].
Another classical approach for producing monodisperse droplets is to use
T-junction microfluidic device through injecting water into a continuous oil phase.
Typically, generation of droplets in a microfluidic device commonly requires two
immiscible solution phases that are continuous phase and dispersed phase. Control
of the size of droplets is generally achieved by designing the geometry of
microchannels and adjusting the flow rate of continuous phase/dispersed phase. The
droplets are generated by competing stresses, and the surfactant is able to stabilize
the emulsions in the continuous phase.

Generally, there are three typical methods used for microfluidic droplet gener-
ation, including cross-flowing droplet formation in a T-junction, flow-focusing
droplet formation, and co-flowing droplet formation (Fig. 5.3) [37]. Cross-flowing
technique is a popular method to generate droplets by running continuous and
aqueous phases at an angle to each other in a microfluidic device. T-shaped or
Y-shaped junctions are two classical geometries designed in microchannels for
droplet generation, where the dispersed phase is intersected in the continuous phase.
The size and generation rate of droplets depend on the flow rate and its ratio of the
two phases, as well as the capillary number. Commonly, the capillary number is
determined by the viscosity and superficial velocity of the continuous phase and
their interfacial tension. Flow-focusing technique is a general method used to
generate monodisperse droplets by flowing dispersed phase to the continuous phase
at an angle [38]. In a typical procedure, the dispersed phase suffers from a constraint

Fig. 5.2 Microfluidic droplet generation by a typical flow-focusing device. Both widths of the
inlets of continuous phase (Wc) and dispersed phase (Wd) are 200 lm. The width of the orifice
(Wo) is 50 lm. The length of the orifice (Lo) is 100 lm. Reproduced with permission from
Ref. [36]
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in the microchannel to create droplets due to symmetric shearing. Typically, the
device is usually designed with a narrowing constraint channel and followed with a
channel of equal or greater width. This method is able to precisely control the size
and generation rate of droplets with stable operation. Co-flowing technique is a
strategy to produce droplets by enclosing the dispersed phase inside a continuous
phase channel. Typically, this method is operated by a glass-capillary microfluidic
device.

Different from the conventional two-phase methods described above, several
strategies for droplet generation have also been developed based on gravity
microfluidic and piezoelectric ink-jet printing. For example, Zhang et al. demon-
strated a microfluidic approach to produce monodisperse droplets through a
gravity-driven manner (Fig. 5.4) [39]. Using this design, droplets can be produced
by cutting a microfluidic continuous flow at a circular groove surrounded nozzle.
Notably, this technique avoided using a second immiscible solution and surfactant,
thus exhibiting unique advantages for biochemical analysis. However, this tech-
nique is difficult to achieve precise control over the sizes of droplets and also has a
limitation at throughputs [40]. Alternatively, Liu et al. developed a surface-tension-
based technique for microfluidic droplet formation using a capillary tube [41].
Sub-microliter droplets were produced on the basis of gravity and electrostatic
attraction via a capillary tube while applied with a high voltage. To achieve the
high-throughput generation of size-controllable droplets, a piezoelectric ink-jet
printing method was developed [42]. Taking the advantages of using the
ink-printing technique, the droplets can be produced on-demand through combined
with the micromotor X-Y platform. Droplets with volumes of picoliters to nano-
liters can be controlled by the driving voltage and pulse width of the ink-jet system.
The droplet generation can also be well controlled to enable high-throughput
operation by adjusting the frequency of the applied pulse.

Apart from the above-mentioned droplet formation approaches, we also intro-
duce several other techniques to produce droplets. For example, water-oil-water
double emulsion can be generated by typical glass-capillary microfluidic devices. In
addition, the droplets can also be produced by water-in-water phases with an oil
phase. The droplets can be actively produced by coupling with an electric, mag-
netic, and centrifugal methods. These methods allow generating droplets with

Fig. 5.3 Three typical types of typical microfluidic geometries commonly used for droplet
generation: a T-junction device, b flow-focusing device, and c microcapillary device. Reproduced
with permission from Ref. [37]. Copyright 2015 Royal Society of Chemistry
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precise control over their volume, but with a lower generation rate. The advantages
of “on-demand” droplet formation are very suitable for single-cell encapsulation
and subsequent analysis.

5.4 Single-Cell Encapsulation in Droplets

Cells from human patient samples and cultured cell lines can be encapsulated in
each droplet at high throughput for culture and analysis using droplet-microfluidic
technique [43]. In particular, single-cell-laden droplets enable to effectively serve as
a separated counterpart for the study of individual cells (Fig. 5.5) [44, 45]. The
recent development of droplet-based single-cell technique is able to provide many
unprecedented advantages, including manipulation, culture, and analysis of single
cells within isolated microenvironments [46]. The strategy for single-cell encap-
sulation commonly involves two steps, including the dispersion of cells in water or
hydrogel precursor solution and generation of droplets or hydrogel particles via
in situ cross-linking [47]. For single-cell encapsulation, cells are delivered to dro-
plet nozzles at random, where cell occupancy in a population of droplets is gen-
erally Poisson-distributed [37]. Existing techniques are not able to yield a high
occupancy of single-cell encapsulation in droplets and high polymer-to-cell ratio.
Each droplet will be not occupied by cells or contains more than one cell. Cell

Fig. 5.4 Injection analysis-based generation of droplets in a gravity-driven microfluidic
chip. a Generation of concentration gradient droplets using a flow tube. b Images for droplets
with a concentration gradient of rhodamine B-methanol solution. c, d Time-dependent fluorescent
intensity of rhodamine B in droplets. Reproduced with permission from Ref. [39]. Copyright 2014
Royal Society of Chemistry
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concentration can be adjusted to control the Poisson distribution, which has been
developed for high-throughput encapsulation of cells. Although the
Poisson-distributed cell occupancy is a technical challenge in droplet microfluidics,
the generated droplets without cells can be easily differentiated by a dielec-
trophoretic sorting technique through detecting their fluorescence or others. Several
hydrodynamic techniques were developed to separate single-cell-contained droplets
with no cells contained droplets based on size or fluorescent labeling.

Achieving a large population of cell-containing droplets with high single-cell
occupancy is important for high-efficiency cell analysis and the studies on cell–cell
interactions. The Poisson distribution of cell occupancy is the main problem.
Recently, recent work has addressed this issue by developing a microfluidic-based
method to encapsulate single cells with high occupancy [48]. This microfluidic-
based method for single-cell encapsulation is able to achieve the proportion of
cell-containing droplets by a factor of ten, with encapsulation efficiencies over 90%.
The strategy provides unique advancements to achieve high-efficiency single-cell
encapsulation, a one-step method to significantly increase the proportion of

Fig. 5.5 Performance of single-cell encapsulation using droplet microfluidics. a Schematic of
droplet-microfluidic device for single-cell encapsulation and microscopic image of single cells
encapsulated in droplets. The encapsulated cells were labeled by red circles. Reproduced with
permission from Ref. [44]. Copyright 2008 Elsevier. b Schematic of droplet-microfluidic device
for deterministic cell encapsulation. The encapsulated cells were labeled by white dotted circles.
Reproduced with permission from Ref. [45]. Copyright 2012 Royal Society of Chemistry
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cell-containing microgels. The approach offers an opportunity for applications in cell
encapsulation, cell culture, cell analysis, and cell delivery at a single-cell level [49].

5.5 Hydrogel for Cell Encapsulation in Droplets

The technology of cell encapsulation in droplets has been widely used for
high-throughput cell-based assays. Generally, the droplets are composed of cells
and water solution. However, to maintain long-term cell culture or cell culture
media exchange, natural and synthetic biomaterial polymer, especially biocom-
patible hydrogel, has been widely used to prepare droplets [50, 51]. At first, cells
are dispersed in the hydrogel precursors, and then, these cell-containing hydrogel
precursors were emulsified by a second oil phase containing a biocompatible sur-
factant. Next, the generated hydrogel droplets can be cross-linked to from
cell-containing microgels by various methods, including light-induced polymer-
ization, temperature change-induced solidification, and cation chelator-based
gelation. In particular, the morphology and functions of hydrogel materials are
highly relevant to their properties and polymerization method.
Polysaccharide-based natural hydrogels (alginate, agarose, and chitosan) and pro-
tein hydrogel (collagen, gelatin, and fibrin) are usually polymerized by a physio-
logical condition (Fig. 5.6) [52]. For instance, agarose can be gelled by controlling
its temperature (15–30 °C) [53], and alginate precursors can form hydrogels by
introducing alkaline earth ions (Ca2+, Ba2+, or Sr2+) [54]. Collagen is able to form a
hydrogel by controlling the temperature at neutral pH condition [55]. Thus, the mild
and biocompatible condition for microgel formation is suitable for microscale tissue
engineering, cell culture, and cell analysis.

Despite existing unique advantage of excellent biocompatibility, natural
hydrogels are not easy to be chemically modified with specific properties [56]. In
contrast, synthetic polymer is an excellent alternative to fabricate cell-containing
microgels, such as poly(acrylamide), poly(ethylene glycol), poly(acrylic acid), and
poly(vinyl alcohol). These polymer hydrogels can be modified with some desired
functional groups, such as degradable linkages, peptides, and oligonucleotides. For
example, poly(ethylene glycol) (PEG) can be covalently conjugated with
cell-adherent peptides, such as RGD [57]. The RDG-PEG co-polymers can be
fabricated to microgels for cell studied. In a typical procedure, aqueous monomer
precursors are mixed with linker units and initiators and then polymerized under a
specific condition, for example UV-Vis light exposure. Compared to natural
hydrogels, a unique advantage of these synthetic polymers is their good mechanical
property. This feature makes them suitable to serve as biological scaffolds for tissue
engineering.
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5.6 Cell Culture in Droplets

The technology of microfluidic cell encapsulation in droplets offers a powerful tool
for the studies of single cells, since the droplets can be used as a well-defined,
controllable isolated compartment for single-cell encapsulation, culture, manipu-
lation, and analysis (Fig. 5.7) [58]. The picoliter compartment of the droplets has a
similar size with cells for microscale operation. For single-cell culture, hydrogel
droplets not only provide an isolated compartment for cell encapsulation, but also
allow for exchange of nutrients, gas, and metabolites with outer cell culture med-
ium. Droplet microgels have been widely used to realize long-term cell culture with
high cell viability, such as mammalian cells, bacteria, yeast, and even stem cells
[44, 59–62]. For instance, Clausell-Tormos et al. demonstrated that single cells
(Jurkat and HEK293T cell line) could remain with high viability of more than 80%
for 3 days [44]. Cell proliferation at single-cell level has also been observed in
alginate microgels [58].

Since the hydrogels allow for molecule exchange from outer solution,
fluorescence-based cell live/dead assays can be performed to measure the viability
of encapsulated cells inside the microgels. Brouzes et al. demonstrated that human
U937 cells have a viability of 80% after 4-day culture [61]. The 15% of cell death is
likely to be attributed to shear stress or surfactants during cell encapsulation into
droplets. It is noted that fluorinated oils are found to benefit for long-term cell
culture because of its ability to efficiently transport oxygen and carbon dioxide, as
well as its very low solubility in water phase. Another issue is that the proliferation

Fig. 5.6 Molecular structures of natural hydrogels and synthetic polymer hydrogels.
a–h Agarose, alginate, hyaluronic acid, chitosan, poly(ethylene glycol) (PEG), poly(acrylic acid)
(PAA), poly(vinyl alcohol) (PVA), and poly(acrylamide) (PAA). Reproduced with permission
from Ref. [52]. Copyright 2017 American Chemical Society
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of the encapsulated cells was found to be slow, perhaps due to the lack of
cell-to-cell interaction and realistic 3D cell microenvironment. It is still challenged
to mimic normal cell microenvironment for mammalian cell proliferation in
droplets.

Fig. 5.7 a Microscopic image of fabrication of alginate hydrogel droplets using a microfluidic
flow-focusing device (scale bar 50 µm). b Schematic of cross-linking process of alginate microgel.
Acetic acid was added to the continuous phase and calcium-EDTA complex was dissolved into
hydrogel precursor solution. The alginate was cross-linked when calcium ions were released by the
entering acid. c Microscopic images of single-cell-containing alginate microgels. The single cells
were encapsulated and then continuously cultured for 3, 6, 12, and 15 days, reprehensively. The
cells were stained by Calcein AM dyes and imaged under confocal microscope to indicate cell
viability. All scale bars are 25 µm. Reproduced with permission from Ref. [58]. Copyright 2015
Wiley-VCH
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5.7 Droplet Microfluidics for Single-Cell Analysis

Droplet-microfluidic technology is a powerful tool for precise encapsulation of
single cells and high-throughput analysis within monodisperse microdroplets [63].
For cell analysis in a single droplet, this technique is able to manipulate them for
mixing, splitting, and sorting for assay purpose [64–66]. Notably, droplets are able
to be stable for a long time, and cells encapsulated in hydrogel droplets can be
cultured for surviving for a week. In this regard, droplet microfluidics can offer an
excellent platform for high-efficiency single-cell analysis. To achieve single-cell
analysis, droplet-microfluidic platform can couple with various analytical approa-
ches, including fluorescence, mass spectrometry, electrochemistry, and
surface-enhanced Raman scattering [67–70]. Importantly, droplet-microfluidic
technique offers unique advantages of high-through analysis and reduced biologi-
cal reagent and avoided cross-contamination. These features make droplet micro-
fluidics as a powerful platform for heterogeneity analysis of single cells, such as cell
proliferation, protein secretion, DNA sequencing, enzyme kinetics, and stem cell
differentiation.

5.8 Single-Cell Nucleic Acid Sequencing

Droplet-microfluidic technique has been used to perform rapid, low-cost, and
high-throughput single-cell nucleic acid sequencing [2]. Advanced technology for
nucleic acid sequencing is fundamentally important for cell research, disease
diagnosis, and clinical therapy [71]. To ensure the sensitivity of DNA sequencing,
polymerase chain reaction (PCR) has been used as a robust amplification tool
coupling with droplet microfluidics, which is known as digital droplet PCR [34, 72,
73]. In this technique, samples are diluted into millions of droplets (Fig. 5.8) [74–
76]. PCR amplification is run in each droplet, and target DNA can be sensitively
detected by a droplet sorting-based counting technique. Because of the strong
capability of rapid sorting from millions of droplets, this technique enables for
detection of the gene mutation for cancer diagnosis and prognosis. It allows rapid
screening and counting and quantification of mutants from a few copies among
many wild types. Pekin et al. reported the use of digital droplet PCR technique to
achieve accurate detection of mutation genes from a large population of samples
[77]. In a typical procedure, target DNA samples were diluted and encapsulated into
microscale droplets, which contained fluorescently labeled reverse primers, PCR
primer-immobilized microbeads, DNA polymerase, and deoxyribonucleotide
triphosphate. After the PCR reaction is completed, the droplets can be sorted and
detected by flow cytometer. Benefiting from the advantages of single-cell PCR, this
approach exists a high sensitivity for mutation detection at a single-cell level.

Nevertheless, the performance of single-cell DNA sequencing is still very
challenged due to closed droplet compartment, because single-cell droplets need
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complex processes, including cell lysis, DNA extraction, and PCT reaction [78]. To
address this issue, hydrogel-based droplets have been developed as an ideal plat-
form for efficient cell lysis and DNA extraction, as well as used for PCR ampli-
fication due to the penetration of small molecules (Fig. 5.9) [79]. Novak et al.
reported an agarose-based droplet-microfluidic technique to screen mutation at a
sing-cell level [30]. In a typical procedure, single cancer cells were encapsulated in
each agarose hydrogel-based droplet containing primer-immobilized microbeads.
After agarose gelation, the single-cell microgel particles were extracted from the oil
phase to the aqueous phase, and the cells were lysed to release DNA. The DNA-
contained microgels can be washed for a further PCR. Finally, flow cytometry was
employed to achieve a high-throughput analysis. Meanwhile, reverse-transcription
PCR (RT-PCR) technique was also coupled with droplet microfluidics for
single-cell DNA sequencing. Yang et al. developed an RT-PCR-based agarose
droplet-microfluidic technique for detection of mRNA expression in cancer cells
[31]. Therefore, droplet microfluidics offers many advantages (low cost, high
throughput, rapid analysis, high sensitivity, and so on) for applications in the
detection of single cells in complex biological samples.

5.9 Single-Cell Protein Detection

Detection of cancer cell-specific protein expression is an important pathway for
early diagnosis [80]. Droplet microfluidics is an advanced technique that is par-
ticularly suitably used for high-throughput analysis of protein secretion from single

Fig. 5.8 Schematic illustration of single-cell encapsulation using droplet-microfluidic technique
for gene analysis. a Single-copy PCR amplification in a droplet. Reproduced with permission from
Ref. [74]. Copyright 2008 American Chemical Society. b Whole genome PCR amplification in a
droplet. Reproduced with permission from Ref. [75]. Copyright 2015 Wiley-VCH. c Barcoding for
single-cell transcriptomics in a droplet. Reproduced with permission from Ref. [76]. Copyright
2015 Elsevier
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cells through rapid sorting and detection of each droplet [61, 81, 82]. Unlike
amplification techniques used in single-cell DNA sequencing, there is a challenge
for this technique used in protein detection at a single-cell level—the low sensitivity
of flow cytometry and low concentration of protein expression in single cells. Here
we introduce recent development for single-cell protein analysis based on droplet
microfluidics

In many types of cancer cells, cell-surface proteins are usually serving as a type
of specific biomarkers for cancer diagnosis and therapy. Detection of overexpressed
proteins in cancer cell surface can provide direct evidence for cancer diagnosis,
prognosis, and therapy guidance. For example, EpCAM proteins are generally
expressed in breast cancer cells. In order to detect low-abundance cell-surface
proteins, an enzymatic amplification strategy has been developed to enhance the
sensitivity of flow cytometry when coupled with droplet-microfluidic system [83].
In this typical procedure, cell-surface protein biomarkers were labeled with
biotinylated antibodies and then coupling with streptavidin-conjugated galactosi-
dase. When incubating with the fluorogenic substrate in droplets, the
enzyme-labeled cell in each droplet can be easily detected by a photomultiplier
tube. It should be noted that the enzymatic reaction is critical to achieving

Fig. 5.9 Illustration of digital PCR combined with droplet microfluidics for single-cell analysis.
Agarose hydrogel droplet was used for cell encapsulation and PCR reactor. Reproduced with
permission from Ref. [79]. Copyright 2011 Wiley-VCH
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fluorescence signal amplification for sensitive analysis. Apart from the enzymatic
reaction-based signal amplification, rolling circle amplification (RCA) was also
coupled with droplet microfluidics to enhance detection sensitivity [84]. In a typical
procedure, the surface of biomarker protein-expressed cancer cells was labeled with
biotinylated antibodies, binding with DNA primers for RCA reaction. Combining
with the RCA tool and fluorescence labeling, biomarker proteins on the cancer cell
surface can be easily detected from the single cells using droplet microfluidics.

Detection of biomarker proteins secreted from tumor cells is also widely
employed for cancer diagnosis in clinical [85]. Compared with conventional
immunoassays that detect protein biomarkers from a large population of cell sam-
ples, protein biomarker analysis from single cells can provide a precise and sys-
tematic result for cancer-specific biomarkers expressed from tumor cells (Fig. 5.10)
[66]. In particular, droplet-microfluidic technique offers unique advantages to
monitor the small population of circulating tumor cells [86]. In addition, droplet
microfluidics has been developed to detect cell heterogeneity of cytokine secretion
from cancer cells. In this technique, single cancer cells were encapsulated into
agarose hydrogel droplets containing specific antibodies-functionalized microbeads
[87]. The cytokines were secreted from cancer cells and confined into the
hydrogel droplets, and then captured by antibody-functionalized microbeads. After
the microbeads were labeled with fluorescence dyes, the droplets were detected by

Fig. 5.10 Schematic of droplet-based microfluidics for single-cell analysis and sorting. Two
different types of cells were mixed together and introduced into a microchannel together with
microbeads. The antibodies secreted from cells were specifically captured by the microbeads and
labeled by fluorescence dyes. The single-cell droplets were re-injected into a second microfluidic
device, and then droplets containing green fluorescence were sorted by a fluorescence-activated
droplet sorter. The bottom three images showed encapsulation of cells and beads in a droplet (left),
re-injection of droplets (middle), and microfluidic droplet sorting (right). Reproduced with per-
mission from Ref. [66]. Copyright 2012 Nature Publishing Group
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flow cytometry for single-cell analysis. Recently, droplet-microfluidic technique has
been developed to study the stimulation, functions, and intracellular cell signaling of
live single cells. For example, Konry et al. reported the development of droplet
microfluidics to detect cell surface and secreted proteins from single cells [84]. In
this study, lipopolysaccharide stimulation of single cells in each droplet was directly
analyzed by bead-based immunoassay and fluorophore-antibody staining. In a
next-step work, droplet microfluidics was further used to investigate intracellular
signaling between two different types of single cells. Therefore, the single-cell
protein analysis using droplet microfluidics will offer new opportunities for cancer
diagnosis and biological researched in the future [88].

5.10 Droplet Mass Spectrometry for Single-Cell Analysis

Droplet-microfluidic technique has been emerged as an excellent tool to couple
with mass spectrometry for rapid and high-throughput analysis of single cells,
because mass spectrometry is able to achieve a qualitative and quantitative detec-
tion of cell components in each droplet [89]. The unique advantages of mass
spectrometry can identify and measure the molecular structure of cells directly
without specific labeling. Zhang et al. developed a method of paper spray mass
spectrometry to monitor the chemical reaction in each microsized droplet [39].
Upon the capillary wicking effect, the droplets were transferred to the tip of the
paper substrate, and a process of paper spray ionization under a high voltage was
applied to ionize the molecules for mass spectrometry analysis. In a further
development, the droplet mass spectrometry was implemented by gravity and
electrostatic attraction using a capillary tube, which was demonstrated to be more
controllable. The volume of each droplet was controlled in a range from 0.7 to
2.4 lL and with a time interval of 15–60 s. Online mass spectrometry analysis of
droplets was realized via paper electrospray ionization. As a set of proof-of-concept
experiments, direct analysis of molecules in apples demonstrated the potential
application of this approach in real-sample analysis [41]. In a parallel study, this
technique was established for online monitoring of cell culture using paper spray
ionization-based droplet mass spectrometry (Fig. 5.11) [90]. In a typical procedure,
the droplets were generated by electrostatic interaction with precise control over a
time duration. As a result, the as-developed droplet mass spectrometry was suc-
cessfully performed for online monitoring of the effect of hormones on hepatic cells
and glucose metabolism in cell culture solution.

The piezoelectric ink-jet printing offers a new tool to implement droplet mass
spectrometry for single-cell analysis. Taking the advantages of controllable oper-
ation for droplet generation, drop-on-demand ink-jet printing can be coupled with
electrospray ionization mass spectrometry to achieve lipid profiling of single cells
(Fig. 5.12) [42]. Typically, the single-cell-contained droplets were produced
through ink-jet sampling of a cell suspension, and then precisely dripped onto a
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Fig. 5.11 Design of paper spray ionization-based droplet mass spectrometry for online
monitoring of cell culture. Reproduced with permission from Ref. [90]. Copyright 2014
American Chemical Society

Fig. 5.12 Illustration of the experimental setup of piezoelectric ink-jet printing-based droplet
mass spectrometry. a Cells were ink-jet-printed onto the tungsten tip for mass spectrometry
analysis. b Photographic image of ink-jet printing cell-containing droplets and the process of
electrospray ionization under a high voltage. Reproduced with permission from Ref. [42].
Copyright 2016 American Chemical Society
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needle for electrospray ionization under a high-voltage electric field, which enables
for achieving lipid fingerprints of single cells by mass spectrometry. It is worth to
mention that the technique of ink-jet printing-based droplet formation can be
applied to achieve an online digital polymerase chain reaction [91] and thus is
potential for single-cell sequencing analysis. To improve the efficiency of
single-cell mass spectrometry, a microfluidic technique of Dean flow-assisted cell
ordering was connected with electrospray ionization mass spectrometry for lipid
detection in a single-cell level [92]. If gas phase is used to generate cell-contained
droplets, this platform could provide a facile method for high-efficiency droplet
mass spectrometry and for direct analysis of lipids in single cells.

5.11 Conclusion and Outlook

Droplet microfluidics has been rapidly developed as one of the most compelling
tools for single-cell analysis based on providing isolating compartments with the
same size scale as cells. Considering that the droplet microfluidics offers the ability
to encapsulate single cells in a small volume of droplets and sorting a large pop-
ulation of cells, this technique provides several unique advantages for single-cell
analysis, including low cost, high throughputs, rapid sorting, and precise detection.
In this regard, droplet microfluidics holds great potential for the investigation of cell
heterogeneities, elucidating cell complexity at single-cell levels. Compared to
conventional assays that are not able to isolate and detect low-abundance molecules
in a mixed population, droplet microfluidics is more effective to realize more
precise analysis for single cells. By combining signal amplification strategies like
PCR, RCA, and enzyme reactions, droplet-microfluidic techniques are able to
achieve sing-cell analysis with high sensitivity, high speed, and high throughputs.
With the fast development in the past years, droplet microfluidics for single-cell
encapsulation and analysis has become a very compelling tool for the studies of
fundamental cell biology and disease diagnosis, especially for screening a large
population of disease cells for precision medicine. For example, droplet micro-
fluidics has been widely developed for CTC detection and single-cell analysis of
nucleic acid and proteins. Droplet-based microfluidics is thus promising and used as
next-generation sequencing technology.

Despite the progress made during the past years, the performance of droplet
microfluidics for single-cell analysis still needs to be further improved, such as
detection sensitivity, single-cell efficiency, systematic integration capability,
automation, and particularly their complex operation. For applications of droplet
microfluidics in biological assays, digital droplet analysis still lacks sensitivity for
low-abundant biomarkers from single cells. In addition, the portability of this
system needs to be improved for future development, such as inexpensive
point-of-care applications. As a result of these limitations, electrochemical
detection-based microelectrodes and optofluidic signal-based optical fiber could be
excellent to perform droplet detection for portable diagnostic devices. On a separate
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note, because recent studies of single-cell encapsulation and analysis with droplet
microfluidics turn to long culture periods and clinical applications, there is of great
demand to develop a strategy for unperturbed droplet microenvironment for cells
residing. Nonetheless, the technical advances of droplet microfluidics for single-cell
analysis show great potential to make an additional scientific impact and support
scientific progress in fundamental researches of cells.
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Chapter 6
Microfluidics for Single-Cell Genomics

Mashooq Khan and Jin-Ming Lin

Abstract Genomics is the systematic study of entire deoxyribonucleic acid (DNA)
sequencing of an organism or virus. A single-cell DNA sequencing explores the
heterogeneity among a cellular population of a biological sample and also predicts
the growth and function of a living entity. However, efficient extraction of chro-
mosomes from a single living cell requires sophisticated moods for sample
preparation. Microfluidic devices offer several improvements including, effective
heat transfer (enhanced the multiplication of DNA) and small volume (enabled the
accurate quantification of DNA molecules) within the lysate of a single cell.
However, at present, only one step such as single-cell isolation, cell lysis, or
chromosome isolation from an individual cell and its amplification can be per-
formed on-chip. Besides, microfluidics relies on external techniques for analysis of
DNA. Therefore, the integration of multi-microfluidic systems is required for
automated genome investigation. This chapter describes the advancement, limita-
tions, and future prospects of microfluidic/nanofluidic for single-cell analysis.

Keywords Genomics � Single-cell � Microfluidic � DNA � Cellular
heterogeneity � Cellular population

6.1 Introduction

The deoxyribonucleic acid (DNA) encodes proteins is the heritable program, which
led to the development of a research field, genetics and genomics. Genomics is the
systematic study of DNA, referring to elucidate the entire complement of heredity
information of an organism or virus. Organisms are a bodily outcome of their
genome; therefore, genomics is a significant tool to explore their growth and
function. The human genome project (HGP) was launched to identify all of the
approximate forty thousand genes (a distinct sequence of DNA or RNA) and
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determine the primary structure of 3 billion base pairs, which was a pivotal moment
in life sciences [1]. Like any other great discoveries, the completion of HGP raises
more questions and spurred research in previously unknown areas. Therefore, the
demand for DNA sequencing increased in both academic research and clinical
research. The HGP also stimulated a healthy race among the researchers, for the
development of high-throughput and cost-effective sequencing strategies.
Organisms are phenotypically diverse. The order of genes on a DNA carries many
folds of genetic information. Therefore, after completion of the HGP, the cancer
genome atlas (CGA) project was initiated to link certain genetic alteration to a
specific disease. This explored an astonishing discrepancy in a similar disease of
different individuals. A deep understanding of the genetic information on diseases
leads to the identification of heterogeneity in cell populations within individuals.
Intra-sample heterogeneity can be valuable information to note the disease pro-
gression and treatment within individuals. The study of this variation can lead us to
comprehend the part of the intercellular difference in evaluation and therapy of
diseases and implications for personalized drugs [2].

The genomic heterogeneity holds a significant role among populations in general
and a single-cell population in particular. Finding the variation among individual
cells of a population reveals its behaviors and heterogeneity. Contrary to conven-
tional genome sequencing, which considers the mean of characteristics, the
single-cell study allows the recognition of critical alteration from one cell to another
of the seemingly identical cells. Single-cell genome sequencing requires several
steps from tissue dissociation to DNA analysis (Fig. 6.1), and each step is a puzzle
to solve. For example, a small tumor tissue contains millions of cells and each
individual cell has a minute amount of genetic material making it defying to
identify the variation among single cells [3]. Therefore, an ultra-efficient method is
required for sample preparation and analysis of the tiny amount of genetic materials
in a single cell. The resolution and precision of the analysis techniques have been
improved over a few decades, which open the gate to investigate the initial
ultra-low concentration materials. In this context, the comparative hybridization
arrays could characterize the chromosomal variation through RNA sequencing from
a tiny amount of the starting RNA of a sample. The high-resolution techniques have
enabled us to recognize the occurrence of previously undetectable low-frequency
traits. However, the requirement for microgram or nanogram amount of the sample,
where the available starting material (DNA) is in picogram, hindered our ability to
explore the cellular biochemistry. In addition, the effective isolation and processing
of a sample material without contamination and sample loss sets another hurdle for
analyses at a single-cell resolution. In this contribution, the microfluidic system
offers a high-throughput platform to achieve single-cell analysis. Our group pub-
lished a number of reviews and articles focused on microfluidic devices for
single-cell sample preparation and recommended for further reading [4–6].
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6.2 Microfluidics for Single-Cell Genomics

Gel matrices, electrophoresis, flow sorting, optical tweezers, and microfluidic-based
methods have been utilized to obtain and process DNA from numerous single cells.
For a method to address the limitations and to be profitably used for the analysis of
single-cell genomics must be able to,

• Isolate and manipulate DNA materials in minute quantity with high precision.
• Have high resolution for effective amplification of a single molecule.
• Carry out measurement with high accuracy, because a single-cell measurement

can be performed only one time.
• Generate statistically meaningful high-throughput data.
• Avoid external or in-system contamination.
• Perform automated human-interference-free processing.

The invention of microfluidics launched a new platform for point-of-care
diagnostics and offered a striking way out for many hurdles in biological and
chemical analyses. Microfluidics offered the transportability, automated processing,
design flexibility, effective heat transfer, and high surface area per unit volume.
This also enabled the assimilation of several liquid processes including sampling,
sequential loading, pumping, and washing [7]. Microfluidics has shown over-
whelming performance in areas other than genetic research [8] and could fit pre-
cisely to the size of an individual cell, because of the offered designed flexibility
within the range of ten to hundreds of micrometer [9]. This reduced the dilution of
lysate, which is a notable problem due to a tiny amount of the starting material in a
single cell. Furthermore, microfluidic dimension allows a custom-made simple
experimental setup for a particular analytical problem [10]. The proficient heat
transfers reduced the time required for DNA amplification, and the small volume
enabled precise quantification of genetic material at single-cell/single-molecule
level. In comparison with conventional methods, microfluidics enhanced the
compatibility of the cells and minimized the labor work [11–14]. Microfluidic
devices also reduced the hazard of ex- and in-system contamination. For effective

Fig. 6.1 Schematic of the microfluidic model for single-cell genomics
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quantification, the microfluidic interface is easy to couple with sensitive detection
techniques, such as mass spectrometry, electrochemical detector, laser-induced
fluorescence [15, 16], and others. Mass spectrometry in integration with micro-
fluidic has been frequently practiced for single-cell analysis, because of high mass
accuracy and sensitivity [17–20]. In this context, Roussel and Clerc authored a
report that multiple microfluidic players researching microfluidic sample prepara-
tion techniques. They also described that microfluidic-based devices’ market is
prepared to expand abruptly above $100 M in 2020. Among them, the market
growth of microfluidic devices for single-cell genomics will be a raised from 2% in
2014 to 21% in 2020 (Fig. 6.2). In this perspective, we will review the course and
latitude of the microfluidic platform for single-cell genomics and address the future
perspective where further improvement is needed.

6.3 Experimental Design of Single-Cell Genomics

Single-cell DNA sequencing helps us to understand the complex biological com-
position and function of an individual and also reveals the genetic disorder to
explore a particular disease. However, to carry out genome-wide haplotyping, each
single-cell genomic technique requires the isolation and processing of cells from
complex body tissue. Besides, technical hurdles arise from the complex data output
[21]. Therefore, to perform efficient single-cell DNA sequencing, a systematic route
has to be followed as described in Sects. 6.3.1–6.3.3.
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6.3.1 Single-Cell Isolation for Genome Sequencing

The first step is to obtain a healthy single cell from a targeted biological sample.
The microfluidic platform could perform high-throughput sorting of single cells
into individual partitions. The cells under investigation can be microscopically
monitored and processed. As mentioned earlier the microfluidic platform minimized
the dilution of sub-cellular components, which is significant for the analysis of
molecules of minute concentration in a single cell [22]. Furthermore, the large
surface area per unit volume ensures a uniform heat transfer and temperature
control, which is critical for the multiplication of genetic materials. For example,
Fluidigm C1 array (a commercial microfluidic device for single-cell isolation) [23],
microwells, di-electrophoresis, droplets, valve, Brownian motion, and hydrody-
namic have been utilized for high-throughput single-cell isolation and was reviewed
previously in detail [4].

6.3.2 Whole-Genome Amplification (WGA)

Each cell of an organism divides multiple times in her life span. During the cell
division, less likely but error can arise in DNA replication resulting in somatic
mutations. The mutation can originate fatal diseases. Besides, the abnormalities in
chromosome have been largely observed during the growth of mammalian germline
[21]. DNA sequencing can give information about all kinds of somatic and
germline alterations, such as deletion, insertion, substitution, structural rearrange-
ment, and copy number variations. Moreover, single-nucleotide polymorphism-
based quantification of paternal and maternal allele frequencies can give informa-
tion about genetic inheritance. However, due to a tiny amount of genetic material
(*10 picogram) in an individual cell, whole-genome amplification (WGA) is
required for performing DNA sequencing [24]. Until now, on-chip polymerase
chain reaction (PCR), multiple displacement amplification (MDA), a combination
of PCR and MDA, and multiple annealing and looping-based amplification cycles
(MALBAC) have been utilized to carry out a single-cell WGA.

6.3.2.1 Microfluidic-Based PCR

The PCR can generate several millions of copies of a single DNA molecule in few
cycles. Typically, a single cycle of PCR has three steps: denaturation, annealing,
and extension. In denaturation, the temperature of about 95 °C is applied to unzip a
double-stranded DNA into two single strands of DNA (ssDNA). In annealing, the
ssDNA is subjected to short single strands of complementary DNA (primer) at
*56 °C in the presence of polymerase enzyme. In extension, the temperature is
raised to 72 °C to achieve high activity of the polymerase. From free nucleotides, in
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solution, the active polymerase synthesizes a second complementary ssDNA, and
thus, a copy of the initial DNA is formed. By repeating the cycles, an exponential
increase in DNA copies are obtained. As the heating and cooling cycles are
involving in PCR, miniaturization of the system could largely reduce the analysis
time. Therefore, among the research community, microfluidic-based PCR devices
gain considerable attention, due to rapid and uniform heat transfer [25]. In this
system, a sample of *10 µL containing DNA has flowed through a coiled
microchannel. The sample passed through the loops of the channel in three tem-
perature regions for several cycles within tens of seconds (Fig. 6.3a). Our group
also developed a droplet-based digital PCR (dPCR) platform [26]. In this system,
the droplets were generated through an ink-jet. The droplets contained DNA and
PCR liquid was passed through a channel of fused silica. The channel was coiled
around a thermal cycler of 36 cycles of different temperature zones. A laser-induced
fluorescence detector (LIFD) was focused at the downstream of the capillary to
count droplets contained DNA (positive counting) and without DNA (negative
counting) (Fig. 6.3b). As previously reviewed in detail [27], numerous
microfluidic-based PCR platforms for multiplication of nucleic acid have been
developed and recommended for further reading.

6.3.2.2 Microfluidic-Based MDA

The understanding of genomic heterogeneity requires the sequencing of genomic
materials from large numbers of single cells. The WGA usually cope with chal-
lenges of contamination, multiplication bias, and poor monitoring. To overcome
these limitations, the MDA technique for single-cell WGA was applied. Figure 6.4
shows the droplet-based MDA [28]. Firstly, a cell or nucleus was introduced into
droplets deposited on a substrate. Then, to each droplet, the lysis buffer was added.
Subsequently, each droplet was covered with oil and incubated at 65 °C for 10 min
on a heating plate. Afterward, the oil was washed out from the droplets.
REPLI-g-Single-Cell-Master-Mix supplemented with 0.1% of Tween 20 surfactant

Fig. 6.3 a Microfluidic and b inject droplet models of PCR. Reprinted with permission from Ref.
[25]. Copyright 1998 Science Publishing and [26] Copyright 2018 American Chemical Society,
respectively
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and 5% glycerol was added to each droplet and was again covered with oil. The
reaction was incubated at 30 °C for a specified time, followed by the termination of
amplification at 65 °C for 15 min. The oil was then removed and an inert dye was
added to visualize each reaction, which facilitated manual extraction. The array was
re-covered with oil, and the droplets were pipetted out in a 96-well plate-containing
EDTA buffer to assess the yield.

The introduction of MDA largely minimized the predisposition in amplification,
contamination, generation of non-desirable product, and costs [29]. However, due
to the processing of a small number of single cells and manual selection through
microscopy, it was hard to achieve the utmost robustness, performance, and scal-
ability. However, the MDA suffers from a non-desirable multiplication of genetic
materials when a sub-nanogram of starting DNA was used.

6.3.2.3 Microfluidic-Based MALBAC

Typically, the WGA product contaminates from exogenous and pre-existed DNA.
Microfluidic-based PCR [30, 31] and MDA [32] intrinsically reduced these con-
taminations. In order to further improve the WGA, a microfluidic-based MALBAC
device was designed [33]. This performed WGA from eight single cells introduced
in eight parallel channels (each channel held a single cell) (Fig. 6.5). The collected
cells were lysed within the channel, and the obtained genetic material was subjected
to a two-step process: pre-amplification and PCR amplification. The WGA can be
achieved in 4 h. The MALBAC efficiently reduced the contamination and cost, due
to high reproducibility and accurate identification of copy number variations.
Besides, it required minimum of single-cell handling skills. Moreover, MALBAC
offers easy scalability and integration for high-throughput product yield and
analysis.

Fig. 6.4 Microdroplet model for multiple displacement amplification. Reprinted with permission
from Ref. [28]. Copyright 2016 the Proceeding of the National Academy of Sciences

6 Microfluidics for Single-Cell Genomics 149



6.3.3 Microfluidic-Based Genome Sequencing and Analysis

After obtaining the WGA product for analysis, the genome sequence analysis can
be performed using the following steps.

• Obtain the file for sequence reads.
• Examine the quality of reads and trim the bases of poor-quality bases.
• Trim the adaptor sequences remained at the end of reads.
• Avoid flawed mapping by neglecting the reads of too-short length.
• Remove the PCR duplicates.
• Map the reads data to a reference genome from an online database, such as the

UCSC genome browser [34, 35]. This is a key step for genomic analysis.
• The reads data those map to more than a single locus should be discarded or

counted with reduced uniform weight for each locus in such a way that the
weights of each read add up to one.

• The product is ready for subsequent processing, which depends on the type of
analysis.

The number of copies of DNA at a location in a genome is termed as DNA copy
number. The normal human autosomal chromosomes copy number is two. The
gains or losses of copy number are common in chromosomal abnormalities, and
their study is significant for identifying and validating the cancer genes. The basic
principles for determining the copy number variations (CNVs) are first to alleviate
the local variability in reads coverage by segmenting the genome into bins. Then,
the number of reads within each bin for GC-bias (G = guanine, C = cytosine) CNV
breakpoints can be determined based on a comparison of the change in reads
number between adjacent bins to a background model. For example, Venkatraman
and Olshen [36] developed the circular binary segmentation algorithm to divide the
genome into regions of equal copy number. To obtain the corresponding P-values,
the algorithm tests for change points using a maximal t-statistic with a permutation
reference distribution. The number of computations required for the maximal test

Fig. 6.5 Microfluidic device for multiple annealing and looping-based amplification cycles
(MALBAC). a Schematic of MALBAC and b the MALBAC device placed on a heating cycler.
Reprinted with permission from Ref. [31]. Copyright 2014 American Chemical Society
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statistic is O(N2), where N is the number of markers. This makes the full permu-
tation approach computationally prohibitive for the newer arrays that contain tens of
thousands of markers and highlights the need for a faster algorithm. Similarly,
numerous tools such as hidden Markov models (HMMs) have been developed to
analyze CNV. The QuantiSNP, PennCNV, and GenoCN utilize HMMs with six
copy number states but vary in how transition and emission probabilities are cal-
culated. Performance of these CNV detection algorithms has been shown to be
variable between both genotyping platforms and data sets [37].

The Bayesian framework can be used for SNP detection. Herein, the genotype
with the highest posterior probability is emitted for each locus, if its log odds ratio
exceeds a defined threshold. A comparative analysis of existing software tools for
SNP calling from next-generation sequencing data was comprehensively reviewed
previously and is recommended for further reading [38]. An advanced method for
the detection of structural rearrangements utilizes paired-end read information by
creating a bona fide list of discordantly mapped read pairs and identifies candidate
rearrangements supported by more than one pair from this list [39]. Although
correction of GC bias is possible [40], other confounding factors such as allelic
dropout or preferential allelic amplification cannot be easily corrected for and may
introduce false positives in SNP and CNV detection. Random sequencing errors
represent another source of uncertainty for SNP detection. To increase confidence,
repeated detection of a given anomaly in more than a single daughter of the same
cell is required [41]. Finally, another confounding factor can be the cell-cycle phase
since replication domains of cells in S phase can be mistaken as genuine structural
aberrations. This problem can be avoided by using only nuclei in G1 or G2/M
phase. Limiting the analysis to the G2/M phase comes with the additional advan-
tage of having duplicated material after replication of the entire genome.

6.4 Microfluidic Platforms for Single-Cell Genomics

The process of how genetic material can be obtained and process from a single-cell
or a cellular population has been discussed. In order to perform these operations,
various designs of microfluidic platforms have been utilized. In this contribution,
the commonly utilized microfluidic-based strategies for single-cell DNA sequenc-
ing are reviewed in the following sections.

6.4.1 Valves

The microfluidic valve system was the pioneering work for genome profiling of
single cells. Fan and coworker [42] reported a direct deterministic phasing (DDP)
approach using a microfluidic device consisting of cell sorting, chromosome
release, chromosome partitioning, amplification, and product retrieval regions
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(Fig. 6.6a). A single cell (in metaphase) from cell suspension was microscopically
identified and trapped in the sorting region. The metaphase chromosomes were then
obtained and separated in 48 partitions. The chromosomes were amplified in these
compartments. The WGA product was separately collected from each segment, and
the SNP measurement was performed. This design has the limitations of processing
a single cell at a time and manual selection of the phase cell through microscopy.
However, a simple engineering solution is required to integrate computer vision for
phase cell selection and simultaneous multiple cells’ processing and therefore has
potential application for single-cell DNA sequencing, personal genomics, and
statistical genetics. A similar microfluidic system was used to profile de novo and
recombination map from 91 single sperm cells of an individual [29]. Their results
were consistent with population-wide at a low resolution, while differences were
observed from pedigree data at a high resolution.

There is a growing curiosity to profile the single-cell genetic signature of cancer
and other diseases to identify causal and regulatory mutations. These diseases are
caused by the origination of genetic mutation in a somatic cell, which creates a
diverse clonal population. The proliferation of mutated cells forms a complex
polyclonal network, and therefore, the genetic sequencing of these low abundant
populations cannot be interrogated. Thus, useful statistical information can only be

Fig. 6.6 Microfluidic platforms for single-cell genomics, a valve, republished with permission
from Ref. [40], Copyright 2011 Nature Publishing, b microwells, reprinted with permission from
Ref. [46], Copyright 2013 Nature Publishing, and c droplets, reprinted with permission from Ref.
[51], Copyright 2013 American Chemical Society
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obtained from the manipulation of genetic material individually from each single
cell. The initial success of microfluidic valve-based single-cell genomics inspired
the invention of Fluidigm C1 AutoPrep System. This system can automatically
capture single cells and has the ability to simultaneously process 96 single cells.
This system was utilized in a number of studies for the WGA of single tumor cells.
For example, Szulwach et al. [43] used it for sequencing of GM12752 and
CRL2339 cells. The cells were captured and lysed, and then MDA was performed
to obtain the WGA product from 96 single cells. They obtained *150–250 ng of
genetic material from a single cell in the processing time of *8 h. A large amount
of DNA obtained enabled the targeted whole-exome and whole-genome sequencing
(WGS) of each cell. The Fluidigm C1 platform was frequently utilized for
single-cell sequencing [44, 45]. However, the fixed chip architecture of this system
limited the selection of cells to a certain size window.

6.4.2 Micro-/Nanowells

Micro-/nanowell-based isolation of a single cell is another potential technique for
the profiling of genomic material. For example, Goldstein and coworker [46] uti-
lized ICELL8 to perform the parallel single-cell genes sequencing. The ICELL8 is a
41 mm2 aluminum alloy-made square microchip containing about 5184 (72 � 72)
wells. Each well contained pre-printed oligonucleotides and held 150 nL liquid.
Each oligonucleotide includes an 11 base pair-specific primer oligo-(dT30) for cell
barcoding and a molecular identifier (UMI, 10 bp). The barcode and UMI recognize
the generated complementary DNA and mRNA molecules, respectively, from each
individual cell. Integrated imaging software was utilized to automatically select
wells containing a single cell. They fluorescently labeled the cells with live/dead
stain prior to dispensing into wells. The cells were then lysed using freeze–thaw,
and complementary DNA from numerous cells were collected in a single tube. The
product was then purified and amplified. They were able to discriminate different
types of cells in a cellular population.

The precision medicine for each cancer patient required the accurate represen-
tation of genomic future of his/her tumor. However, the access to tumor tissue is
difficult and yield as well as the purity of a biopsy sample is low. These limitations
can be overcome by obtaining and amplification of DNA from circulating tumor
cells (CTCs). Thus, the genomic variant determination in CTCs can provide a
routine analysis of metastatic colonization. Therefore, Lohr et al. [47] obtain a
single CTC from pre-peripheral in nanowells, and a cell with an epithelial cell
adhesion expression was collected through a micropipette. The whole-exome and
WGA sequencing were performed, which allowed the investigation of mutational
patterns and lineage assignation of various CTC. Their findings showed that CTC
sequencing is scalable to map the genetic material of an individual with cancer.
Their finding was also critical to evaluate the genetic state of metastasis and cancer
dissemination, the evolution of the tumor, and development of precision medicine.
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For high-quality genome sequencing, it is necessary to obtain a relatively large
amount of sequence data to avoid amplification bias. The amplification bias arises
from the repetition of priming on a favorable location during the WGA. Therefore,
the bias can be minimized by controlling the reaction to achieve enough amplifi-
cation and reduce the iterations of repetition priming. Moreover, decreasing the
reaction volume can significantly increase the concentration of the template gen-
ome, which can improve amplification uniformity. Therefore, Gole et al. [48]
performed the genetic amplification of single cells in thousands of nanoliter reactors
using a microwell displacement amplification system (MIDAS) (Fig. 6.6b). Each
reactor was capable to carry a reaction in a volume of 12 nL (the smallest volume
implemented until now). The MIDAS was coupled with a low-input library con-
struction method, and a highly uniform coverage in the genomes of both microbial
and mammalian cells was achieved.

Compared to the valve, the nanowells have higher throughput. Nanowells
enabled the selection of the desired cell and controlled on-chip reaction. However,
at present only a small number of cells can be used for follow-up profiling. Future
work in nanowell-based genome sequencing requires automation and scalability.

6.4.3 Droplets

The monodisperse droplet of femto-liter [49] and pico-liter [50, 51] volume can be
produced from two immiscible liquids in microfluidics. Each droplet can be used
as a compartment to hold a single cell [52]. The droplets that contained single cells
can be placed in conventional petri dishes, vials, and well plates for further pro-
cessing. Mathies et al. introduced droplet to perform single-cell DNA mapping [53].
They reported a single copy genetic amplification (SSGA) technique, which yields
a high-throughput multiplied DNA product from a single template copy in each
droplet. The SCGA rapidly generated monodisperse 2-5 nL volume droplets in oil
at the cross-junction (Fig. 6.6c). Each droplet holds PCR reagent, in which a target
cell or DNA was captured. Thousands of droplets comprise PCR reagents, one cell
and one primer-laden bead were collected with 1% efficiency in a reaction tube, and
WGA was performed. Since then, the droplet-based genomics gone beyond per-
forming amplification and newer studies enabled droplets platform for detection. To
improve the single-cell WGA quality, Fu et al. [54] extracted genetic material from
a single cell and fragmented them into many droplets instead of locating the whole
genetic material in one droplet. Then, they generated MDA libraries of a single cell
in droplets and were able to control amplification, which prevented the domination
of a specific sequence.

Most of the droplet-based genomics suffered from challenges of efficient cell
lysis, the ineffective release of chromatin DNA, significant amplification in a high
concentration of unrefined lysate. Therefore, DNA genotyping of eukaryotic cells
has not been demonstrated in droplets microfluidic. To explore the genetic diversity
of a tumor population, Pellegrino et al. [55] used a microfluidic approach to label
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the WGA product from thousands of individually encapsulated cells in droplets.
The label enables to identify and collect the genetic material of cells from
sequencing data of the next generation. Acute myeloid leukemia (AML) cells were
sequenced from two patients, and up to sixty-two disease-related loci from more
than sixteen thousand cells were genotyped. This approach was able to selectively
recognize cells concealing mutation from pathogen and unveiled a complicated
clonal evolution of AML cancer, which was not noticeable through bulk
sequencing. They anticipated that their method could ease the routine investigation
of AML heterogeneity, which could lead to better recognition and cure of tumor.

The existing methods to generate DNA sequences utilizing DNA oligonu-
cleotides assembly are expensive and laborious. Therefore, demands for custom
DNA manufacture raised for application in synthetic biology. Khilko et al. [56]
developed a gene assembly protocol through a Mondrian digital microfluidic
device. They performed enzyme correction, optimized Gibson assembly, and car-
ried out PCR in a single reaction to assemble twelve oligonucleotides into a
double-stranded DNA of 339 base pair sequence, encrypting segment of hemag-
glutinin gene of influenza virus. The volume of the reaction was further minimized
to 0.6–1.2 lL. The microfluidic assembly approaches were effective and had error
frequency of *4 errors/kb, with errors originated from the prototype oligonu-
cleotide production. In comparison with conventional benchtop method, additional
magnesium chloride PEG 8000 and Phusion polymerase were required for
the optimization of PCR and to achieve smooth assembly multiplication as well as
flawless products. The error frequency was minimized to 1.8 errors/kb, after one
cycle of error correction.

6.4.4 Hydrogel Droplets

Microfluidic-based hydrogel droplet method is an ideal platform to overcome the
challenges of parallel handling of considerable amounts of cells, loss of starting
material, and augmentation bias. Besides, hydrogel droplets provide a rigid 3D
network, which reserved the DNA from the lysed cells and allows the penetration of
chemicals for amplification [57]. Novak and coworker [58] utilized agarose gel to
encapsulate single cells and primer-functionalized beads. The cells in the agarose
gel droplet were subjected to lysis for the extraction of genetic material. Due to
the small pore size of gel droplets, the extracted DNA reserved inside. The genetic
material was treated with the PCR solution, and the gel droplets were re-emulsified
for an extensive parallel amplification and analysis. The approach enabled the
on-chip capture and lysis of cells as well as amplification of genetic materials and
offered a robust podium for single-cell genome sequencing. Bigdeli et al. [59]
sprayed the cell suspension into alginate droplets for encapsulation of single cells.
The encapsulated cells were then lysed inside the hydrogel droplets, and a two-step
WGA was performed. The WGA product of high molecular weight was reserved
inside the gel beads, which minimized the contamination. The DNA from every
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single bead was extracted for further processing. The integration of MALBAC with
this system could improve the quality of this approach for high and more uniform
genome coverage.

Each human cell exhibits a diploid genome containing a copy of both paternal
and maternal chromosomes. The origin, structure, and order of genes and their
variant are significant for the understanding of human genetic variation. That the
adjacent regions of a genomic variation are specific to a particular homolog is an
essential requirement for categorization of the whole genetic variation. Zheng et al.
[60] used microfluidic-base linked-read sequencing technology to investigate the
haplotype of a germline from nanogram (ng) of the starting DNA. They allocated
*300 genomic equivalents or 1 ng of high molecular weight DNA across hundred
thousand of gel droplets. The genetic material was barcoded inside the droplets and
subjected to random priming and multiplication. The labeled DNA was extracted
from the droplets, and then modified libraries were prepared. Subsequently, the
libraries were subjected to standard Illumina short-read sequencing. This method
minimized the chances of coincidental overlap labeling and improved overall
phasing performance.

6.4.5 Emulsion

With the small amount and precious starting material demand a robust method for
performing WGA. Fu and coworker [54] developed an emulsion-based WGA
method, where the individual human umbilical vein endothelial cell (HUVEC) cells
were lysed, and the released genetic materials was unzipped upon heating to yield
ssDNA. The ssDNA was then encapsulated in aqueous picoliter volume droplets at
4 °C to avoid the start of amplification. After inhibition of the enzyme through heat
and de-emulsification, the amplification uniformity was accomplished in the
aqueous solution. The WGA products were used to assemble sequencing libraries.
This approach reduced the multiplication bias while keeping high precision of
duplication.

6.5 Summary and Future Directions

The cells of a multi-cellular organism originated from programmable division and
proliferation of a single zygote. Then, these encoded cells regulate the functions and
characteristics of an organism. Any mutation in the codes of single cell results in
fetal diseases and dysfunction [61]. Besides, each type of cell carries distinct epi-
genetic features; therefore, consideration of epigenetic regulations is critical for the
development of disease therapy. In the chapter, the micro-/nanofluidic-based
techniques were discussed for single-cell genomics. The single-cell isolation
strategies can be coupled with lysis method to extract the intact chromosomes and
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then the segregation of chromosomes into separate chambers of small volume [62]
for multiplication and sequencing. Single-cell genome sequencing is challenging
due to the tiny amount of the starting genetic material. Therefore, whole-genome
amplification (WGA) techniques such as on-chip PCR, dPCR (d = digital), MDA,
and MALBAC was developed. These methods have the benefits of uniform heat
transfer, due to a small volume of the reaction materials. Later on, the PCR was
provided with an underneath thin-heating-film [63] and infrared heater [64] to
replace thermoelectric devices, which reduced the number of heating cycles. The
integration of microwells, valve, and droplets achieved on-chip WGA in a closed
system and reduced biasness and contamination. Owing to the hurdles of parallel
liquid processing and microfabrication, the largest platform of only 100 reactions
chamber is available. The droplet system required a continuous supply of reagents
for parallel genome processing. The WGA methods have considerably established,
but these could not explore the haplotype arrangement of homologous chromo-
somes. Besides, only one step at a time can be performed on these devices. In
addition, these systems required external methods for monitoring, quantification of
genetic product, and analysis. Thus, the on-chip whole-genome
human-interference-free automated sequencing will be a major puzzle to solve.
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Chapter 7
Microfluidics-Mass Spectrometry
Combination Systems for Single-Cell
Analysis

Dan Gao, Chao Song and Jin-Ming Lin

Abstract Due to the existence of heterogeneities in individual cells, analysis of
intercellular contents at the single-cell level has become an important direction in
modern bioanalytical chemistry. The advances in miniaturized analytical systems
and emerging microfluidic tools bring a new opportunity for single-cell analysis.
Microfluidic systems have abilities to the single cell and reagents manipulation
with minimal dilution, automatic and parallel sample preparation, and compatible
with different detection techniques, which made them powerful tools for single-cell
analysis. Mass spectrometry (MS) is one of the most popular analytical methods for
the detection of unknown chemicals because of its unique advantages, such as
label-free detection, high sensitivity, high chemical specificity, and board detection
range. Recently, the coupling of microfluidics to MS for single-cell analysis has
attracted substantial interests and developments. Nowadays, different types of
ionization methods including electrospray ionization (ESI), laser desorption ion-
ization (LDI), secondary ionization (SI), and inductively coupled plasma (ICP) have
been coupled to a mass spectrometer. Owing to these ionization methods, a board
range of chemicals can be detected by MS, such as proteins, metabolites, lipids,
peptides, glycomics, elements, and so on. Recent progress in the fields of tech-
nologies and applications in the microfluidics-MS combination systems for
single-cell analysis is described. Several analytical procedures integrated on the
microfluidics such as single-cell manipulation and sample pretreatment before
introduction into the mass spectrometer are reviewed. The future research oppor-
tunities by focusing on key performances of throughput, multiparametric target
detection, and highly automated analysis are also discussed.
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7.1 Introduction

Single-cell analysis is a rapidly developing research field in recent years. Numerous
researches have demonstrated that cells derived from a mother cell or from the same
type of cell exhibit heterogeneity even if under the same physiological conditions or
external stimuli [1, 2]. Moreover, single-cell analysis is regarded as a key step to
help us comprehensively understand the cellular and subcellular endogenous sub-
stances like protein, metabolites, and nucleic acids for cell proteomics, metabo-
lomics, genomics, and transcriptomics studies [3]. Therefore, it attracts researchers
from various research fields. With respect to doctors and pharmacists, cell
heterogeneity may have an impact in the understanding of diseases such as cancer,
the mechanism of emerged drug-resistant cells, and the function of the immune
system. With regard to biologists, cell heterogeneity may reveal insights into the
fundamental biological and physiological behaviors including the size, growth rate,
and morphology [4]. For analytical chemists, they are committed to develop new
analytical methods to overcome the limits in single-cell analysis. Compared with
conventional bulk cell assays, single-cell analysis suffers from several challenges.
The biggest challenges arise from small size and volume of a cell, small concen-
trations of cellular components, and cellular ingredients with a wide range of
concentration levels [5]. These complex and dynamic intercellular processes put
forward higher requirements to scientists to develop higher sensitive, higher
selective, and higher spatial-resolved methods for single-cell analysis. Earlier
methods for single-cell analysis are mainly based on flow cytometry or laser
scanning cytometry by rapidly screening fluorescently labeled cells in a flow [6, 7].
They are typically targeted to only one or very few molecules, but are highly
specific and sensitive. Moreover, the data are collected only at a single time point,
which prohibit dynamic monitoring of cell responses.

The recent development in microfluidic techniques has exhibited a powerful tool
for single-cell analysis [8]. Compared to conventional methods, microfluidics with
micro-sized channels has the advantages to handle mass-limited analytes, control
the local microenvironment, integrate multiple functions into a single system and
analysis in a parallel mode. The automatic analytical ability through high integra-
tion of multifunction units like sample preparation, separation, and detection can
greatly reduce measurement errors generated from human operations. For
single-cell analysis, miniaturized microfluidic systems are compatible to the size of
a single cell (*10 µm in size), and they manipulate picoliter to nanoliter volumes
of solution that help reduce sample loss and decrease dilution, resulting in highly
sensitive assays. Moreover, microfluidics can combine with many detection tech-
niques for online and real-time analysis, and different detection methods are
allowed to be combined together for multiple types of targets detection. Sample
handling is a critical procedure for single-cell analysis, and most protocols involve
highly efficient manipulation of single cells. Up to now, various microfluidic-based
strategies have been developed for single-cell capture, such as microwells [9, 10],
microtraps [11], microvalves [12], flow cytometric methods [13], droplet-based
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methods [14, 15], and optical tweezers [16]. And many detection techniques
including fluorometry [17] and spectroscopy [18] can be combined with micro-
fluidic systems for online single-cell analysis. The fluorescence microscope tech-
nique needs to pre-label the selected molecules by molecular probes or reporters,
but the types of detected molecules are limited to labeling reagents. Recently
developed approaches tend to label-free analytical methods, such as mass spec-
trometry (MS), Raman spectroscopy, and impedance measurements. These strate-
gies do not require any tedious labeling, and cells can be observed without any
intervention.

MS is becoming a powerful and well-accepted analytical approach for single-cell
analysis due to its outstanding characteristics such as information-rich, high sen-
sitivity, excellent specificity, and so on [19]. As the development of MS technol-
ogy, two “soft” ionization methods, electrospray ionization (ESI) and
matrix-assisted laser desorption/ionization (MALDI), are the most popular. In both
methods, molecules are ionized with minimal fragmentation, so that highly accurate
intact molecule weight can be provided, making identification of molecules easier.
In addition, their corresponding fragment ions can be further generated through
collision-induced dissociation (CID) for structure identification. ESI produces
charged ions directly from a liquid, which made it convenient to online couple of
chromatographic separations with mass spectrometry. However, it is tedious
because sample pretreatment and chromatographic separation steps are
time-consuming. For MALDI-MS analysis, the requirement of vacuum operation
condition restricts its application in live single-cell analysis. In recent years, sec-
ondary ion mass spectrometry (SIMS), an advanced technology for surface anal-
ysis, is also reported for the analysis of chemicals in single cell with high
sensitivity, high throughput, and spatial resolution. However, high vacuum con-
dition is also needed during secondary ions on their way to the detector. With the
invention of ambient ionization techniques, ambient MS has attracted an increasing
interest since the beginning of twenty-first century [20, 21]. Samples can be directly
and straightforwardly analyzed in an open-air under ambient conditions without or
minimal sample pretreatment. Up until now, different kinds of ambient MS tech-
niques have been explored for single-cell analysis, which open a new way for rapid,
direct, in situ, and real-time study of the complexity and heterogeneity in single
cells.

Coupling of microfluidics to MS has the advantages of flexible sample manip-
ulation, fast analysis time, high throughput, and enhanced sensitivity. The devel-
opment of coupling microfluidic chips with MS in the early stages mainly focused
on the MS interface. With the maturation of microfluidic fabrication techniques,
microfluidics has evolved from simple infusion tools interfacing to MS to sophis-
ticated functions that integrated with many sample pretreatment units, such as
sample extraction, derivatization, and separation. A few reviews have been pub-
lished about the microfluidics and MS combination systems for various applications
in life science [22–24]. In this chapter, we review the advances in the field of
microfluidics and MS combination systems for single-cell analysis that have been
published in recent years. We firstly describe various function units integrated on
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microfluidic chips, such as single-cell capture, automated sample preparation, and
MS analysis. Secondly, we highlight the advances in the coupling of microfluidics
to the MS interfaces with different ionization techniques. Recent applications of
microfluidics-MS in nucleic acid, proteins, small molecules, and pharmaceutical
analysis are reviewed and commented. Finally, we also discuss the future directions
in the improvement of microfluidic techniques and ambient MS for automatic and
highly sensitive single-cell analysis.

7.2 On-Chip Sample Preparation

The first step in single-cell analysis on microfluidic devices is sample preparation,
including isolation of individual cells from bulk cells and docking them into a
desired location for further treatment. For free cells like yeast, bacterial, or blood
cells, they can be manipulated easily. But for the cells from tissue samples, they
should be firstly released by chemical reagents or enzymes or by micromechanical
forces [25]. With the rapid advances in micro-electro-mechanical systems (MEMS)
technology, the microchannel size can be fabricated downscale to several microm-
eters so that the single cells can be precisely manipulated [26–28]. We highlight the
most commonly used single-cell manipulation techniques and recent developments
to improve efficiency and sensitivity.

7.2.1 Microwells

The microwell structures provide a convenient way to isolate and trap single cells
using physical boundaries. The geometry, size, depth, and material properties of the
microwells can be easily changed to capture cells of interest [29]. There are a few
reviews reporting single-cell isolation using microwells in detail [30, 31]. One
common method to achieve this goal is to design cell-sized microwells to dock
them through gravity-dependent sedimentation. The excess cells outside the wells
are then flushed away. The general methods to fabricate microwell arrays is based
on poly(dimethylsiloxane) through soft lithography. But the process is
time-consuming, and expensive chrome photomasks are needed for photolithog-
raphy when the well size is less than 20 µm for single-cell capture. To overcome
this limitation, Liu et al. developed a simple and cheap approach to fabricate
masters for microwell generation [32]. As shown in Fig. 7.1a, a master was formed
by self-assembling polystyrene microspheres on a glass slide and then partially
melted the microspheres. The master could be used for the formation of 10- to
20-lm microwells for single-cell capture. Recently, another easy-to-use method
called digital micromirror approach was developed by Yang et al. to fabricate a poly
(ethylene glycol) diacrylate (PEGDA) hydrogel microwell chip [33]. As shown in
Fig. 7.1b, a digital mask based on shadowed light instead of conventional physical
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mask was used during the microwell fabrication process. Moreover, the con-
straining hydrogel film could be peeled off from glass slide for further cell analysis.

One main drawback of microwell-based microfluidic devices is that single-cell
occupation rate is a bit low, ranging from 2.6 to 39% [34]. To improve the capture
efficiency, external operations like aided by vacuum or centrifugation [35] are
applied instead of passive gravity drive. For example, Terstappen et al. designed a
self-seeding microwell chip with a single 5-lm pore in the bottom of each
microwell, so that single cells can be fast and easily dragged into the pore of the
microwells under a negative pressure of 10 mbar generated by degassing in a
vacuum chamber [36]. The single-cell capture efficiency could finally improve to
67% with this slight structural improvement. Wu’s research group designed a
truncated cone-shaped microwell array to trap single cells, and the single-cell
capture efficiency was increased to approximately 90% with the assistance of
centrifugation [37]. As shown in Fig. 7.1c, the truncated cone-shaped microwell

Fig. 7.1 Single-cell capture in microwell arrays. a Schematic illustration for the fabrication of
PDMS microwell arrays and captured cell arrays on the microwells. Reprinted with permission
from Ref. [32]. Copyright © 2010 American Chemical Society. b A schematic representation of
microwell fabrication and single-cell analysis via a digital micromirror device (DMD)-based
modulating projection printing system. Reprinted with permission from Ref. [33]. Copyright ©
2017 Royal Society of Chemistry. c The fabrication of inverse truncated cone-shaped microposts
(left) and normal columnar microposts (right) and single-cell trapping in truncated cone-shaped
microwell array was realized by centrifugation assistance. Reprinted with permission from Ref.
[37]. Copyright © 2010 American Chemical Society. d Microwells modified with DNA-aptamer
for single target cell isolation. Reprinted with permission from Ref. [42]. Copyright © 2012 Royal
Society of Chemistry
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structure also greatly prevented significant cell loss during cell treatment. However,
majority of the reported platforms have only one fluid channel on top of the
microwell arrays, which allow paracrine communication between cells, making it
impossible for accurate multi-parameter detection in single cells. Recently,
Garcia-Cordero et al. designed a microvalve channel on top of the microwells to
create an independent microenvironment for each well [38]. During the experi-
ments, a less than 0.02 Pa of shear stress was generated inside the wells which
could keep biological behaviors of cells.

The above physical structure-based single-cell capture has the challenge in
selectively isolating specific single cells, such as target tumor cells in blood. To
overcome this limitation, microfabricated physical structures modified with
bio-recognizable molecules will be a powerful strategy and open up a new
opportunity to analysis cells of interest. Moreover, surface modification without
complicated cell-sized microwell fabrication is also a good way for unique cell
trapping. The commonly used molecules with specific recognition function for the
isolation of specific single cells are aptamer [39], antibody [40], and protein [41].
Lin’s research group used DNA-aptamer to modify microwells to bio-selectively
isolate target tumor cells (Fig. 7.1d) [42]. The single-cell occupancy rate was sig-
nificantly enhanced from 0.5 to 88.2%.

7.2.2 Micropatterns

Micropatterning of surface is another frequently used technique for spatial
arrangement of single cells by fabricating cell-adhesive spots surrounded by
cell-repellent surfaces. These contact-based single-cell trapping is an easy and
cheap way for high-throughput studies. Commonly used biomimetic materials and
cell adhesion molecules for adhesive regions are fibronectin [43], laminin, collagen
[44], vitronectin, and poly-L-lysine [45]. However, hydrophilic polymers for
cell-repellent surface modification are polyethylene glycol (PEG) [46, 47], poly-
vinyl alcohol (PVA) [48], and alkanethiol [49], and so on. Different strategies
including microcontact printing [45], ink-jet printing [50], and photopatterning [51]
have been developed to produce chemical surface patterns. However, there are still
some difficulties in the homogeneous distribution of cells on the patterned area
because of the nonspecific absorption of cells on the cell-repellent area. Whitesides
et al. have reviewed the patterning of proteins and cells using three soft lithography
techniques, microcontact printing, patterning using microfluidic channels, and
laminar flow patterning [52].

Micropatterning cells on different-shaped chemical surfaces have been widely
used for cell behaviors and cell–material interaction studies, such as cell shape,
division, migration, and invasion [53, 54]. Recently, Zhao et al. presented a new
patterning fabrication method using tape-assisted photolithographic-free micro-
fluidic chip for tumor migration study [55]. This technique did not need the use of
microfabricated laboratory to fabricate the chip, which could be easily accessible in
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routine biological lab for biological mechanism studies. Isolating specific cell
subtypes of certain disease is extremely important for early disease diagnosis with
no clinical symptoms. Referring to cancer disease, circulating tumor cells (CTCs)
play a key role in metastatic procedure through hematopoietic dissemination [56].
The isolation of rare CTCs from peripheral blood sample can help doctor guide
cancer care, but it faces some technical challenges. Micropatterning the surface of
the microchannel or micropillars with chemical linkers like aptamer or antibody is
an effective strategy to solve this problem. Yang et al. functionalized micropillars
with anti-epithelial cell adhesion molecule (anti-EpCAM) antibody to capture
CTCs from blood samples (Fig. 7.2a) [57]. The shape and location of the
micropillars were optimized hydrodynamically to provide lower shear stress so that
contact time between CTCs cells and immunodecorated micropillars would be
increased to improve the capture efficiency. The retrieve of captured cells from
initial capture site is also important for downstream biological analysis.
A microfluidic device incorporated with a photodegradable hydrogel functionalized
with leukocyte-specific antibodies was recently reported by Revzin et al. to capture
and release target cells [58]. Human CD4 or CD8 T-cells from a peripheral blood
sample were captured by the modified antibodies, and then the desired cells were
released by UV-induced photo-degradation for the following flow cytometry
analysis.

7.2.3 Traps

Similar to well- and pattern-based cell capture approaches, trapping of single cells
at fixed positions by active or passive capture strategies in microfluidic systems has
benefit for cell biological analysis which needs the maintenance of cells for a longer
period. The related techniques include hydrodynamic, mechanical, magnetic,
optical, electrical, and acoustic traps. Laurell and colleagues have previously
reviewed both the contact and non-contact mode trapping techniques in detail [59].
Here, we will focus on the recent advances in the most commonly used
microfluidic-based single-cell trapping methods.

Cells trapped by hydrodynamic flow are the most commonly used mechanism.
In general, cells are stopped and trapped from the flow of a cell suspension by
microscale structures (such as U-shaped structures [60–62]) or by bypass-channel
traps [63]. Referring to bypass-channel traps, the bypass channels were usually
perpendicular to the main flow channel, and the cells can be suctioned into the
small side channel through focusing flow. Various shapes like dams, weirs, and
holes can be designed for the trap structures. For example, Sauzade et al. developed
a serpentine-shaped microchannel with a linear array of hydrodynamic trapping
sites and filtering structures to isolate, capture, and retrieve individual cells [64]. As
shown in Fig. 7.2b, incoming cells initially displaced toward the unoccupied
trapping site by focusing structures. Additional cells were then diverted the flow
through bypass pathway and occupied the downstream traps. The trapping scheme
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can improve the single-cell capture efficiency to a near-perfect rate. However, the
hydrodynamic trapping technique usually generates mechanical stress on cells,
which will have negative effects on physiological function of cells. Recently, a
mechanical trap array with four optical transparent optical arms was developed by
Gracias et al. to capture and encapsulate single cells [65]. The four arms consisted
of SiO and SiO2 on a quartz substrate can fold by tailoring a thin film stress to
encapsulate cells without any perturbation.

Except to those passive techniques, some non-contact and active trapping
techniques like dielectrophoretic (DEP) and acoustic-driven traps are also reported
in recent years to manipulate individual cells with high precision. For DEP traps,
cells can be moved by forces generated in a non-uniform electric field. The key
point for DEP trapping is to control a scalable array individually to increase the
number of cells available for analysis. To solve this problem, Zhang et al. combined
an alternative pause-and-sort Raman-activated cell sorting on microfluidic device
with positive DEP for single-cell trap and release [66]. This method allowed the
single-cell trapping, sequence position and separation, and individual detection by
Raman in a high-speed flow. Acoustic actuation, like ultrasonic standing waves,
offers dynamic control of cell environment for short-term analysis. Cells or particles
can be pushed toward pressure nodes by the acoustic radiation force generated by
acoustic waves. Huang’s research group has focused on the surface acoustic waves
driven for many years, and they have received many excellent achievements.
Recently, they integrated surface acoustic waves into the microfluidic device to
generate an array of 3D trapping nodes for trapping and manipulating single cells
and particles (Fig. 7.2c) [67]. The operating frequency of acoustic waves has sig-
nificant effect on cell viability and behavior. Neild’s research group systematically
investigated the relationship between acoustic power and cell viability [68]. They
found that the critical acoustic power for lymphocytes was less than 570 mW, and
the lysis threshold power was different to different cell types. However, one main
shortcoming for acoustic cell trapping is the disability to keep cell viable for
long-term analysis.

7.2.4 Droplets

Droplet-based microfluidics has emerged as a new forerunner for massive paral-
lelized single-cell analysis in recent years. The fact can be attributed to the

JFig. 7.2 Single-cell trapping by micropatterns and trap methods. a Simulated and experimental
results demonstrated the size-dictated interaction of particles in Size-Dictated Immunocapture
Chip. Reprinted with permission from Ref. [57]. Copyright © 2017 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim. b Schematics of the microfluidic circuit and work flow for true single-cell
encapsulation. Reprinted with permission from Ref. [64]. Copyright © 2017 Royal Society of
Chemistry. c Illustration of 3D acoustic tweezers for particle or cell trapping. Reprinted with
permission from Ref. [67]. Copyright © 2016 National Academy of Sciences
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following reasons. Firstly, single cells and reagents can be isolated and encapsu-
lated in monodisperse picoliter liquid droplets at a throughput of thousands per
second. Secondly, droplets provide an isolated compartment so that the risk of
cross-contamination can be largely reduced. Thirdly, small-sized droplets facilitate
rapid mixing of encapsulated solution, thereby minimizing sample dilution.
Joensson’s research group have reviewed the technical advances on the droplet
microfluidic field for single-cell analysis and the application of these technical
developments to further biological understanding [69]. Later, Dittrich et al. dis-
cussed the advantages and limitations of the droplet microfluidic approach for
single-cell analysis [70].

Typically, T-junction and flow-focusing geometries’ microfluidic channels were
designed for the generation of highly monodisperse droplets. Water-in-oil or
oil-in-water emulsions as well as complex multiple-phase emulsions can be gen-
erated (Fig. 7.3a) [71]. The size and rate of droplet formation can be regulated by a
series of parameters, such as channel dimensions, flow rates, viscosities, and
interfacial tension [72, 73]. Compared to other techniques, droplet microfluidics
allows for high-throughput and massively parallelized studies on single cells due to
the generation of droplets with high frequency from Hz to kHz. Currently, droplet
microfluidics has been widely used in cell biology, clinical research, materials
science, and drug discovery. Different from conventional microfluidic-based droplet
generation approach, Chen et al. developed an ink-jet printing-based droplet system
for single-cell encapsulation, and the single-cell lipids can be directly analyzed by
probe electrospray ionization mass spectrometry [74]. As shown in Fig. 7.3b, the
droplet volume can be precisely controlled by adjusting the voltage and pulse time
exerted on the ink-jet head. The position of the generated droplets from the ink-jet
could be adjusted by an automatic X-Y stage. In order to keep the homogeneous
distribution of cells in liquid, a homemade magnetic stirring device was applied to
the cell suspension reservoir. Although single cells can be encapsulated in inde-
pendent aqueous microdroplets, large different sizes between cells (about 1 pL) and
droplet volumes (ranged from nanoliter to microliter), and the matrix effects from
cell culture medium or intercellular matrix will affect the following detection
sensitivity. To address this problem, a droplet-based extraction capillary was
developed by Zhang et al. to combine with ESI MS for cellular metabolites
detection [75]. As shown in Fig. 7.3c, a pulled glass capillary containing extraction
solvent at the tip of the capillary, manipulated by a three-dimensional manipulator,
could be placed close to the surface of a single cell for cellular component
extraction. Different desired metabolites could be easily extracted by using specific
extraction solvent. Although most of the microfluidic-based droplet systems have
been successfully applied in single-cell analysis, they still face the challenges of
adding reagents into the generated droplets. Fang’s group developed a solid
pin-based droplet system to dip and deposit liquids on a two-dimensional and
movable oil-covered hydrophilic pillars for liquid–liquid reactions and assays [76].
As shown in Fig. 7.3d, by using solid pin-based liquid “dipping-
depositing-moving” manipulation strategies, they could easily realize additional
reagents adding to the sample droplet. However, this technique still suffers from
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limited sample pretreatment procedures. Later, they developed a nanoliter-scale
oil-air-droplet microfluidic system for single-cell proteomic analysis [77]. Multistep
complex sample pretreatment and injection procedures could be realized on the
established platform with minimum sample loss; thus, the analytical sensitivity was
significantly increased for single-cell samples.

7.3 Chip-MS Interface Development

As we all known, a single cell contains small amount of biomolecules with a wide
range distribution, which brings huge challenges for single-cell component analy-
sis. Therefore, there is an urgent need of detection methods with high sensitivity.
Fluorescence, electrochemical, PCR-based detection, and mass spectrometry are the
most commonly used techniques for microfluidic-based single-cell analysis. Among
these detection methods, mass spectrometry receives extensive attention due to its
high sensitivity and capability to identify unknown molecules without pre-labeling.
Different types of ablation and ionization methods can be coupled to a mass
spectrometer, such as ESI, laser ablation/laser desorption ionization (LA/LDI),
secondary ionization (SI), inductively coupled plasma (ICP), and ambient

Fig. 7.3 Single-cell capture by microdroplets. a Basic concept for preparing double emulsions
(W/O/W) using T-shaped microchannels. Reprinted with permission from Ref. [71]. Copyright ©
2004 American Chemical Society. b The novel method for single-cell analysis and lipid profiling
by combining drop-on-demand ink-jet cell printing and probe electrospray ionization mass
spectrometry (PESI-MS). Reprinted with permission from Ref. [74]. Copyright © 2016 American
Chemical Society. c A method that integrated droplet-based microextraction with single-cell mass
spectrometry. Reprinted with permission from Ref. [75]. Copyright © 2016 Springer Nature
Limited. d Setup of the solid pin-based droplet system. Reprinted with permission from Ref. [76].
Copyright © 2018 American Chemical Society
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ionization. The development of technologies and applications in microfluidics and
mass spectrometry combination systems have been previously discussed from the
year 2008 to 2013. Lin’s research group has reviewed the progress made in the
techniques about the microchip-MS and related applications in proteomics and cell
analysis [22.77-79]. Over the past two years, a few reviews have been published in
high-impact journals, such as Angewandte Chemie [78], Journal of the American
Chemical Society [79], and Trends in Analytical Chemistry [80], to thoroughly
overview recent advances in mass spectrometry-based single-cell analysis. Mass
spectroscopy types have been developed from those requiring high pressure and a
vacuum to transport the ionized molecules to the MS with ambient ionization
techniques. The most important issue for coupling of microfluidics to MS is to
develop stable and effective interfaces.

7.3.1 ESI-MS

ESI was firstly introduced by Dole et al. in the late 1960s [81] and later applied in
the ionization of proteins by Fenn et al. in the late 1980s [82]. In ESI, molecules in
sample solutions are ionized through an electrospray emitter, which is usually a
needle-shaped structure. According to the requirement, the earliest miniaturization
of emitters includes microspray and nanospray ionization formats mainly using
pulled glass capillaries. Referring to microfluidic chip-ESI-MS interfaces, there are
two categories of miniaturized emitters, capillaries and microchip emitters. With the
advances in the microfabrication techniques, the microchip emitters have developed
from one ESI emitter to multi-ESI emitters [83], which greatly increased the ana-
lytical throughput. For online ESI-MS detection, salts and buffers should be firstly
removed to eliminate ion suppression. Micro-solid-phase extraction (micro-SPE) is
the most commonly used approaches for sample pretreatment and cleanup inter-
ferences from analytical samples. For the analysis of complex samples by MS, the
interference by the background and ion suppression between molecules are required
to be considered [84]. In order to overcome these drawbacks, some on-chip sepa-
ration strategies like capillary electrophoresis (CE) or liquid chromatography
(LC) [85] to MS can be adopted. Recently, tremendous efforts have been focused
on the integration of related sample pretreatment units, such as enzymatic digestion,
extraction, desalting, and preconcentration on microfluidic devices for directly MS
detection [86–88].

Our group [89–91] has engaged in the coupling of microfluidics with MS for
chemical and cell biology studies for nearly ten years. Due to the powerful and
integration abilities of microfluidic devices to mimic the physiological system of
interest, various related functional parts, including cell culture, metabolism gen-
eration or cell secretion, sample pretreatment, and MS detection, can be integrated
on one microfluidic platform. For example, Gao et al. [92] firstly coupled the
microfluidics to ESI-Q-TOF-MS directly through a silica-fused capillary. As
shown in Fig. 7.4a, by integrating cell culture and micro-SPE functions on one
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microfluidic device, metabolism of vitamin E in human lung epithelial A549 cells
can be easily studied. Compared with conventional methods, our method provides
short analysis time (less than 10 min), low sample and reagent consumption (less
than 100 µL). Our established platform opens up a new approach for direct, fast,
and semi-automated cell-based analysis. Based on this combination technique,
Lin’s group later successfully detected glutamate release from neuronal PC12 cells
using online ESI-Q-TOF-MS [89]. As shown in Fig. 7.4b, Wei et al. also mim-
icked biological bioreactions generated from the interaction between PC12 and
GH3 cells on a microfluidic device, and the regulation of growth hormone
secretion by PC12 cells was demonstrated by ESI-Q-TOF-MS detection [93]. In

Fig. 7.4 Microfluidic-based single-cell analysis with ESI-MS detection. a Schematics of one unit
for cell culture and sample pretreatment prior to ESI-Q-TOF-MS detection. Reprinted with
permission from Ref. [92]. Copyright © 2010 American Chemical Society. b Schematic
illustration of the microfluidic device integrated in a controlled co-culture system for detection of
secreted proteins. Reprinted with permission from Ref. [89]. Copyright © 2011 American
Chemical Society. c A stable isotope labeling-assisted microfluidic chip electrospray ionization
mass spectrometry (SIL-chip–ESI-MS) platform. Reprinted with permission from Ref. [94].
Copyright © 2012 American Chemical Society. d A novel method for cell-to-cell communication
study on an integrated microdevice. Reprinted with permission from Ref. [96]. Copyright © 2013
American Chemical Society. e Experimental setup of Dean flow-induced cell sorting and Taylor
cone-induced electrospray for single-cell analysis. Reprinted with permission from Ref. [97].
Copyright © Royal Society of Chemistry 2018

7 Microfluidics-Mass Spectrometry Combination Systems for Single … 175



order to realize more accurate quantitative analysis by the chip-MS combination
system, Chen et al. introduced a stable isotope labeling-assisted technique for
quantitation in metabolic studies (Fig. 7.4c) [94]. In the drug discovery process,
prediction of drug and metabolism toxicity is extremely important to screen drug
candidates during the preclinical stage. Mao et al. developed a microfluidic device
to simultaneously evaluate drug metabolism in human liver by online
ESI-Q-TOF-MS and its cytotoxicity on HepG2 cells [95]. Cell-to-cell communi-
cation plays a critical role in living tissues and has attracted much attention to
biologists. Mao et al. later developed a “Surface Tension Plug” on a microfluidic
chip for cell-to-cell communication study, and signal molecules like epinephrine
and glucose secreted from 293 and L-02 cells separately were successfully
detected by online ESI-Q-TOF-MS after on-chip SPE treatment (Fig. 7.4d) [96].
However, all the above systems lack automatic analytical capability, because a
silica-fused capillary for the connection of microfluidics to MS should be man-
ually moved from one channel to another for multiple cell experiments’ analysis.
To overcome this drawback, Huang et al. from Lin’s group recently developed a
novel Dean flow-assisted cell ordering system to generate single cells rapidly for
high-throughput ESI-MS analysis (Fig. 7.4e) [97]. Based on the principle of Dean
flow, the agglomeration and uneven distribution of cells in the cell suspension
could be greatly reduced, which significantly improved the efficiency of single-cell
MS analysis. In this platform, a spiral capillary was installed for rapid cell
ordering and with the capillary tip polished and silanized for the generation of
Taylor cone to induce ESI and flow in the capillary. They distinguished the cell
subpopulations of several human tumor cells and confirmed a slightly different
amount of phospholipids between various tumor cells.

7.3.2 MALDI-MS

MALDI is another common soft ionization method, which was firstly proposed by
Karas and Hillenkamp [98] and Tanaka et al. [99] in late 1980s. MALDI is gen-
erally used for large molecules analysis, such as proteins, carbohydrates, peptides,
and polymers [100]. In MALDI, a laser is used to irradiate co-crystallized film of
target analytes and a matrix. During the ionization process, the matrix firstly
absorbs laser energy and then transfers parts of its charge to analytes to ionize them
[101]. Compared with other ionization techniques, a specific characteristic of
MALDI-MS is the ability to provide both chemical and spatial information.
Moreover, MALDI-MS has higher tolerance to buffers, salts, and impurities in
samples. However, the main factors of MALDI that limit the spatial resolution
down near to the single-cell level are matrix crystal size and laser beam size.
Recently, several technological and methodological advances have been made to
overcome these difficulties, and some of them have been reviewed by Trouillon
et al. [102]. For example, (1) the usage of the smartbeam II laser instead of standard
nitrogen or solid-state laser with Gaussian beam to obtain higher spectral quality;
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(2) employment of a commercial matrix application device (e.g., Imageprep) to
obtain optimal extraction with minimal crystal sizes [103]; (3) stretch cell sample to
compensate for the limited spatial resolution of MALDI imaging [104].

Microfluidic-based MALDI analysis is usually performed using an offline format
because a MALDI target is under vacuum while the microfluidic operations are at
ambient condition. Samples are usually deposited directly on a sample target by
dropping, spraying, or spotting for the sequential analysis. There are a few
researches about the direct analysis of cellular biomolecules at single-cell level by
MALDI-MS [105, 106]. However, the cells should be manually selected which
significantly reduce the throughput. To improve it, our group developed a
microwell-array-based microfluidic chip to combine with MALDI-MS for auto-
matic and high-throughput single-cell phospholipid analysis [107]. As shown in
Fig. 7.5a, a high-density PDMS microwell array was fabricated to assist the for-
mation of a cell array on an indium tin oxide (ITO)-coated glass slide. After matrix
deposition, MALDI-MS imaging analysis could be automatically performed in a

Fig. 7.5 Microfluidic-based single-cell analysis with LDI MS detection. a The combination of
microfluidic chip and MALDI-MS for high-throughput and automatic single-cell phospholipids
analysis. Reprinted with permission from Ref. [107]. Copyright © 2015 American Chemical
Society. b Ink-jet cell introduction for MALDI-MS analysis. Reprinted with permission from Ref.
[50]. Copyright © 2017 Elsevier B.V. c Schematic of cell analysis on a silicon chip with in situ
synthesis of Ag and Au NPs. Reprinted with permission from Ref. [108]. Copyright © 2017
Elsevier B.V (C)
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high-throughput mode by setting a matched distance between cell spacing and step
size of the sample stage. However, the single-cell capture efficiency is a little low,
about 30%. Korenaga et al. developed an ink-jet automatic single cells and matrices
printing system to directly print sample onto a ITO glass substrate for single-cell
MALDI-MS analysis (Fig. 7.5b) [50]. This technique shows controllable
high-throughput analytical capabilities. Unfortunately, the most commonly used
chemical matrix has strong background signals in low-mass region (< 600 Da),
which makes spectral analysis more difficult. The developed surface-assisted laser
desorption ionization MS (SALDI MS) offers a matrix-free way to reduce low-mass
range background noise. Wang et al. in Lin’s Lab developed a porous silicon chip
modified with gold nanoparticles for the capture of Caco-2 cells, and intercellular
glutathione was detected by SALDI MS [108]. As shown in Fig. 7.5c, the silicon
chip was array-patterned for high efficient cell capture and high-throughput auto-
matic SALDI MS detection. This method showed great potential for more efficient
analysis of small thiol biomarkers in complex biological samples.

7.3.3 Secondary Ion Mass Spectroscopy (SIMS)

A large number of single-cell-based works have been carried out with SIMS due to
its high spatial resolution. For single-cell analysis, time-of-flight SIMS
(TOF-SIMS) uses a pulsed ion beam desorb secondary ions from the very outer-
most surface of a single cell. The technique has the ability to detect biological
molecules with molecular weight lower than 1000 Da, such as lipids, metabolites,
and the resolution can downscale to subcellular level. Sample preparation is a key
step in biological mass spectrometric analysis, especially for those methods
requiring a vacuum environment. Probably due to this reason, microfluidic-based
single-cell analysis scarcely uses the SIMS as the detection technique. Recently,
inspired by our previous work [107], Wu’s group developed a micropatterning
PDMS stencil film to capture and form single-cell microarray with the assistance of
centrifugation, and they studied drug-induced cellular phenotypic alterations by
TOF-SIMS for the first time [109]. The facile single-cell patterning method
exhibited higher than 90% of site occupancy and more than 97% of single-cell
resolution. Most work in this field can be done to help better understand the
molecular biology for many diseases and discover potential biomarkers for early
diagnosis of disease.

7.3.4 Chromatographic Techniques Coupled to MS

Due to the tiny concentrations of biomolecules with a wide range of distribution in
single cells, the coupling of chromatographic techniques to MS will significantly
enhance separation and identification of intercellular compounds. Capillary
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electrophoresis (CE) represents the most popularly used separation techniques for
this purpose because of its strong abilities for separation of cellular metabolites in
miniaturized sample volume. Since the development of CE coupling to MS has
been reviewed recently by Fritzsch et al. [110], Kleparnik et al. [111], Zhong et al.
[112], and Tycova et al. [101], we only focus on the major progress in this field for
single-cell analysis. Ramsey’s group integrated cell lysis, electrophoresis separa-
tion, and an integrated electrospray emitter on a crossed microfluidic device for
online separation of intracellular molecules and direct analysis using ESI-MS [113].
Onijko et al. presented a CE-ESI-MS approach for metabolites identification in
single embryonic cells from the South African clawed frog [114]. By microex-
traction of their metabolomes, they could identify 40 metabolites that have rela-
tionship with central metabolic networks. The differences in activities between
different cell types in the wild-type, unperturbed embryos could be revealed by
relative quantitation analysis.

7.3.5 ICP MS

The application of ICP MS for trace elemental analysis in single cells has attracted
an increasing interest in recent years [115]. The ion source of ICP MS uses
high-temperature plasma to transform the atomic or molecular ion of a sample into a
charged ion [116, 117]. ICP MS has several distinct advantages as follows: (1) ICP
MS can be injected at ambient pressure, enabling combining with other injection
technique easily; (2) ICP MS has low detection limit, fast analysis speed, and
simple spectrum; (3) the low initial ion energy made it compatible with many
simple mass analyzers. Many researches have reported about the combination of
droplet microfluidics with ICP MS for ultra-trace elements analysis in single cells.
For example, Hu et al. presented a cross-channel droplet chip to directly sampling
to time-resolved ICP MS via a miniaturized nebulization system for the quantifi-
cation of Zn in single HepG2 cells (Fig. 7.6a) [118]. To match each ICP MS spike
with one cell, the cells should be spatially and temporally separated. By optimizing
the dimensions of the droplet generation channels and sampling flow rate, an
average diameter of 25 µm droplets was formed with the droplet generation fre-
quency of 3–6 � 106 droplets per minute, which could be applied for
high-throughput single-cell analysis. However, the direct quantification of trace
elements in cells by ICP MS still faces a large bottleneck. One reason is caused by
the serious matrix effect from complex intracellular components. To alleviate this
disadvantage, an appropriate sample pretreatment technique can be taken. Yu et al.
in Hu’s Lab integrated a magnetic solid-phase microextraction (MSMPE) column
on a chip to extract the released Cd and Se from single cells after treated with CdSe
QDs and directly detected by ICP MS (Fig. 7.6b) [119]. Under the optimized
extraction conditions, the limits of detection (LOD) of the developed platform are
2.2 and 21 ng L−1 for Cd and Se, separately.
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7.3.6 Paper Spray Ionization MS

As discussed above, the vacuum operating conditions of some ionization techniques
(e.g., MALDI and SIMS) limit their applications in living cell analysis. The recently
developed ambient ionization techniques, which allow the direct analysis of com-
plex samples under ambient condition, are good selective for living cell analysis.
Since the invention of ambient ionization techniques, many efforts have been made
to apply ambient MS for single-cell analysis. A series of ambient MS have been
explored to analyze various compounds at cellular/subcellular level, such as des-
orption electrospray ionization (DESI) [120], probe-ESI [121], easy ambient
sonic-spray ionization (EASI) [122]. Paper spray ionization, possessing both the
characteristics of ESI and ambient ionization techniques, has made some significant
progress.

To improve the efficiency and capability for live cell analysis, automatic
multi-channel paper-based chip-MS was developed for direct MS cell analysis by
Lin’s group [123, 124]. As shown in Fig. 7.7a, Liu et al. developed a
microdialysis-paper spray ionization as the interface to MS for online chemical
monitoring of cell culture [123]. A homemade microdialysis hollow fiber module
was constructed to selectively dialysis molecules of interest from cell culture
medium. Microdroplets were then generated with controllable size and frequency
through a syringe pump and were directly dropped on the paper substrate for online

Fig. 7.6 Microfluidic-based
single-cell analysis with ICP
MS detection. a Schematic
diagrams of single-cell
analysis on the combination
of facile droplet chip and ICP
MS. Reprinted with
permission from Ref. [118].
Copyright © 2017 American
Chemical Society.
b Schematic illustration of
chip-based magnetic
solid-phase microextraction
coupled with ICP MS for the
determination of Cd and Se in
single cells. Reprinted with
permission from Ref. [119].
Copyright © 2018
Elsevier B.V
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MS detection. They further developed a multi-channel paper-based chip for cell
metabolism study by ESI MS under ambient condition [125]. As shown in
Fig. 7.7b, a multi-channel microfluidic device with the functions of a concentration
gradient generator and cell culture chambers was used to generate samples with
different stimulation conditions. Paper spray ionization was simultaneously
employed for microsampling these samples and as the interface for direct MS
analysis without any sample pretreatment. On this platform, they investigated the
effects of hypoxia on lactate efflux from normal and cancer cells and the differential
inhibitory effects and dose–response information of a-cyano-4-hydroxycinnamate
on different types of cancer cells. Instead of using paper as the substrate for ion-
ization spray, Wu et al. developed a glass spray-MS platform for direct cell-based
drug assay under ambient pressure (Fig. 7.7c) [126]. The authors later developed a
multi-channel glass spray chip-MS platform, in which cell co-culture, cell apoptosis
assay, and MS detection could be simultaneously performed [127]. Chen et al. later
developed a cell-compatible polycarbonate paper chip for in situ live cell compo-
nents detection by paper spray MS [124]. However, this method is well suitable for
large amount of cell analysis, but not appropriate for single-cell analysis. To per-
form in situ single-cell analysis, a Live Single-Cell Extractor (LSCE) was presented

Fig. 7.7 Living single-cell analysis on microfluidic device. a Schematics of a microdialysis-paper
spray ionization-MS system for online chemical monitoring of cell culture. Reprinted with
permission from Ref. [123]. Copyright © 2014 American Chemical Society. b Schematic
illustration of the online multi-channel microfluidic chip-MS platform for cell metabolism study.
Reprinted with permission from Ref. [125]. Copyright © 2016 American Chemical Society. c A
versatile glass spray-MS platform for direct drug assay. Reprinted with permission from Ref.
[126]. Copyright © 2015 Elsevier B.V. d Microfluidic chip-based LSCE. Reprinted with
permission from Ref. [128]. Copyright © 2018 John Wiley & Sons, Inc.
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by Mao et al. for single-cell extraction, cell adhesion, and cell heterogeneity
analysis (Fig. 7.7d) [128]. The tip of the LSCE was placed perpendicular to a petri
dish with cell samples, and a stable microjet could be formed underneath the tip of
the LSCE when the ratio between aspiration and injection flow rates is sufficiently
high. They employed trypsin molecules as the injection liquid to selectively digest
the adhered cell of interest. The collected cells can be further analyzed by mass
spectrometry and other detection techniques.

The rapid assays of illicit drugs are becoming more urgent in Europe and North
America. Espy et al. presented the determination of eight drugs of abuse in blood
using paper spray or extraction spray MS in less than 2 min of minimal sample
preparation [129]. Compared with conventional blood sampling methodologies, this
method showed the potential for rapid, high-throughput, and quantitative assays of
multi-abused drugs.

7.3.7 Mass Cytometry

Single cell mass cytometry, a technique of coupling flow cytometry with ICP MS,
is firstly proposed by Garry Nolan’s group at Stanford University [130]. In this
technique, cells are labeled with epitope-specific antibodies conjugated to transition
element isotope reporters. In contrast to the fluorophores used in conventional flow
cytometry, the stained individual cells are ionized and sensitively detected with
cytometry and time-of-flight ICP MS. Up to 34 parameters could be simultaneously
detected by this mass cytometry technique. Later, Nolan’s group applied this
technique to other applications, such as delineating cell cycle stages [131] and
identifying in vivo skeletal muscle stem cell [132]. However, the combination of
mass cytometry with microfluidics has not been reported yet. Due to the
multi-parameter analytical ability for cells as well as the flexible manipulation
property for single cells, their advantages may promote the development of their
combination system for the application in biological research field.

7.4 Applications in MS-Based Single-Cell Analysis

7.4.1 Nucleic Acids

Single-cell genetic analysis plays a critical role in the study of disease diagnosis,
embryonic development, microbe detection, and so on. With the development of
highly sensitive technologies, nucleic acid detection can be realized at
single-molecule resolution. Recently, whole-genome evaluation is becoming
increasingly popular at the single-cell level. Reverse transcriptase polymerase chain
reaction (RT-PCR)-based approach is probably the most widely used technique to
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amplify the transcribed target RNA strands, and the amplification steps were
generally monitored by optical methods such as imaging via chemiluminescence or
fluorescent labeling, aiming to reveal the heterogeneity of different cell types. For
single-cell gene analysis, microfluidic-based RT-PCR enabled high-throughput
sequencing applications and parallel analysis of multiple single cells. Microfluidic
approaches also provide a flexible platform for sensitive detection of gene with the
measurement precision better than conventional methods [133, 134]. For example,
sample pretreatment procedures can be integrated on the microfluidics to remove
some PCR inhibitors to reduce false-negative results [135].

7.4.2 Proteins

Single-cell-based qualitative and quantitative analysis of proteins play an essential
role in the understanding of cellular functions and revealing protein heterogeneity,
which is extremely important in biomarker discovery, disease diagnostics, pathol-
ogy, and therapy [136]. Protein analysis at the single-cell level is challenging due to
the low abundance of proteins in single cells, the large dynamic range of many
protein constituents, and the temporary existence of cellular proteins responding to
external stimulation [137, 138]. Microfluidic-based MS analysis provides an
effective approach for multi-parameter, specific, high-throughput, and automated
proteins studies. Many essential functions for protein identification, such as enzy-
matic digestion, separation, and sample infusion, can be integrated on the micro-
fluidic device. For example, Zhu et al. developed a microfluidic-based approach
termed nanoPOTS (nano-droplet processing in one-pot for trace samples) to
increase sample processing efficiency for single-cell analysis (Fig. 7.8a) [139].
nanoPOTS uses robotic nanoliter liquid handling to dispense cells and reagents into
nanowells on a standard microscope slide. Cell suspension, MS-compatible sur-
factant, reducing reagent, alkylating agent, and multiple proteases were subse-
quently added into each nanowell with the total volume of 200 nL. To minimize
evaporation during reaction incubation procedures, a layer of 30 lm PDMS was
reversibly sealed to the nanowell chip. By combination with ultrasensitive
nanoLC-MS, over 3000 proteins were confidently identified from just 10 HeLa
cells.

Quantitative analysis of specific proteins is helpful for the diagnosis of early
disease more accurately like cancer. Isobaric tags for relative and absolute quan-
titation (iTRAQ) is a widely used isobaric labeling method for quantitative pro-
teomics by MS analysis. Recently, Ros et al. presented a reversible PDMS
microfluidic system for relative and absolute quantification of targeted proteins by
MALDI-MS/MS [140]. As shown in Fig. 7.8b, a two-layer device contained a fluid
layer and a control layer forming a set of defined wells. An ITO-coated glass slide
was reversible sealing with the two layers for fluid treatment and also served as the
conductive MALDI-MS sample plate. In order to realize quantification analysis, the
authors used iTRAQ labeling strategy to label proteins on the microfluidic device
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for the first time. They also integrated all the necessary manipulation procedures on
the chip, such as protein digestion, labeling, as well the matrix delivery. After
finishing all liquid handling steps, the PDMS layer was removed, remaining
analyte-matrix co-crystallized on the ITO glass surface for MALDI-MS detection.
The apoptosis-related protein Bcl-2 was successfully detected, and the number of
Bcl-2 molecules was quantitatively assessed.

Among proteins analysis, proteomics has attracted an increasing interest, with
the aim to study the complete or subset of proteins present in a species under a
certain condition. It is very useful for the investigation of the relationship between
diseases and clinical diagnostics [141]. However, to develop a high-throughput
method for single-cell proteomics by mass spectrometry, two major challenges
should be resolved. Firstly, protein losses had to be minimized when delivering the

Fig. 7.8 Protein and small molecules analysis in single cells on microfluidic device. a Schematic
of FACS–nanoPOTS coupling for quantitative proteomic analysis in single mammalian cells.
Reprinted with permission from Ref. [139]. Copyright © 2018 John Wiley & Sons, Inc. b A
quantitative approach employing isobaric tags with MALDI-MS realized with a microfluidic
platform. Reprinted with permission from Ref. [140]. Copyright © 2016 American Chemical
Society. c Schematic principle of live plant single-cell MS. Reprinted with permission from Ref.
[144]. Copyright © 2015 Springer Nature Limited
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proteome of a single cell into a MS instrument. Secondly, peptides from single-cell
samples need to be identified and quantified simultaneously. To overcome the
above difficulties, Slavov et al. developed a single cell ProtEomics by MS
(SCoPE-MS) to identify distinct human cancer cell types based on their proteomes
[142]. In this method, they manually picked live single cells under a microscope
and lysed them mechanically which could obviate significant protein losses during
LC/MS analysis. Besides, they used tandem mass tags (TMT) to quantify the levels
of each TMT-labeled peptide and to increase analytical throughput. However, the
single-cell processing is still done manually, and the introduction of microfluidic
techniques into this system will greatly enhance the analytical capabilities for single
cells.

7.4.3 Small Molecules/Metabolomics

The analysis of intercellular small molecules like metabolites and small molecule
intermediates is extremely important. They are widely involved in signal pathways
and have a close relationship with physiological and pathological processes. For
example, glutathione (GSH) is one of the most important and potent antioxidants in
our body. Wang et al. developed a Ag-Au nanoparticle-modified porous silicon chip
with the surface as matrix to assist ionization LDI MS and could specially capture
and analysis of thiol compounds through Au-S binding [108]. The array-patterned
silicon chip showed high-throughput analytical ability and also had great potential
for more efficient analysis of small thiol biomarkers in complex biological samples.

Single-cell metabolomics analysis is of great interest to biochemistry and clinical
medicine scientists. It helps address fundamental biological questions and allows
for the observation of metabolic phenomenon-related phenotypic heterogeneity in
single cells. However, metabolomics analysis at the single-cell level is still a
challenge because of its complex microenvironment and low content. Sensitive and
high-throughput methods for single-cell metabolomics analysis are still in urgent
need. Microfluidic techniques provide a promising platform for single-cell meta-
bolomics. MS, a label-free and having the ability to provide structural information
of chemicals, has become a key enabling tool in the field of metabolomics [143,
144]. Many studies have presented the combination system of microfluidics and MS
for single-cell metabolites analysis. For example, Korenaga et al. developed an
ink-jet automated single cells and matrices printing system to directly positioning of
single cells at defined sites of ITO glass substrate for MALDI-MS analysis, and
intercellular phospholipids from single or several cells were successfully detected
[50]. In this work, microarrays of cells through the developed ink-jet printing
system is extremely important because it provides the ability for imaging and
automatic analysis, which opens the way to higher-throughput measurements.
Masujima and his colleagues developed a live single-cell MS platform for single
plant and animal cell analysis, especially for embryo cells [145–147]. In this
technology, they used microspray tips or other microcapillary tips to insert into a
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single cell to sample a small amount of cell’s contents [144] (Fig. 7.8c). A
microliter of ionization solvent was then added to the opposite end of the tip, and
the trapped intercellular metabolites were finally sprayed into the mass spectrometer
by applying a high voltage between the tip and the inlet of the MS.

7.4.4 Pharmacological Analysis

Tumor–endothelial cell interaction plays an important role in many physiological
and pathological processes, such as cancer metastasis, angiogenesis, and colo-
nization. Majority of researches have showed that crosstalk between tumor cells and
endothelial cells via paracrine/juxtacrine action has a significant impact on tumor
growth, progression, and drug efficiency. To better understand their interaction, Lin
et al. developed an integrated microfluidic device to probe the interaction between
tumor and endothelial cells and its application in drug screening, in which all the
necessary procedures including cell co-culture, protein detection, micro-solid-phase
extraction unit for drug metabolites, and online MS detection could be performed
[148]. Cervical carcinoma cells (CaSki cells) and human umbilical vein endothelial
cells (HUVECs) were co-cultured in the cell co-culture component, which allowed
for real-time monitoring of paclitaxel-induced apoptosis, the contents of intercel-
lular ROS and GSH. After stimulation with paclitaxel, cell culture medium was
introduced into the specific aptamer-precoated reaction chamber through a con-
necting tube for cell-secreted proteins detection by fluorescent. Whereas for cell
metabolites detection, cell co-culture and the pretreatment components were con-
nected for desalting and purification of paclitaxel metabolites and then online de-
tected by ESI MS. This integrated microfluidic platform provides a promising tool
for drug screening using the in vitro cell co-culture model.

7.5 Conclusion and Outlook

Coupling of microfluidics with MS takes advantages of both technologies, with the
purpose to improve efficiency, sensitivity, and throughput. In this chapter, we
documented the significant improvements in microfluidic technologies for
single-cell analysis with mass spectrometry detection over the past few years,
covering the recent development in microfluidic manipulation techniques for single
cells, innovations in the coupling of microfluidic chips with different types of MS,
and their applications in biological research and drug development. The micro-
fluidics has become increasingly integrated which contained multiple necessary
functional units for single-cell capture, separation, and detection. Several approa-
ches have been reported for single-cell generation, including microwells,
micropatterns, traps, and droplets. Their applications have tended to multi-targets or
even omics components. Although some advances have been made in single-cell
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analysis by microfluidics and MS combination system, there are still some demands
needed to be improved like more efficient single-cell manipulation and sample
pretreatment abilities to compatible with the requirement of MS detector. With the
increasing requirement of analytical throughput for single cells, computational
methods with powerful data processing abilities are also needed to be simultane-
ously improved. Because of the complexity of cellular process and the detection
limitation of one MS technique, two or more types of MS detectors can be used
together to detect more intercellular components, which will be helpful for more
comprehensive understanding of the function and regulation mechanism of inter-
cellular molecules in biological processes. Moreover, developing a new method-
ology to maintain the single-cell viability is a significant and essential issue in the
future to perform single-cell analysis in its original state. With the development of
integrated microfluidics and MS combination systems for automated single-cell
manipulation, sample pretreatment, and MS detection, more applications of
microfluidics-MS systems in clinical diagnosis can be expected in the near future.
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Chapter 8
Micro/Nano fluidics Enabled
Single-Cell Biochemical Analysis

Ling Lin

Abstract In the last 20 years, micro-fluidic technique has emerged as an important
enabling tool for single-cell chemical analysis, owing to the miniaturization of the
fluidic environment. These methodologies made various applications in single-cell
analysis fields, and their superior performances such as rapid, simple, and
high-efficient processing have been proved. Recently, the space is further down-
scaling to the 10–1000 nm scale (nano-space). The nano-space is located between
conventional nanotechnology (10–1000 nm) and microtechnology (>1 mm), and
the research tools are not well established. For these purposes, a new research field
is now being created which are quite different from those in micro-space. In this
chapter, we focus on the basic researches in nano-fluidic space and survey the
fundamental technologies for nano-fluidic space. Then, recent developments of
nano-fluidic technologies for single-cell analysis are reported. Finally, the potential
of nano-fluidics-based single-cell analysis is discussed.

Keywords Nano-fluidic � Micro-fluidic � Single-cell analysis � Biochemical
analysis

8.1 Introduction

Cell is one of the fundamental units of life. Individual cells are heterogeneous in
terms of gene expression, metabolite levels, ion concentrations, or patterns of
response to a specified stimulus [1–6]. Many investigations have demonstrated that
individual cells, even for those identical in appearance, show cell-to-cell variability
caused by genetic or microenvironment variations [7–10]. Recent investigations
enumerate the cell heterogeneity as a characteristic of progress in cell biology and
tissue engineering, highlighting the necessity to probe individual cells in a cell
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population [11, 12]. Single-cell analysis provides a new venue to capture the cel-
lular heterogeneity in extracellular circumstances as well as intracellular conditions
at the single-cell level [13].

Single-cell analysis requires the capacity to manipulate a small sample volume
down to picoliter (pL) in order to interrogate individual cells. Generally, cell
analysis is performed in microtubes or micro-wells with the sample volume on a
microliter (lL) scale, which is much larger (six orders or magnitude) than the
single-cell volume of pL. Table 8.1 presents the conventional methods for cell
analysis (*106 cells) and the requirement for single-cell analysis. The reduced
sample volume of single-cell analysis directly results in the improved detection
limit. Assuming that a pM concentration of typical analytical targets is available,
single-cell analysis tools could detect very few targeted molecules, while the
number of detectable molecules is in the order of 106 by conventional cell analysis
methods. Therefore, there is an urgent need to develop sophisticated tools for
manipulation of single cells.

For these purposes, designing tools of micro-chemical processes and reliable
fluidic devices will be important technologies. Micro-total analysis systems
(l-TAS) have shown great advantage for the analysis of single cells [15–18]. In
addition, nanometer-scale chemical experiment is opening new horizon of
single-cell study tool. Recently, the advances in nano-fabrication technologies
enable the biochemical analysis within a “nano-space,” which is defined by the
length scale between the 10 nm and 1000 nm [19, 20] as shown in Table 8.2. The
major advantage of nano-space is the use of extremely small sample volumes: the
femtoliter (fL) or attoliter (aL) scale [21, 22]. It is noted that the sample volume in
nano-space is 104–103 times smaller than that of single cell, thus allowing for
real-time analysis of a minute sample volume from living single cells [23, 24].

In this chapter, we focus on the methodologies and new application for single-cell
analysis in nano-space. Firstly, nano-channel fabrication, the surface modification,

Table 8.1 Requirement of single-cell analysis [14]
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and fluidic control methods as basic research tools for nano-space are reported.
Secondly, nano-fluidic technology approaches for single-cell manipulation,
single-cell treatment, and detection for samples from single-cell are reviewed.
Thirdly, future perspectives and problems to be solved are briefly illustrated.

8.2 Nanofluidic Devices

Nanoscale devices can be used to manipulate single cells or deliver chemicals into
cells in a controlled fashion. In the nano-fluidic chip, the nano-space can be used to
characterize the behavior of individual molecules. There is much of the relevant
literature cites the potential and especially the high-throughput operation for
enveloping analytical methods to observe, manipulate, and explore single cell in the
nano-space.

Table 8.2 Comparison of micro-fluidics and nano-fluidics technologies for single-cell
analysis [14]
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8.2.1 Fabrication Methods

There are many fabrication methods for nanoscale structures, and their methods can
be divided into two categories. One is top-down processes in which the
nano-structures are directly prepared on bulk substrates by cutting or milling the
substrates. The other is a bottom-up process that manipulates and self-assembles
atoms and molecules to prepare nano-structures on substrates. Microchips with
nano-channels were fabricated using fused silica substrates via nano-channels
fabrication (electron-beam lithography), micro-channel fabrication (UV lithogra-
phy), dry etching, drilling holes, and substrate bonding.

8.2.1.1 Nano-channel Fabrication (Electron-Beam Lithography
and Dry Etching)

The substrates for fabrication of the nano-channel were 1-mm-thick fused silica
rectangle plates. The substrates were mechanically polished and thermally annealed
to obtain an optically flat surface and washed in acetone, ethanol, and pure water
and cleaned in an O2 plasma reactor. First, the substrate was covered with
electron-beam resist and conductive polymer layers by spin coater (Fig. 8.1a).
Then, it was placed in the vacuum chamber of an electron-beam lithography sys-
tem. A computer-controlled electron-beam scanner was used to draw a
nanometer-sized channel pattern (Fig. 8.1b). After the exposure, the conductive
polymer layer was removed in pure water, and the electron-beam resist layer was
developed in xylene. After the drawn nano-patterns were etched due to inductively
coupled plasma (ICP) etching with a mixture of SF6/CHF3 gases, plasma etching
with CHF3/O2 gases, or a fast atom beam (FAB) etching with CHF3 gas, 2-D
nano-space channels could be obtained onto the substrate. After FAB etching, the
resist layer was removed in the O2 plasma chamber (Fig. 8.1c). The fabricated
nano-spaces were connected with micro-channels that were fabricated by either
plasma etching process. The inlet holes were pierced through the fabricated sub-
strate using a diamond coated drill. The substrate was washed repeatedly in pure
water and piranha solution, and the nano-in-micro structures on the substrate were
sealed by thermal bonding or sodium silicate layer with pressing [25]. An example
of the fabrication procedure for a glass chip with nano-in-micro structures is shown
in Fig. 8.1d.

8.2.1.2 Micro-channel Fabrication

To introduce liquid samples into the nano-channels, we need fabricated
micro-channels on the substrate to connect nano-channels. Micro-channels in fused
silica rectangle plates were fabricated by laser-beam patterning and sand-blast
processing. First, the positive photo-resist material was coated by spin onto the Au/
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Cr glass and UV (ultraviolet) light was irradiated by a photomask (polyimide sheet)
for transferring the channel pattern onto the photo-resist material. The UV-exposed
photo-resist material was etched by the pattern. Then, the micro-channel was etched
into a patterned substrate by plasma etching technique and the remaining
photo-resist material and metal layers were removed completely. After the try
etching process, a 0.4-mm-diameter hole was drilled at the end of each channel.

8.2.1.3 Cover Plate Bonding

To cover the nano-channels and micro-channels, a fused silica plate (nano-channel)
should bond to the substrate (micro-channel). In the traditional methods [26, 27],
the fused silica plates were laminated by a thermally bonding method at the soft-
ening point of fused silica (1150 °C) for 24 h. However, too high a temperature
cause glass to deform, we chose low-temperature bonding method by using
hydrofluoric acid. Low-temperature (25–100 °C) bonding methods recently
developed by Kitamori group [28, 29] avoid thermal destruction because the
principle is based on chemical bonding between silanol groups without heat. Next,
the substrates were laminated with the fused silica plate by low-temperature
(25–100 °C) bonding methods. The substrate and fused silica plate were succes-
sively washed in acetone, ethanol, pure water, a mixed solution of sulfuric acid and

Fig. 8.1 Fabrication scheme: a Spin coating of electron-beam resist and conductive polymer
layers on fused silica substrate. b Electron-beam lithography of nanometer-sized channels. c Fast
atom beam etching of nanometer-sized channels. d Photograph of a glass chip invoking
nano-in-micro structures and SEM image of nano-channels
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hydrogen peroxide (2:1), 1 M NaOH solution, and pure water. Then, the clean
silica substrate with channels was placed in the plasma chamber and treated with
fluorine-containing oxygen plasma (60 Pa O2, 250 W power) for 40 s. The sub-
strate was removed from the plasma chamber and brought into contact with each
other. In order to increase the strength of substrate bonding, the plates were pres-
surized for 2 h at 5000 N and 100 °C using a bonding machine (Bondtech Co.,
Ltd., Japan). The bonded device was kept at room temperature (25 °C) for 24 h
before use. Finally, completeness of the bonding was confirmed by sight and a
leakage test observed under an optical microscope. If the bonding had failed, an
optical interference ring pattern was observed.

8.2.2 Surface Modification Methods

On the surface modification methods, there were so many reports in micro-space
utilizing light, electron beam, contact printing, ink-jet so on. However, a closed
geometry of the nano-channel limits significantly the use of conventional methods
for channel modification. Therefore, for closed nano-space, local surface modifi-
cation with light will be one candidate. So far, there were only a few reports on the
local surface modification in nano-space utilizing light.

Here, an example of local immunoassays in nano-space using a photolithographic
technique with vacuum ultraviolet light and low-temperature (100 °C) bonding
method is shown in Fig. 8.2 [30]. In order to introduce functional groups for anti-
body immobilization, the entire surface of a fused silica substrate was modified with
aminopropyltriethoxysilane (APTES) in the gas phase to achieve uniform APTES
layering. Upon irradiation with VUV light through a chromium photomask, reactive

Fig. 8.2 Example of local immunoassays in nano-space [30]
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oxygen species generated from oxygen gas molecules absorbing the high-energy
VUV light oxidatively decompose the APTES. Because the glass surface become
super-hydrophilic and activated after decomposition of APTES, it was able to
achieve strong glass bonding, which is critical for nano-fluidic control using a
high-pressure flow system. For designing and regulating the size and position of the
antibody immobilized region, a partially modified APTES layer was formed by
masking part of the substrate area from VUV light irradiation with the photomask.
The advantage of using VUV light is that both pattern formation and surface acti-
vation can be achieved simultaneously. The APTES-patterned substrate was then
brought into contact with the upper glass substrate containing micro- and
nano-channels, and the substrate was activated by fluorine-containing oxygen
plasma. Then, substrates were bound by low-temperature bonding methods. After
bonding, to reduce the potential for non-specific protein adsorption to the nano-
channel surfaces, the surfaces were chemically modified with trimethoxysilane-poly
(ethyleneglycol) (PEG) for reducing the potential non-specific protein adsorption in
the nano-channel surfaces [31, 32]. Capture antibodies were chemically immobilized
by crosslinking the amino groups of APTES molecules and antibodies using glu-
taraldehyde. Residual reactive groups were blocked with ethanolamine. As an
important subject, modification in nano-space will be an essential problem to detect
single-molecule using ELISA for single-cell analyst. In the future, this ultralow-
volume molecular capture method could be developed into a nano-fluidics-based
ELISA for quantification at the single-molecule level by integrating chemical
amplification with the enzymatic reaction and high-sensitivity detection of colori-
metric products with differential interference contrast thermal lens microscopy [21].

8.2.3 Detection Methods

Ultrasensitive detection methods in nano-channel are very important for miniatur-
ization. In nano-space, the volume of the sample is usually aL-fL level. Therefore,
single-molecule sensitivity is required. So far, single-molecule sensitivity detection
methods have reported which are mainly on optical and electrochemistry methods.
Recently, nano-pores were increasingly utilized for sensitive detection and have
been reported to successfully detect single porphyrin molecules. The experimental
principle is based on conductivity measurements that apply a constant voltage to the
nano-pore to detect changes in conductivity that occur as molecules pass through
the nano-pore. However, the combination with nano-channels is relatively difficult
because of the complex structure of the nano-channels. On the other hand, optical
methods can also be used for sensitive detection in nano-channels. For example, the
now popular laser-induced fluorescence method can be used not only for detecting
samples but also for observing imaging fluid movement. However, most of the
molecules in a single cell are non-fluorescent (non-fluorescent proteins or DNAs),
and we need sensitive detection methods for non-fluorescent molecules.
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Thermal lens microscope (TLM) is one of the candidates for these purposes.
Here, an ultrasensitive method for detection on the nanoscale was developed based
on a differential interference contrast thermal lens microscope (DIC-TLM) [21, 33],
our original and ultrasensitive detection method for non-fluorescent molecules in aL
detection volumes. Thermal lens microscopy (TLM) is a kind of photothermal
spectroscopy that measures absorption and thermal relaxation and has been reported
to be more sensitive than absorption spectrometry. Although conventional TLM
offers a very high sensitivity to determine concentration of single-molecule level in
micro-channels, it is not applicable to nano-channel, because its working principle
is based on “geometrical optics.” In this case, as the size of nano-channel is smaller
than the beam spot diameter (*µm) and the confocal length (*1 µm), the
refractive index distribution of the thermal lens might be too small to be detected.

Recently, Kitamori group has introduced the interferometry principle into TLM,
which is referred as differential interference contrast TLM (DIC-TLM) and suc-
ceeded in TLM detection in *102 nm space [21, 33]. The principle is shown in
Fig. 8.3. The probe beam is separated by a DIC prism into two beams with per-
pendicular polarization. On the other hand, the excitation beam is not separated, as
its polarization plane is rotated at an angle of 45°. The excitation beam is absorbed

Fig. 8.3 Principle of differential interference contrast thermal lens microscopy [33]
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by an analyte, and a thermal lens effect is induced. Then, phase contrast appears
between the two probe beams due to the difference in refractive index. In the next
step, the probe beams are combined again by another DIC prism, which results in a
new polarization component. Finally, only this new component is detected as signal
by removing the initial polarization component using a polarization filter.
DIC-TLM extracts only the information of phase shift of probe beam caused by the
change of refractive index. The principle is based on not geometric optics but wave
optics, and therefore, DIC-TLM can measure molecules in the nano-space which is
smaller than the wavelength of the light. In addition, DIC-TLM realizes
background-free detection of thermal lens effects because the intensity of the
transmitted probe beam is zero when no analyte is in the focus area of the excitation
beam.

8.3 Fluidic Control Methods

Fluid control of nano-channels is generally divided into electroosmotic flow and
pressure-driven flow. Electroosmotic flow has been recognized as a most popular
fluid control method for micro-fluidic chips. A number of research groups have
reported the integration of electrophoretic systems in nano-channels for the analysis
of DNA and proteins. However, the pressure-driven flow is more suitable for the
analysis of single cells in nano-channels. Therefore, it is essential to develop the
pressure-driven nano-fluidic control system for nano-spaces and to evaluate the
fluidic behavior in them.

In order to control the behavior of the fluid in the nano-channel, high pressure
and low volume flow are required, because of its quite large pressure drop in
nano-spaces. Because nano-space requires very strong and stable pressure, com-
mercial syringe pumps cannot be utilized to drive a liquid in nano-channels.
Therefore, Tamaki et al. developed a backpressure-based nano-fluid control system,
in which was consisting of a backpressure regulator and an HPLC pump with flow
rate detection [20, 34]. In the experiment, the aqueous solution of the benzenediol
probe molecule was introduced into a U-shaped micro-channel by HPLC pump, and
then the flow rate was detected after entering the nano-channels. The results show
that the measured flow rate is linear with the pressure applied, and the measured
flow rate is lower than the flow rate expected by Hagen–Poiseuille’s law. However,
this method depended on the response times of backpressure regulators, such as
backward flow in the nano-space channel. Tsukahara et al. improved a
backpressure-based system to an air-pressure-based nano-fluidic control system
(Fig. 8.4), and evaluated its performance [35]. This fluidic system allows a high
pressure of MPa and a low flow rate of pL min−1 to control the nano-fluidics.
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8.4 Single Analysis on Nano/Microfluidic

8.4.1 Sampling from Single Cell

Single-cell analysis is of increasing importance in many fields, but is challenging
due to the ultrasmall volumes (pL) of single cells. A single cell is typically 101 lm
in diameter and has a volume of several pL, and so analysis of a specific analyte
might require the analysis of a single molecule or several molecules. Consequently,
single-cell analysis is quite challenging. Analytical processes typically include three
steps: (1) sampling, (2) chemical processing, and (3) detection. Among them, many
papers reported the chemical processing and detection methods [36–40]. However,
sampling for pL single cells is still challenging due to the difficulty of volume
control at fL level and maintaining the viability. Sampling is an essential process for
general analytical chemistry.

Development of a sampling interface would permit determination of controlling
sample volume and keeping cell viability for living single-cell analysis. Although
there are many studies that focus on nanotechnology for single-cell analysis

Fig. 8.4 Overview of experimental setup for nano-channel fluidic control. a Schematic illustra-
tion of air-pressure-based nano-fluidic control system. b Enlarged view of the fabricated microchip
with U-shaped micro-channels and the Y-shaped nano-channels A and B. c A fluorescence image
by mixing two different solutions; a fluorescein solution and a buffer solution flowing into the
Y-shaped nano-channel [35]
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[41, 42], their usage was limited to observation of cellular activities or mor-
phologies. Sampling from living single cell would expand the study of intracellular
bimolecular, that are expected to be present in low numbers of around a few tens of
thousands [43].

However, a key technical challenge that must be overcome to realize sampling
interface is how to achieve fL sampling volume from living single cell. The critical
issue in developing a sampling interface of exploring the nano-space is to ensure
that formed nano-order hole on cell membrane and tight connection between cell
and nano-channel. Here, Lin et al. developed a micro-/extended-nano-sampling
interface from living single cell [44]. A single-cell chamber and a micro-fluidic
channel were used to handle and isolate single cells by micro-fluidic control. The
nano-channel worked as a femtoliter pipette for sampling. The major technical
challenge was to connect the single cell with the extended-nano-pipette, and a
micro-/extended-nano-sampling interface was developed utilizing lipid fusion
(Fig. 8.5). With these technical advancements, they demonstrated fL level sampling
of the cytoplasm of a living single human aortic endothelial cell (HAEC).

8.4.2 Separation of Sample

Miniaturization of liquid chromatography separation columns is a key trend in
chemical and biochemical areas, particularly in single-cell analysis. This separation
method relies on a novel analytical platform that can separate much smaller sample

Fig. 8.5 Concept of micro-/nano-sampling interface. A lipid bilayer was modified on the
nano-channel by vesicle. When the pressure was increased, the lipid bilayers on the cell and
nano-channel contact and form a new lipid bilayer after the fusion. As a result, a hole with same
size with the nano-channel is formed, and the proteins inside the single cell can be sampled by
applying pressure without leakage [44]
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volumes than cells. A basic experimental setup of extended-nano-chromatography
is shown in Fig. 8.6 [45]. In order to realize a separation mode of the sample in the
micro/nano-chip, a pressure-driven and fluid control system is required. As shown
in Fig. 8.7, pressures are applied from the top and left and right sides to fill the
sample solution in a loading channel and the mobile phase in a separation channel
(Fig. 8.7a). Then, the pressure from the right side is turned off to leak a small
volume of sample into the separation channel (Fig. 8.7b). After a time lag, the
pressure from the top side is turned off to cut off the sample in the separation
channel (Fig. 8.7c). The injected sample is detected downstream of the separation
channel (Fig. 8.7d). Based on this principle, a liquid chromatography system pro-
viding pressure-driven flow in nano-channels in a micro/nano-fluidic chip permits
highly efficient separation of molecules in attoliter-volume samples [20, 46–48].

Recently, Smirnova et al. reported step-mixing generation and reversed phase
chromatographic separation were implemented on a chip with nano-channels,
which was tested for use in amino acids analysis. As shown in Fig. 8.8, this on-chip
nano-chromatography platform completed 17 amino acids separation and analyses
in 50 s. It was the first demonstration of liquid chromatography separation of
complex mixtures on an open tubular nano-channel. Such unique characteristics of
separation in extended-nano-space can be applied for the separation of proteins and

Fig. 8.6 Overview of experimental setup for extended-nano-chromatography. Two pressure
controllers are used to push solutions of the sample and mobile phase in vials. The vials are
connected to a glass microchip, which has micro-channels for introduction and nano-channels.
Two nano-channels, the loading and separation channels, cross orthogonally at the center of the
microchip [45]
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Fig. 8.7 Flow control of sample injection by pressure switching. a Sample is loaded from the
loading channel. Pressures from the top, left, and right sides are balanced at the intersection of
nano-channels. b Sample is injected from the loading channel to the separation channel by
switching off the pressure from the right side. c Sample is cut off by switching off the pressure
from the top side after a time lag. d Sample diffuses in the separation channel [45]

Fig. 8.8 Extended-nano-fluidic device for handling and sorting samples at aL [49]
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large molecules and for applications to biological samples, especially for living
single-cell analysis [49]. This study demonstrates that this method has the potential
for analysis of the intracellular contents, to elucidate the transmembrane transport,
and to study protein synthesis in cells.

8.4.3 Detection of Sample

Sample volumes used in single-cell research are becoming smaller and concen-
trations [50]. Therefore, ultrasmall volume sample should be precisely processed
and detected for analysis. Here, Shirai et al. reported a single-molecule ELISA
(enzyme-linked immunosorbent assay) device utilizing micro-/nano-fluidic tech-
nology. Both chemical processing [51] and detection [52] were integrated into
nano-channels, and the integration allowed precise processing and detection of a
specific single molecule (protein) for the first time.

In chemical processing part, they developed nano-fluidic immunoassay device
that has highly-efficient (near 100%) immunochemical reactions on a seconds
timescale. In this study, the technical challenge was to ensure proper antibody
patterning on the inner surface of nano-channels. They developed a chemical
method employing a photolithographic technique with VUV light with
low-temperature bonding that allows for patterning prior to bonding. They devel-
oped a chemical method employing a photolithographic technique with VUV light
and low-temperature bonding that allows for patterning prior to bonding. As shown
in Fig. 8.9, the nano-fluidic immunoassay device requires pressure-driven fluid
control to introduce and capture targeted molecules through regulation of liquid
volume and liquid exchange. In the chemical processing part, high-efficient
antigen-antibody reaction in the nano-space was developed. Extremely small
amount of analyte can be captured without loss. However, the limit of detection did
not reach to single or countable molecules region.

In detection part, Shirai et al. improved the limit of detection to single-molecule
level using combination of chemical amplification by enzymatic reaction and
ultrahigh-sensitive detection by DIC-TLM. This device allowed both the chemical
processing and detection of a specific single molecule, capabilities that are essential
for single-molecule analytical chemistry (Fig. 8.10). The experimental conditions
were designed for enabling single analyte molecule detection including optimal
channel size for DIC-TLM detection and enzymatic reaction time. Then, the signal
of ELISA in the extended-nano-channel was successfully obtained. Moreover, the
developed device had the performance for the analysis of countable number of
molecules. This methodology would be applied to the analysis of ultrasmall volume
sample such as single cell and single bacteria. In addition, the antigen-antibody
reaction timescale would enable ultrafast immunoassay which has the potential to
shorten clinical assay time dramatically.
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8.4.4 Other Applications

The nano-space has drawn great attention regarding device engineering due to its
effective use of a unique property and small scale. The volume of the nano-channel
(aL-fL) is much smaller than single-cell volumes (pL), and the nano-space will be
promising for living single-cell analysis by analyzing small volumes of sample from
single cells in nano-space. However, a large size gap exists between a single cell and
the nano-channel. A basic platform is required to bridge the cell and the
nano-channel. A novel micro-fluidic platform was developed by integrating a
single-cell chamber and an extended-nano-channel (Fig. 8.11a) [53]. A single cell
was isolated and cultured for more than 12 h by pressure-driven flow control. In
addition, an electric resistance measurement method was developed to monitor the
cell viability without fluorescence labeling. This platform will provide a new method
for living single-cell analysis by utilizing the novel analytical functions of the
extended-nano-space. Additionally, the living single-cell sampling was first pro-
posed using a micro/extended-nano-sampling interface [54]. After fL sampling,
single cells were analyzed while maintaining cell viability. This method would work
as a connection for single cell and nano-space. A connection with a mass spec-
trometer (MS) is important for single-cell analysis. For this purpose, a nano-pillar

Fig. 8.9 Schematic illustrating fluidic control and the immunochemical reaction in the molecular
capture region [51]
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array was embedded in a nano-channel using two-step electron beam lithography
and dry-etching process. The basic principle of the Laplace nano-valve was verified,
and a 1.7 fL droplet was successfully generated and handled (Fig. 8.11b) [55].
Furthermore, the fL-valve made of glass and other rigid materials (such as plastic)
was developed. An fL-valve based on an analytical material deformation model was
designed and developed a valve fabrication process (Fig. 8.11c). Then, using 308
fL-valve chamber test valve open/close state, the nano-valve has a four-stepped
nano-structure fitting an arc-shape of deflected glass, confirmed its stability and
durability over 50 open/close operations, and successfully stopping/flowing an
aqueous solution under 209 fL s−1 under 100 kPa pressure in nano-channel, quick
response with *0.65 s [56]. Moreover, a valve system was developed in the
nano-space for sample injection control. They replaced the open/closed pressure
control system (Fig. 8.11d). This method can be achieved by integrating a valve in
the nano-channel [57]. In the future, nano-channels are expected to contribute to
living single-cell analysis and ultrasensitive detection with small volume. Moreover,
basic measurement methods for the nano-space including flow velocimetry would
explain the molecular behavior in the nano-channels [58, 59].

Fig. 8.10 Concept of single-molecule ELISA based on micro/nano-fluidic technology [52]
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8.5 Concluding Remarks and Future Perspectives

In the future, various biochemistry applications will be opened by utilizing the
advantages of micro/nano-channel chip platform. In this chapter, we documented
the advances in coupling micro/nano-chips for single-cell analysis in the past
decade, covering both fabrication of micro/nano-chip and their applications in
single-cell research, for example, single-cell sampling, chemical processing and
detection, while complex and precise fluidic controls are required. Artificial and
size-controlled nano-channels will be the appropriate platform for this purpose
compared with porous materials and carbon nanotube. As a preliminary research,
micro/nano-sampling interface, nano-ELISA, and nano-chromatograph were inte-
grated into nano-channel, and the basic principles were reported. These features will
provide new tools for single-cell research because the volume of single cell is
picoliter and larger than the volume of the nano-space. Therefore, concept and

Fig. 8.11 Nano-fluidic for single-cell analysis. a Living single-cell electric resistance measure-
ment method utilizing micro-/nano-fluidic technology [49]. b SEM and AFM images of the
nano-valve and nano-pillar array [50]. c Schematic illustration of an nano-channel open/close
valve. Image below shows the valve chamber with the four-stepped nano-structure, which is
connected to the nano-channels, observed by an optical profiler) [56]. d Nano-valve system in
nano-space for sample injection control [51]
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methodologies for designing tool of the chemical processes and realization of
single-cell analysis devices will also be important subjects. By using these new
methods and combining with micro-chemical processes, new bioanalytical tools
will be possible which are difficult by conventional microtechnologies.
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Chapter 9
Microfluidic Chip-Based Live
Single-Cell Probes

Sifeng Mao and Jin-Ming Lin

Abstract Single-cell analysis provides critical information to understand key
disease processes and disease diagnosis. However, nearly all of the current methods
carry out single-cell analysis in suspension, which not only destroy extracellular
context but also may perturb the intracellular metabolites. It is essential to develop
new methods to meet the requirements of understanding individual cell behaviors
and their relations in adherent tissue culture. Advances in single-cell methodologies
have highlighted the single-cell biology and are opening new vistas for scientists to
explore. How to realize precise operation of single cells and subcellular molecule
infusion is a critical question that researchers face. And, as the technologies to study
single cells expand, sophisticated analytical tools are required to make sense of
various behaviors and components of single cells as well as their relations in
adherent tissue culture. Microfluidic chip has been proved an outstanding approach
for single-cell analysis. Recently, the developments of single-cell probes open up
new avenues to operate open microfluidics to perform single-cell extraction,
single-cell mass spectrometric analysis, single-cell adhesion analysis, and subcel-
lular operations.

Keywords Microfluidics � Single-cell analysis � Cell adhesion � Subcellular
operations � Subcellular molecular infusion � Cell-cell adhesion � Metastasis �
Single-cell mass spectrometry

9.1 Introduction

As the basic unit of life, cell has been widely studied for biological behaviors, drug
metabolism, and nerve conduction. Samples were usually prepared from a large
number of cells in certain condition in order to get sufficient amounts of molecules

S. Mao � J.-M. Lin (&)
Department of Chemistry, Tsinghua University,
Beijing 100084, People’s Republic of China
e-mail: jmlin@mail.tsinghua.edu.cn

© Springer Nature Singapore Pte Ltd. 2019
J.-M. Lin (ed.), Microfluidics for Single-Cell Analysis,
Integrated Analytical Systems, https://doi.org/10.1007/978-981-32-9729-6_9

217

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9729-6_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9729-6_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9729-6_9&amp;domain=pdf
mailto:jmlin@mail.tsinghua.edu.cn
https://doi.org/10.1007/978-981-32-9729-6_9


to meet the sensitivity of different methodologies in traditional methods for bio-
chemical analyses [1, 2]. Those results were “average” ones. However, we fre-
quently found that the behaviors of isogenic cells were not identical even in the
same culture dish [3, 4]. The “averaged” results should be insufficient and some-
times incorrect when under consideration of individual cell behaviors.

Single-cell analysis provides critical information to enhance the understanding
toward cell behaviors and mechanism of cell metabolism [5, 6]. A large number of
methods on single-cell array [7, 8], single-cell droplet [9–11] were combined with
fluorescence analysis [12, 13], electrophoresis [14], and mass spectrometry [15, 16].
Unfortunately, most of the current methods carried out single-cell measurement in
suspension, which not only destroyed extracellular context but also may perturb the
intracellular metabolites. Thus, a new approach to obtain multiple information in a
cell in adherent culture, and ideally clarify the connections between information and
phenotype for a particular cell while knowing its external context, is desirable.
Nowadays, more and more scientists are jumping into single-cell analysis [17].

It is well known that cell adhesions are crucial for the assembly of individual
cells of identical type and cells of different types into three-dimensional tissue [18,
19]. This phenomenon, as one of the most important characteristics, is related to cell
spreading area, cell size, cell activity, and intercellular metabolites [20–22].
Nowadays, there are many methods for cell adhesion measurement, including
protein staining [23], isotope-labeling [24], fluorescein labeling [25, 26], and
intracellular enzyme release assay [27, 28]. They characterized the cell adherence
ability by counting cell number. However, the results belonged to statistical results
that cannot represent the cell adherence ability of a particular single cell. Thus, it is
a vital issue to measure single-cell adherence ability and connect it to cell viability.

Cell theory is a cornerstone of biology, where cell functions as the basic unit of
life [29–31]. Cell biology promotes us well dissecting life’s mysteries and provides
insights into some of the most fundamental processes in biology [32–34]. In human
body, most types of cells are adherent cells that are closely networked with the
matrix [35–37]. The cell matrix and microenvironment are very important to cell
behavior in both in vivo and in vitro cell researches [38–40]. Tissues were jointly
constructed by cells and matrix [21, 41]. Usually, adherent cells in suspension will
function different from that in adherent state [42, 43]. In prediction, different bio-
materials and modified substrates as matrix will affect cell functions and cell
behaviors [1, 44, 45], such as metabolism, migration, proliferation, and apoptosis.

Much effort has been made on the development of biomaterials to reconstitute
cell matrix and cell microenvironment precisely in vitro [46, 47]. Advances in
biomaterials have contributed much to in vitro tissue construction and cell behavior
studies [48, 49]. When they are utilized in cell studies, the biocompatibility and the
interaction of the biomaterials with cultured cells are the most important charac-
terizations [23]. Biocompatibilities of different biomaterials were studied by mea-
surement of cell viability and cell morphology with current methods [50–52]. Those
approaches concern about the status of cells themselves, but they are incapable for
evaluating the influence of biomaterials on the interaction between adhered cells
and matrix. In the previous researches, cells with good viability and large spreading

218 S. Mao and J.-M. Lin



area did not always hold strong interaction with the matrix [53, 54]. Thus, the
development of new biotechnologies for precisely evaluating the interaction
between cells and biomaterials is still a vital issue.

Among different methods for cell researches, single-cell analysis has become the
outstanding one [55–57]. Single-cell researches focus on cell-to-cell interaction [58,
59], single-cell metabolism [60, 61], whole-genome sequencing analysis [62] from
single cells and cell-cycle dynamics of single cells [63]. More and more scientists
have jumped and are jumping into single-cell analysis and development of bio-
materials for single-cell analysis. Collection of single cell from tissue samples while
keeping their viability becomes an essential issue. Moreover, evaluating the func-
tions of new biomaterials for cell adherence and cell activities is essential for
scientists in materials science. Thus, a new methodology to meet those require-
ments in single-cell biology and materials science is required.

Essential cellular processes such as survival, spreading, migration, proliferation,
and differentiation were closely related to cell adhesion [64]. Cell adhesion is of
prime importance on cell biology and medicine and plays a key role in several
biological processes such as tumor metastasis [65, 66], stem-cell fate [67], and cell
death [68]. Deviant adhesion behaviors usually lead to diseases including cancer
[40], atherosclerosis [69], and arthritis [70]. Deeper insight into cell adhesion is
helpful to solve those physiological problems. Cell-to-cell adhesions play an
important role in the processes including tumor metastasis, tissue regeneration, and
immune response [5].

In tumor metastasis, CTCs have been demonstrated one of the key roles that
account for the majority of cancer-associated deaths, though the complex process
remains the least aspect of cancer biology [71]. CTCs mutating from normal cells or
arising from primary tumor invade into the vasculature of adjacent normal tissues.
The intravasation supplies an avenue for CTCs to travel to distant positions, where
they seed new tumors [72]. In this process, most of the CTCs rapidly cleared, while
few of them would be physically trapped to the vascular internal wall for only
seconds or minutes after their initial entry to the vasculature [73]. Adherent CTCs
are capable for maneuvering through the capillary-sized vessels to a new site where
a single CTC acts as a seed for new tumors. The conventional therapies focus more
on induction of cancer cell apoptosis and interdiction cancer cell proliferation. In
principle, blocking cell adherence to vessels will be a new tumor therapy stagey.

Benefit from technical advances in the isolation of CTCs from blood of cancer
patients, single-cell analysis has been extensively studied in recent years [74, 75].
Detections of CTCs allow precancerous diagnosis, and apoptosis analysis in vitro
can be utilized to profile genetic mutations and drug sensitivities [76, 77]. Deeper
understandings on metastasis indicated that CTC adhesion is essential in tumor
metastasis [78]. In particular, a better comprehension of the adhesion between
cancer cells and endothelial cells will contribute to understand how the cancer cells
leave the original tumor, adhere to vascular internal wall, and invade tissue from
vessels [79]. Till now, rare methods work on adhesion analysis of single CTC,
though there are many methods for adhesion measurement of cell population,
including cell counting [80, 81] and quartz crystal microbalance (QCM) sensor [82]
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that only revealed statistical properties. Based on AFM [83] and micropipette [84],
some methods performed well on this issue, but they caused severe damage to the
cellular functions or even kill the cells. It is vital to develop a gentle approach for
adhesion strength analysis of natural cell at single-cell resolution which contributes
to the understanding of tumor metastasis.

Complex organisms are built from one, then two, then four seemingly identical
cells of an embryo [10, 54]. Research on the diversity of cell type and activity is
confirmed much greater than conventional studies on populations of cells [8, 85,
86]. Single-cell biology has attracted more and more attention in recent years.
Advances in new tools allow biologists to explore the characteristics of an indi-
vidual cell. Single-cell biology promotes scientists to dissect life’s mysteries, one
cell at a time [87].

Scientists have made massive efforts on new approaches for single-cell analysis
[47], including optical tweezers [88, 89], microfluidic chip [74], dual capillary
probe [90], and microfluidic probe [91]. The developments on technologies have
greatly promoted single-cell researches, such as single-cell metabolism [69–71],
whole-genome sequencing analysis [92, 93] from single cells, and cell-cycle
dynamics of single cells [63]. In fact, the cell itself is not homogeneous; more
efforts should be made for developing new tools for subcellular studies to under-
stand the regional difference of a single cell. Additionally, operation on portion of a
cell is vital in unfolding cell wound repair, signal transduction, and molecule
transfer in cell.

New methods have been developed for sampling cellular contents, such as
microsampling methods [94–96] and Fluidic Force Microscopy [97–99]. The
requirements in those technologies of inserting operation into the cell were harmful
to live cell. Physical operations of tissues and cells by knife or needle suffered from
low spatial resolution. Nowadays, microdissection [100] has become the best
choice for tissue and cell separation with high resolution. However, it is still dif-
ficult to operate portion of a cell, because its resolution is not high enough.
Developed by Whitesides group, laminar flow in microfluidic chip [101, 102] was
demonstrated a powerful tool for subcellular positioning and microenvironment
controlling. Yet, the reported laminar flow in microchannels was not convenient to
treat different cell or a cell in the tissue, which seriously limited its applications.
Recently, microfluidic probe [103, 104] and chemical pen [105–107] have been
reported as promising approaches for fluid and laminar flow control in open space.
Precise operation and treatment of portions of a cell in situ are still of vital
importance for subcellular studies.

9.2 Live Single-Cell Extractor (LSCE)

A live single-cell extractor (LSCE) was described in this section for extracting
single cell in adherent tissue culture for understanding cell heterogeneity and the
connections of various single-cell behaviors [54]. U87-MG cells (U87) and human
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hepatoma (HepG2) cells cultured in dish were locally extracted by the LSCE in
non-touch mode. The morphology and stained metabolites of individual cells were
recorded simultaneously. The connections between cell adhesion strength and cell
morphologies were studied. The correlation between cell adhesion strength and
intracellular metabolites was also uncovered.

9.2.1 Principle and Design

The design of the LSCE is detailed in Fig. 9.1a. In experimental process, a petri
dish with cell samples was placed on the XY stage of an inverted microscope
(Fig. 9.1a). The tip of the LSCE was placed perpendicular to the sample surface,
while both were immersed in the surrounding medium (Fig. 9.1b). The “gap” was
defined as the clearance between the LSCE tip and sample surface. When the ratio
between aspiration and injection flow rates is sufficiently high, a stable microjet of
injected liquid will form underneath the tip of LSCE (Fig. 9.1b). In later experi-
ments, trypsin solution was used as the injection for digesting adherent cultured
cells. The cell adhesion molecules (CAMs) connecting the adhered cell and
extracellular matrix will be digested by trypsin molecules in the microjet.

9.2.2 Numeric Simulation

To comprehensively understand the microjet existing between the LSCE and the
substrate, a simulation was carried out using the Comsol Multiphysics software

Fig. 9.1 Microfluidic chip-based live single-cell extractor (LSCE). a Illustration of LSCE and
single-cell extraction system. b Illustration of microjet applying on live single cell. c Live
single-cell detaching process. Mao et al. [54]. Copyright 2018. Reproduced with permission of
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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simulation program. Navier–Stoke equations and convection–diffusion equation
were used in the simulation. The gap was set as 50 lm, injection flow rate was set
as 2 lL min−1, and they were kept constant in all simulations and experiments.
Geometry of the LSCE in computer simulation was identical to that in the exper-
iment. The flow ratio between aspiration and injection flow rates was initially set as
5. Fluorescein solution with a concentration of 1 lg mL−1 (equals to 3 lM) as a
diffusive species indicated the microjet region. The diffusion coefficient of
fluorescein is 500 lm2 s−1 [103]. Figure 9.2a shows the bottom view of stream-
lines. Negative pressure relative to atmospheric pressure existed between the two
apertures at the substrate (Fig. 9.2b). Along the positive direction of z-axis, pressure
increased underneath the outlet of the injection channel and decreased underneath
the inlet of the aspiration channel. Shear stress at the substrate surface is shown in
Fig. 9.2c and reached a maximum (1.27 Pa) at the inner edge of the aspiration
aperture. Such low shear stress was friendly for use in conjunction with live cells
and tissues. The concentration distributions of fluorescein at the plane of symmetry
(Fig. 9.2d) and at the substrate pane (Fig. 9.2e) were simultaneously obtained. The
concentration gradients resulted from diffusion were observed. Points with con-
centrations higher than 10% of the original diffusive species concentration were
defined as the boundary of the efficient microjet (Fig. 9.2e). The boundary (red
boundary in Fig. 9.2e) was observed when considering 10% of the original con-
centration of diffusive species as a boundary. Inside it, the diffusive species con-
centration was higher than 10% of its original concentration. The length and width
of the red boundary at the substrate were defined and calculated (Fig. 9.2e).

In the experiments, boundaries of microjet were confirmed by using a solution
containing fluorescein as injected solution. And, the leakage from the microjet was
evaluated. A microjet with stable boundaries was obtained when the aspiration flow
rate of 10 lL min−1 was first applied (Fig. 9.2f). The fraction of integrated
fluorescent intensity in the area besides microjet was calculated to evaluate the
leakage. Different flow ratios were applied both in simulations and in experiments.
The leakage from the microjet is at most 0.1% and even less under high aspiration
flow rates. With the increase of flow ratio, the microjet shrunk gradually. The
experimental results were consistent with the analytical results data (Fig. 9.2g, h).
When flow ratio increased from 2.5 to 10, the length of microjet could be ranged
from 260 to 130 lm (Fig. 9.2g). Meanwhile, the width of the microjet could be
ranged from 220 to 80 lm (Fig. 9.2h). The dimensions of cells (U87 cells as an
example) in adherent culture could reach to 100 lm; thus, their dimensions were
comparable to the dimensions of a cell. The gap of 50 lm was optimized. Both the
trypsin concentration in microjet and the size of microjet decreased, and larger
diffusion region was observed with the gap increased. The trypsin concentration
was close to the initial one, and the boundary of the microjet was clear. As too small
gap would sometimes cause physical damage to cell when moving the sample
substrate, gap of 50 lm was an appropriate condition for cell extraction.
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9.2.3 Analysis of Cell Heterogeneity

An XYZ stage was functioned as a positioner to adjust the position of the petri dish
to make a specified single cell right at the clearance between the two apertures
(Fig. 9.3a). At the same time, the extraction of a single cell started. CAMs located
on the cell surface [24] involved in binding with other cells or with the extracellular
matrix (ECM). They were digested by trypsin. The live single cell was gradually
detached from the bottom of petri dish (Fig. 9.3b) under the effect of negative
pressure (Fig. 9.2b). The selected cell was successfully extracted and aspirated into
the right aperture at time passed 4.5 min (Fig. 9.3c). The LSCE was demonstrated
to be capable of local live single-cell extraction. The temperature was kept at 30 °C
during all the experiments. The U87 cell would be extracted within ten to several
ten seconds when temperature was controlled at 37 °C. It would be difficult to
reveal cell heterogeneity in the latter case. In the case of samples with high cell

Fig. 9.2 Microjet underneath the LSCE. a Flow streamline fields. b Pressure near the substrate.
c Calculated shear stress at the substrate surface. d Concentration distributions of diffusive species
at the plane of symmetry. e Concentration distributions of diffusive species at the substrate.
f Fluorescent image of microjet underneath the LSCE in the experimental results. g Length of
microjet for varying flow ratio in experimental results and analytical results. h Width of microjet
for varying flow ratio in experimental results and analytical results. Mao et al. [54]. Copyright
2018. Reproduced with permission of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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density, cells still could be extracted on by one as different cells required different
treating time. The extracting time for U87 cell could be shortened below 30 s
through increasing trypsin concentration and optimizing temperature. If the cell
samples were treated with trypsin with 20 s, we U87 cells could be extracted one by
one in 5 s. This means the tool has potential of high-throughput analysis. When
short extracting time was benefit to high-throughput analysis, long extracting time
would be benefit to the cell heterogeneity.

There were several approaches for cell adhesion measurement [22, 24, 25, 108],
but rare of them were capable for the measurement at single-cell resolution and the
distinction of the individual differences between different cells. Single cells at
different positions in the petri dish were extracted one by one (Fig. 9.3d), and the
required time for extraction was recorded at the same time. The area, Feret’s
diameter, and perimeter of each single cell were analyzed using Image-Pro plus
software (Media Cybernetics Inc., Bethesda, MD, USA). Pearson correlation
coefficient (PCC) was calculated using IBM SPSS Statistics software 22.0 (SPSS
Inc., Chicago, IL, USA). The results showed that a high PCC (0.896) revealed that
the cell adhesion strength of each single U87 cell was closely relative to its area
(Fig. 9.3e) at single-cell resolution. Also, the cell adhesion strength of each single
U87 cell was relative to its Feret’s diameter (Fig. 9.3f, PCC = 0.656) and perimeter
(Fig. 9.3g, PCC = 0.652). The cell adhesion strength of particular cell was directly
proportional to its area, Feret’s diameter, and perimeter at single-cell resolution.

Fig. 9.3 In situ scatheless live single-cell detachment and connections between cell adhesion
strength and cell morphology. The bright-field images during the cell extraction with different
treating time—a 0 min, b 4 min, and c 4.5 min. d Localized extraction of particular single cells.
Required time for extraction of each U87 cell relative to it, e area, f Feret’s diameter, and
g perimeter, and required time for extraction of each HepG2 cell relative to it’s, h area, i Feret’s
diameter, and j Perimeter. Mao et al. [54]. Copyright 2018. Reproduced with permission of
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Moreover, the connection between cell adhesion strength of HepG2 cells and
their morphologies was also investigated under the same experimental conditions as
for U87. The results indicated that the required time of each single cell was dif-
ferent. The area, Feret’s diameter, and perimeter of each single cell were related to
its extraction time. The cell adhesion strength of each U87 cell showed positive
correlations with cell area (Fig. 9.3h, PCC = 0.871), Feret’s diameter (Fig. 9.3i,
PCC = 0.723), and perimeter (Fig. 9.3j, PCC = 0.745). Similarly, cell adhesion
strength of each single HepG2 cell was closely related to its area, Feret’s diameter,
and perimeter. The cell differences on morphology as well as the connections
between cell adhesion strength and cell morphology at single-cell resolution were
demonstrated.

9.2.4 Correlation Between Adhesion Strength and Viability
at Single-Cell Resolution

Cells themselves not only have individual cell morphologies, but also have indi-
vidual intracellular contents, such as metabolites and organelles. The differences
have been reported through several approaches [109, 110]. Yet, correlations
between multiple parameters are still vital issues. Adherent cultured cells were
co-stained by 2,3-Naphthalenedicarboxaldehyde (NDA, 10 lM), Dihydroethium
(DHE, 25 lM, Sigma), MitoTracker Red (1 lM), and HOE (1 lM) in phosphate
buffer (PBS, 0.01 M, pH 7.4) to represent reduced glutathione (GSH), oxidized
glutathione (GSSG), mitochondrion, and state of nucleus in cells, respectively. The
normalized fluorescent intensity (NFI) with a high value corresponds to a high
amount of stained target intracellular content. U87 cells in adherent tissue culture
stained by NDA and DHE are shown in Fig. 9.4a. Different cells were remarked
with a Cell No under the observation by confocal microscope. The numbered cell
was then extracted by the LSCE to measure the cell adhesion strength. Thus, the
cell adhesion strength of an individual cell was conveniently related to the amount
of different intracellular contents.

The cell adhesion strength of each U87 cell showed good positive correlations
with the NFI of NDA (Fig. 9.4b, PCC = 0.928), which represented the content of
GSH, and had negative correlations with the NFI of DHE (Fig. 9.4c,
PCC = −0.916) which represented the contents of GSSG in cell. U87 cells in
adherent tissue culture co-stained by MitoTracker Red and HOE are shown in
Fig. 9.4d. The cell adhesion strength of each U87 cell showed good positive cor-
relations with the NFI of MitoTracker (Fig. 9.4e, PCC = 0.964) which represented
the content of mitochondrion in cell. Otherwise, the cell adhesion strength of each
U87 cell had low negative correlation with the NFI of HOE which represented the
content of nucleus in cell (Fig. 9.4f, PCC = −0.768).
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Co-stained HepG2 cells with NDA and DHE in the same manner are shown in
Fig. 9.5a. The co-stained HepG2 cells with MitoTracker Red and HOE are shown
in Fig. 9.5b. The adhesion strength of HepG2 revealed positive correlations with
amount of GSH (Fig. 9.5c, PCC = 0.806) and mitochondrion (Fig. 9.5d,
PCC = 0.824). Additionally, it revealed negative correlations with amount of
GSSG (Fig. 9.5e, PCC = −0.738) and state of nucleus (Fig. 9.5f, PCC = −0.862)
at single-cell resolution. Those results suggested that a particular cell with high
adhesion strength usually possessed high cell viability. Moreover, the cell with high
viability might have a high amount of GSH, ATP (corresponding to amount of
mitochondrion) and a low amount of GSSG. The LSCE was demonstrated to be
capable for uncovering the correlations between the cell adhesion strength and its
multiple intracellular content levels at single-cell resolution. Single-cell studies will
continue to illuminate the inner life of the cell itself. Thus, the presented
methodology will contribute to tissue research at single-cell resolution.

Fig. 9.4 Cell heterogeneity analysis and the connections between cell adhesion strength and its
viability in individual U87 cells at single-cell resolution. a A merged fluorescent image of U87
cells stained by NDA (in green) and DHE (in red). b A merged fluorescent image of U87 cell
stained by MitoTracker (in red) and HOE (in blue). Required time for extraction of each U87 cell
relative to the NFI of c NDA, d MitoTracker, e DHE, and f HOE. Mao et al. [54]. Copyright 2018.
Reproduced with permission of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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9.3 Measurement of Cell-Matrix Adhesion at Single-Cell
Resolution

In this section, a novel strategy was described for measuring cell-matrix adhesion at
single-cell resolution and for precisely evaluating of functions of biomaterials for
adherent cell culture [111]. Different biomaterials were prepared using chemical
modifications or physical modifications. The method was applied for measurement
of cell-matrix adhesion and evaluation of biomaterials on their compatibilities. The
effects of those biomaterial susbstrates on the cells cultured on them were uncov-
ered at single-cell resolution.

Fig. 9.5 Cell heterogeneity analysis and the connections between cell adhesion strength and cell
viability in individual HepG2 cells at single-cell resolution. a A merged fluorescent image of
HepG2 cells stained by NDA (in green) and DHE (in red). b A merged fluorescent image of
HepG2 cell stained by MitoTracker (in red) and HOE (in blue). Required time for extraction of
each HepG2 cell relative to the NFI of c NDA, dMitoTracker, e DHE, and f HOE. Mao et al. [54].
Copyright 2018. Reproduced with permission of Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim
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9.3.1 Operation System and Flow Confinement

The operation system contained the LSCE, pump system, temperature controller,
position holder, and the microscope (Fig. 9.6a). The designed LSCE consists of a
channel for trypsin solution injection and another channel for solution aspiration
(Fig. 9.6b). The bottom end of the pen was placed parallel to the sample surface
while both were immersed in solution. The sample was placed on a hotplate to
preserve a steady temperature (37 °C as an example), while the temperature was
controlled by a temperature controller (Pecon, Wetzlar, Germany). Simultaneous
aspiration flow and injection flow of trypsin solution were controlled by syringe
pumps. The tip part contains two parallel microchannels used to create a stable zone
of trypsin solution by hydrodynamic confinement for single-cell extraction to
measure cell-matrix adhesion. A clearance existed between the bottom end of the
pen and the sample surface, which was defined as “gap.” An XYZ stage was utilized
as a LSCE holder for adjusting the gap. Convection would be fast enough to
prevent diffusion of molecules of interest out of the region when the gap was
sufficiently small and the aspiration flow rate (QA) is sufficiently larger than the
injection flow rate (QI). This was demonstrated in the experiment using fluorescein
solution (1 lg mL−1) (Fig. 9.6c; where QI = 10 lL/min, QA = 50 lL/min, gap =
50 lm). Leakage from the working region was investigated by using a solution
containing 0.25% trypsin and 0.02% EDTA, as well as 1 lg/ml fluorescein for
visualization. The leakage was evaluated by calculating ratio between the

Fig. 9.6 Single cell-matrix adhesion measurement for precise evaluating functions of biomate-
rials. a The operation system for cell adhesion measurement. b LSCE device for single-cell
extraction. c The zone of fluorescein solution at the surface underneath the LSCE. d A photograph
of the device filled with red dye. e Mechanism of cell-matrix adhesion. f The process of cell
detachment and dominant impact factors. Mao et al. [111]. Copyright 2018. Reproduced with
permission of American Chemical Society
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fluorescent intensity in microjet and that in surrounding area. The leakage was
evaluated under different gaps and aspiration flow rates. The upper bound of the
region depended on the diffusivity of the molecule transported. In convenience, the
zone size was adjusted to be slightly larger than the size of the cell (10–60 lm here)
to allow extraction of only a single cell underneath the LSCE tip. The LSCE device
filled with a red dye is shown in Fig. 9.6d.

Cells were usually cultured on biomaterials in cell researches in vitro.
Cell-matrix adhesion will significantly affect the behaviors of cells, such as cell
spreading, migration, division, metabolism, and interactions with other cells. In
some cases, cell adhesion is fundamental to cell behaviors. Cell adhesion molecules
(CAMs) on cell surface bound to various components of ECM after cells were
loaded on biomaterials (Fig. 9.6e). Confinement of the trypsin solution to a zone
ensures that neighboring cells are not disturbed, when allowing the target cell’s
capture back into the device (Fig. 9.6b). Trypsin digests the CAMs between cell
and matrix gradually (Fig. 9.6f) [112]. Flow stream pushes the cell right at the same
time, and the subatmospheric pressure near the aspiration aperture pulls the cell.
The time for achieving cell detachment represents the cell-matrix adhesion strength.

9.3.2 Biomaterials Preparation and Adherent Cell Culture
on Biomaterials

Glass slides were modified with hydroxyl group (OH) by immersing the glass into
piranha solution for 1 h. OTS-Toluene (1% v/v, J&K, China) and APTES-Toluene
(1%, v/v, J&K, China) were, respectively, poured onto the OH-modified glass and
then shook incessantly for 1 h to convert OH to amino group (NH2) and alkyl group
(C18). The OH-modified glass slides were immersed into 0.01% PLL (Sigma,
USA) solution and 250 lg/mL FN solution (Invitrogen, USA), incubated for 1 h to
prompt the adsorption of biomolecules to the glass, then washed with PBS for 3
times, and utilized immediately. All biomaterials surfaces were analyzed by X-ray
photoelectron spectroscopy (XPS, PHI Quantera II, Ulvac-Phi Inc., Japan) and
Atomic force microscope (AFM, Dimension, Bruker, German) before and after
modifications.

Cells might lose some essential functions without appropriate cell matrix [40],
which necessitates the search for proper biomaterials that are suitable for cell
culture, especially for cell adhesion. For this aim, reliable methodologies should be
established for sufficiently revealing the functions of biomaterials for cell adhesion.
Various biomaterials were prepared by chemical and physical modifications,
including piranha solution (caution: piranha is corrosive and must be handled with
care)-treated glass slice (OH-glass) as the substrate. (3-Aminopropyl)
triethoxysilane-coated glass slice (APTES-glass), octadecyltrichlorosilane-coated
glass slice (OTS-glass), poly (L-polylysine)-coated glass slice (PLL-glass), and
fibronectin-coated glass slice (FN-glass) were prepared for cell culture (Fig. 9.7a).
Cell-matrix adhesion measurements on those biomaterials were implemented to
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evaluate the functions of those biomaterials for cell culture. XPS analysis was
utilized to investigate the surficial structure on various biomaterials and to
demonstrate the successful modification. Compared to the XPS analysis of
OH-glass, an obvious increase of the core level of C 1 s belonging to carbon
appeared on the OTS-glass (Fig. 9.7b), so that the successful immobilization of
OTS was confirmed. After the OH-glass was treated by APTES solution, a
remarkable N 1 s belonging to nitrogen in XPS analysis indicated the successful
immobilization of APTES (Fig. 9.7c). In the same manner, the successful modifi-
cations of PLL (Fig. 9.7d) and FN (Fig. 9.7e) were demonstrated, respectively.

U87 cells were purchased from Cancer Institute & Hospital of the Chinese
Academy of Medical Science (Beijing, China). Cells were cultured in a humidified
atmosphere of 95% air and 5% CO2 at 37 °C. U87 cells were maintained in minimal
essential medium (MEM, Corning, USA) with Earle’s Salts and L-glutamine sup-
plemented with 10% fetal bovine serum (FBS, Corning, USA), nonessential amino
acids, 100 units/mL penicillin, and 100 units/mL streptomycin. Cells were main-
tained in petri dishes for 2–3 days prior to commencing the experiments. All the
experiments were carried out when the cells were in the exponential growth phase.
Cells were detached from the petri dishes with 0.25% trypsin, resuspended in cell
culture medium, and seed onto various biomaterials at a final density of
*1 � 104 cells/cm2. Cells were maintained on the biomaterials for at least 6 h for
cell adherence prior to cell-matrix adhesion measurement experiments.

9.3.3 Cell-Matrix Adhesion Measurement at Single-Cell
Resolution

U87 cells with an appropriate cell density (about 1 � 104 cell/cm2) were cultured
on the various biomaterials (APTES-glass for example). The sample was placed

Fig. 9.7 Biomaterials preparation and characterizations. a Biomaterials preparation and scheme
for cell-matrix adhesion. XPS analysis for b OTS, c APTES, d PLL, e FN-coated glass from
OH-glass. Mao et al. [111]. Copyright 2018. Reproduced with permission of American Chemical
Society
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underneath the LSCE after cell adhered on the biomaterials. Both the sample and
LSCE were immersed in cell culture medium. By adjusting the XYZ stage, the gap
was adjusted to be 50 lm. The injection flow rate of trypsin flow and aspiration
flow rate were set as 10 and 50 lL/min, respectively. The cell sample was adjusted
to make a target single cell right at the clearance between the two apertures using
the XY stage on the microscope (Fig. 9.8a, part i). The measurement of cell-matrix
adhesion started immediately. Working temperature was kept at 37 °C using the
heating plate on the microscope in all the experiments. ECM and CAMs that
located on cell surface were digested from the cell edge (Fig. 9.6b). As a result, cell
gradually left the substrate and shrank simultaneously (Fig. 9.8a, part ii). Portions
of the cell folded over the remaining part toward the flow direction as time passed
(Fig. 9.8a, part iii). Finally, the cell-matrix adhesion was completely overcome and
the whole cell left away from the substrate and was drawn back into the right
aperture (Fig. 9.8a, part iv). The strength of the cell-matrix adhesion between this
single cell and substrate was represented by the extracting time for the whole
process. By repeating the process, the cell-matrix adhesion at different points was
measured by extracting single cells one by one. As a result, the cell-matrix adhesion
at single-cell resolution was clarified.

In further studies, flow shear stress also has remarkable influences on the
extracting time (Fig. 9.8b). The extracting time revealed significant decreases
(P-value below 0.05) when the injection flow rate increased from 4 to 8 lL/min

Fig. 9.8 Cell-matrix adhesion measurement for evaluating of biomaterials. a Cell-matrix adhesion
measurement by extracting single-cell from the biomaterials surface. b The influence of flow rates
on extracting time. *P < 0.05, **P > 0.05, one-sided Student’s t-test. c Distributions of single
cells spreading area on various biomaterials. d Distribution of extracting time for single cells on
various biomaterials. Mao et al. [111]. Copyright 2018. Reproduced with permission of American
Chemical Society
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(P = 0.023) and then to 10 lL/min (P = 0.001), while no significance was found
when the injection flow rate increased from 10 to 15 lL/min (P = 0.254). The
optimized conditions of QI = 10 lL/min, QA = 50 lL/min were used to measure
the cell-matrix adhesion strength between adherent U87 cells and various bioma-
terials. Aim to distinguish the differences between different cells, excessive
decrease on extracting time does not benefit to observe these differences. In the
future, the extracting time can be reduced by increasing the trypsin concentration to
meet the requirements of high-throughput assay.

The cell spreading was reported a vital factor to evaluate the functions of bio-
materials and their biocompatibilities [113]. Cell spreading areas on four of the five
kinds of biomaterials showed little difference, while those on APTES-glass
appeared significantly larger (Fig. 9.8c). Those results may indicate that APTES-
glass owned the highest biocompatibility while the other four held comparable
biocompatibilities. According to the cell spreading area, the order of compatibilities
of various biomaterials was displayed as follows: APTES-glass > FN-glass >
OH-glass OTS-glass > PLL-glass (Fig. 9.8c). The cell spreading area on various
biomaterials excepted APTES-glass showed slight difference. Surprisingly, the
order was not consistent with reported compatibilities of those biomaterials
[114–116]. Thus, it was difficult to determine which kind of biomaterial was better
for adherent cell culture. In such case, the conventional methods became powerless
to distinguish those biomaterials, and the results became insufficient and inaccurate.

By using the LSCE device to measure the cell-matrix adhesion, the results
(Fig. 9.8d) showed that PLL-glass and FN-coated glass slice owned the best bio-
compatibility for adherent cell culture following by the APTES-glass. Those results
were consistent with reported findings [114–116]. OH-glass slice and OTS-glass
slice showed weak biocompatibilities (Fig. 9.8d). The LSCE in the section showed
a more precise and reliable evaluation of biomaterials for adherent cell culture.
Influences of biomaterials on cell heterogeneity were also a dominant parameter to
evaluate their functions for cell researches. The coefficient of variation (CV) of
extracting time was calculated to reveal the cell heterogeneity of cell-matrix
adhesion. From the results, OTS modification weakened the heterogeneity while
APTES, PLL, and FN modifications enhanced the heterogeneity comparing to the
initial OH-glass (Fig. 9.8d). The ascending order of cell heterogeneity of
cell-matrix adhesion was displayed as follows: FN-glass (CV = 0.82) > PLL-glass
(CV = 0.70) > APTES-glass (CV = 0.64) > OH-glass (CV = 0.51) > OTS-glass
(CV = 0.45). Although there are several approaches for cell adhesion measurement,
none of them enabled the measurement at single-cell resolution and the estimation
of the individual differences between different single cells. The LSCE described in
this section was capable of uncovering not only the compatibility of the biomate-
rials, but also the influences of them on cell heterogeneity.
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9.4 Adhesion Analysis of Single Circulating Tumor Cell
on Base Layer of Endothelial Cells

A novel approach was described for measuring natural cell-to-cell adhesion strength
of single CTC on base layer of ECs that would contribute to uncovering the
mechanism of tumor metastasis[117]. Trypsin solution in confined zone was uti-
lized to extract single adhered CTC from EC layer. The adhesion strength of
multiple types of single CTCs as well as the drug influences on CTCs adhesion was
investigated. The results indicated that different types of CTCs maintained different
adhesion strength and very few single CTCs in each type held strong adhesion
ability to HUVEC cell layer.

9.4.1 Work Principle for Cell-Cell Adhesion Analysis

Adherence of CTC to the vascular internal wall is a key step in tumor metastasis,
(Fig. 9.9). At first, CTC suspension was loaded on EC layer in adherent culture
(Fig. 9.10a, part i) and then CTCs adhered on EC layer (Fig. 9.10a, part ii) with or
without the effect of drugs. A stable open microflow with distribution of trypsin was
used to analyze single CTC for its adhesion strength (Fig. 9.10a, part iii).
A commercially available solution containing 0.25% trypsin and 0.02% EDTA was
used in all experiments. Trypsin solution (if not noted specially, its concentration
was always 3 mmol/m3) was injected into the system through the upper aperture of
the left microchannel and flowed out through the lower aperture. The trypsin
renewed ceaselessly, and the products could be eliminated in time. Target cell was
always surrounded by fresh trypsin with stable concentration (Fig. 9.10a, part iii).
The temperature was controlled at 37 °C, and the pH also remained constant (pH
7.4) because of the buffering of culture medium.

The extracting time mainly depended on the adhesion strength of the target cell
under the constant conditions. Convection and diffusion were the two fundamental
modes of mass transfer. The effect of diffusion driven by concentration gradient
should be as weak as possible to control the spatial distribution of trypsin. In the
experiments, cell sample and LSCE were immersed in cell culture medium with
10% fetal bovine serum (FBS). Trypsin would be diluted by culture medium once
the trypsin solution was aspirated back to the aspiration aperture. Therefore, the
excess trypsin would be neutralized by sufficient FBS to prevent continued
digestion of cellular proteins.

Cell-to-cell adhesion was mediated by cell adhesion molecules (CAMs)
including Ig-superfamily, selectin and cadherin and integrin (Fig. 9.10b) [118].
ECM proteins were recruited to form tight connections between cells during the
process of cell adherence under the regulation of enzymes including focal adhesion
kinase. The peptide bonds formed by lysine and arginine were digested by trypsin.
Then, single cells were detached gradually from adjacent cells. The time for the
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Fig. 9.9 CTCs adherence to the vascular internal wall in tumor metastasis

Fig. 9.10 Adhesion strength analysis of single CTC on EC layer. a Co-culture of CTCs on ECs
and evaluation of drug influences of CTCs adhesion. b Adhesion strength measurement of single
CTC by the time required for extracting the cell from EC layers. Mao et al. [117]. Copyright 2018.
Reproduced with permission of Royal Society of Chemistry
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detachment represented the cell adhesion strength when the operation conditions
(trypsin concentration, flow rates, temperature, and pH) remained constant. The
recorded adhesion strength measured by the LSCE represented the dynamic cell
response during deadhesion, which was quite different from the protein analysis of
focal adhesion [119].

9.4.2 Numeric Simulation

Simulated by COMSOL Multiphysics, the dynamic characteristics of fluid around
the cell are shown in Fig. 9.11. In the model (Fig. 9.11a), the two cuboids repre-
sented the solution in both channels. The disk represented the solution between the
bottom surface of the device and the substrate in the petri dish. The trypsin solution
and surrounding medium were jointly aspirated back into the right microchannel
through its lower aperture. Cell was modeled approximately to a bell-shaped rotator
(Fig. 9.11a).

In the simulation, if not noted specially, the injection flow rate (Ri) = 10 lL/
min, aspiration flow rate (Ra) = 50 lL/min, and gap = 50 lm. The zone of trypsin
(Fig. 9.11b) was consistent with experiment results. By adjusting the gap between
the tip of channels and the substrate surface, the 3D distribution of trypsin could be
well controlled (Fig. 9.11c). The concentration of trypsin near the target cell
became lower with an increased gap (100 lm) near the target cell. The results
indicated that cells in the higher layer were covered with higher concentration of
trypsin, resulting in a shorter digestion time. Then, different flow ratios were
applied. The zone of trypsin decreased with the increase of flow ratio (Fig. 9.11d)
when the boundaries of the zone were set at 10% (or 90%) of the maximum of
trypsin concentration. Excessively low flow ratio would result in the leakage of
trypsin, while too high flow ratio made the small diffusion region fail to cover the
target cell completely. In order to confine trypsin in a small area with high con-
centration, flow ratio was further optimized.

9.4.3 Adhesion Analysis of CTCs on Cell Layer

Cells owned better adhesion ability (HUVEC cell as an example) were chosen as
base, and the substrate in cell-to-cell adhesion experiments was pretreated to
enhance the cell layer adhesion on substrate. As a result, the upper cells could be
extracted before base cells were influenced obviously. HUVEC cells acted as ECs,
and U87 cells acted as CTCs.

There were three single cells on the cell layer in the bright-field image of one
observational micro-zone (Fig. 9.12a). Aim to distinguish U87 cells from HUVEC
cells, the former ones were stained by 1,1′-dioctadecyl-3,3,3′,3′-tetra-
methylindocarbocyanine Perchlorate (Dil) with red fluorescence for visualization of

9 Microfluidic Chip-Based Live Single-Cell Probes 235



single U87 cell on HUVEC cell layer (Fig. 9.12b). No. 1 cell was confirmed as U87
cell by comparing the fluorescent image (Fig. 9.12b) with bright-field image
(Fig. 9.12a). Then, extraction of single CTC from EC layer was demonstrated
(Fig. 9.12c–f). Generally, single U87 cell would move and leave the HUVEC cell
layer gradually after the proteins were digested by trypsin. The time required for
finishing the extraction of the cell could reflect the adhesion strength of single U87
cell on HUVEC cell layer. As calculated, the translational speed of the U87 cell
under the flow environment was almost constant (0.1 lm/s), which indicated that
some single-U87 cells were only physically adsorbed on the HUVEC layer.

Fig. 9.11 A simulation of the physical quantity of the micro-zone by COMSOL Multiphysics.
a Overall model. b Concentration distribution of trypsin on the surface of substrate. c 3D
distribution of trypsin. d Zone of the trypsin on the surface of substrate under different Ra/Ri ratio.
Injection flow rate was constant (10 lL/min). e Distribution of fluid shear stress on the surface of
the cell mode. f Relationship of shear stress on the surface of the cell (maximum and minimum)
and inflow rate under the same ratio Ra/Ri. Mao et al. [117]. Copyright 2018. Reproduced with
permission of Royal Society of Chemistry
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In principle, the concentration of trypsin, the fluid drag force (depending on flow
velocity), and subatmospheric pressure jointly contributed to the extraction
(Fig. 9.10b). The extracting time raised with the increase of Ri and related Ra under
constant flow ratio (Fig. 9.13a). With the increase of flow rate, the concentration of
trypsin near the cell edge (point A and point B in Fig. 9.11b) showed no significant
change (Fig. 9.13b). On the contrary, the fluid drag force and subatmospheric
pressure that rose with flow rates shortened the extracting time. The raising fluid
drag force and subatmospheric pressure induced reduction of the extracting time
(Fig. 9.13c) when flow ratio rose from 3 to 5, because the concentration of trypsin
near cell edge showed no significance (Fig. 9.13d). Then, the extracting time
increased because of the sharp decrease of trypsin concentration when flow ratio

Fig. 9.12 U87 cells adherence on HUVEC cell layer and its extraction. a Bright-field image of
U87 cell on HUVEC layer. b Fluorescent image of U87 cell on HUVEC cell layer. Bright-field
images of the single U87 cell at different time on HUVEC cell layer c 0 s, d 100 s, e 200 s, f 300 s
in the extracting process. Mao et al. [117]. Copyright 2018. Reproduced with permission of Royal
Society of Chemistry
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move to 6 (Fig. 9.13d). When the ratio was higher than 7, the U87 cells failed to
leave the glass within 30 min because the trypsin couldn’t reach the adhesion area.
As a result, flow ratio (Ra/Ri = 5) was optimal.

9.4.4 Drug Influences on Cell-Cell Adhesion

U87 cells, Caco-2 cells, and HepG2 cells were analyzed when they were
co-cultured and adhered to HUVECs that acted as ECs. The extracting time divided
by cell contact surface area for normalization of the data represents the adhesion
strength of the cell. Cell contact surface was calculated using Image-Pro plus
software (Media Cybernetics Inc., Bethesda, MD, USA). Each type of CTCs
showed significantly different adhesion strength on HUVEC cell layer (Fig. 9.14a).
HepG2 cells appeared stronger adhesion ability, which indicated that they may be
easier to adhere on vascular internal wall. The glycoprotein on plasma may be the
dominant parameter. Yet, more effort should be made to uncover the mechanism for
this strong adhesion by cell molecule biology. However, it should be noticed that

Fig. 9.13 Adhesion strength analysis of single-U87 cells on HUVEC cell layer. a Extracting time
under different injection flow rates (Ra/Ri = 5) (n = 100). b Calculated trypsin concentration on
the cell surface (points A and B in Fig. 2b) under different injection flow rates (Ra/Ri = 5).
c Extracting time under different flow ratios Ra/Ri (n = 100). The injection flow rate was 10 lL/
min. d Calculated trypsin concentration on the cell surface (points A and B) under different flow
ratios. Mao et al. [117]. Copyright 2018. Reproduced with permission of Royal Society of
Chemistry
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those results were far from concluding that this type of CTC (HepG2 cell) was
much easier to occur tumor metastasis, because there were many other parameters.
Those results were helpful for characterizing and understanding the process of
CTCs adherence. The adhesions of single CTCs had heterogeneity, and rare cells
possessed extremely high adhesion strength in each type of CTCs.

Prevention of the CTCs adherence to vascular internal wall might be an efficient
way to prevent tumor metastasis. HUVEC cells cultured in a petri dish then formed
a cell layer. The suspension of U87 cells containing antitumor drug
(Temozolomide, TMZ) was added to the HUVEC cell layer in petri dish. After 3 h,
the medium surrounding the cells was replaced by fresh cell culture medium
without drug. Dead cells or non-adhered cells were removed. Adhesion of each U87
cell was carried out to evaluate the influence of TMZ and reveal its role in cancer
therapy. The results indicated that TMZ significantly weakened the adhesions of
single-U87 cells on HUVEC cell layer, and the adhesion strength further decreases
with the increasing concentration of TMZ (Fig. 9.14b). TMZ led to apoptosis of
tumor cells and would damage DNA, resulting in abnormal protein secretion. Thus,
the adhesion was weakened. The results suggested that TMZ was effective not only
for chemotherapy but also for preventing tumor metastasis. As adhesion of CTCs in
blood vessels is a complex phenomenon, more factors should be considered in the
future, such as influence of fluid shear stress and participation of immunocyte. This
method offered a novel perspective to study single CTC adhesion and supply a
potential avenue for evaluation and screening of antitumor drug. In the future, this
tool was expected to be a new avenue for adhesion behaviors analysis of CTCs and
provided new insights into prevention of tumor metastasis.

Fig. 9.14 Adhesion strength analysis of single CTC on EC layer. a Adhesion strength analysis of
different types of CTCs on EC layer (n = 100 for each type of CTC). b Drug influence (TMZ) on
adhesion strength of U87 cells on HUVEC cell layer (n = 100 for each group). Two-tailed
Student’s t-test was performed in A and B. *P < 0.001. Mao et al. [117]. Copyright 2018.
Reproduced with permission of Royal Society of Chemistry
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9.5 Fluidic Cell Knife (Fluid CK) for Chemical Surgery
on Single Cells

The section discusses on a fluid cell knife [120], a highly flexible microfluidic
methodology, which provides users with the ability to cut off a portion of a living
single cell from precise position and treat portions of cells. The device was capable
for local excision of a desirable single cell and microenvironment control of partial
cell. In conventional method for generating confined flow in open space [121–123],
the interface of the interested solution with the adjacent one had a remarkable
positional fluctuation caused by the elasticity of pathway and vibration of pumps.
Therefore, maintaining stable interface at a precise position was still difficult. The
Fluid CK was designed with a symmetrical geometry, so the two solutions would
confront each other to counteract the fluctuation. Benefiting from the symmetrical
geometry, the interface of two adjacent solutions was extremely stable.

9.5.1 Fluid Cell Knife

The design of the Fluid CK with symmetrical geometry contained four identical
apertures (Fig. 9.15a). In use, the tip of the Fluid CK and the cell samples were
immersed in cell culture medium. The tip of Fluid CK was placed perpendicular to
the cell sample surface, and a “gap” existed between the tip of the Fluid CK and the
sample surface (Fig. 9.15a). Through two opposite apertures, the solution A (red) and
solution B (green) were injected into the device using two individual gas-tight syr-
inges driven by one pump (Fig. 9.15b). The other two apertures were for solution
aspiration by connecting to two individual gas-tight syringes driven by another
pump. As a result, a straight interface across the centers of two aspiration apertures
generated. In experiments, cell was manipulated to make the interface at a desirable
subcellular position, resulting in one portion of the cell immersed in solution A and
the other portion in solution B (Fig. 9.15b). When solution A was cell culture
medium and solution B was cell lysis buffer, the portion in solution B would be cut
off while the other portion was well protected by the cell culture medium (Fig. 9.15c).
The Fluid CK functioned as a lancet to operate a single cell. When solution A and
solution B contained different species, different portions of the cell were infused with
different types of molecules (Fig. 9.15d). Subcellular molecule infusions were
achieved for partial cell staining and analysis of organelle transports.

9.5.2 Finite Element Analysis (FEA)

Fluid underneath the Fluid CK was simulated by Finite element analysis (FEA)
using a commercially available software COMSOL Multiphysics 5.3 (Comsol).
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Navier–Stoke equations and convection–diffusion equation were coupled in the
FEA. The geometry of the model was identical to the device in experiments
(Fig. 9.16a). If not noted specially, the injection flow rate (Ri) = 1 lL min−1,
aspiration flow rate (Ra) = 10 lL min−1, and gap = 50 lm. The injected solution
containing fluorescein (1 lg mL−1, equals to 3 lM) as a diffusive species indicated
the microjet region. The diffusion coefficient of fluorescein is 500 lm2 s−1 [102].
The bottom views of streamlines and the velocity field at the substrate are shown in
Fig. 9.16b, c, respectively. Both appeared symmetrical distributions.

In the simulation results, the concentration distribution of the species
(Fig. 9.16d) had a planar interface along line YY′. A concentration gradient existed
along line XX′ (Fig. 9.16e). Moreover, a uniform concentration was observed along
line YY′ near the center (Fig. 9.16f), which indicated the proper function of the
laminar flow within this spatial range. FSS distributions near the substrate were
calculated (Fig. 9.16g) as cells were sensitive to fluid shear stress (FSS) [124, 125].
The FSS at the point near the center (with a distance smaller than 50 lm) was
sufficiently lower than 0.1 Pa (Fig. 9.16h, i), which would not harm the cell [124].
Negative pressure relative to atmospheric pressure existed at the microregion.
The maxima of FSS, velocity, and pressure were linear with the flow ratio as well as

Fig. 9.15 Fluid cell knife (Fluid CK) for precise chemical surgery on single cells. a Design and
operation of the Fluid CK. b Principle of fluid control for partial treatment. c Illustration of precise
cutting of a single cell. d Subcellular molecule infusion to a single cell using the Fluid CK. Mao
et al. [120]. Copyright 2019. Reproduced with permission of Royal Society of Chemistry
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the injection flow rate. We could adjust those elements conveniently to meet the
further requirements in applications.

9.5.3 Cell Cutting Operation and Wound Repair

The structure of the Fluid CK (Fig. 9.17a, b). The flatness of the tip surface was
characterized by a scanning electron microscope (SEM) (Fig. 9.17c). The zone of
injected flow was confirmed using a fluorescein solution for visualization

Fig. 9.16 Microjet underneath the Fluid CK in the FEA. a Geometry of the Fluid CK in the
simulation. b Flow streamline fields. c Velocity distribution at the substrate. d Concentration
distributions of the diffusive species at the substrate. e Concentration profile of the diffusive
species at the substrate along the line XX′ connecting the two injection apertures. f Concentration
profile of the diffusive species at the substrate along the line YY′ connecting the two aspiration
apertures. g Calculated shear stress at the substrate surface. h Shear stress profile at the substrate
along the line XX′ connecting the two injection apertures. i Shear stress profile at the substrate
along the line YY′ connecting the two aspiration apertures. Mao et al. [120]. Copyright 2019.
Reproduced with permission of Royal Society of Chemistry
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(Fig. 9.18a). The boundaries were defined as 10% of the local maximum of
fluorescent intensity. Fluctuation amplitude (Ay) of the boundaries at y-axis (point
Q in Fig. 9.18a) was extremely large because of the flow fluctuations caused by the
stepper motor in the pump and elasticity of the Fluid CK and connecting tube
(Fig. 9.18b). In contrast, the flow fluctuation amplitude (Ax) at x-axis (point P) was
extremely small because the symmetry of two injected solution offset the unde-
sirable fluctuations (Fig. 9.18b), which suggested a stable interface. Ax showed
excellent stability when the ratio was higher than 10 (Fig. 9.18b). Thus, the optimal
ratio was selected as 10. Ax and Ay decreased with the increasing Ri when keeping a
constant Ra/Ri. Ax was as small as 1 lm when Ri was 1 lL min−1. The resolution
was suitable for subcellular analysis. The Fluid CK was capable to generate an
extremely stable interface between two adjacent miscible solutions, reasoning from
the symmetrical design.

A portion of a single cell was immersed in certain solution environment near the
interface, so the molecule in this environmental solution would selectively treat the
desired portion of the cell. In subcellular cutting operation, RIPA non-denatured
tissue lysis buffer was injected into the upper right aperture, and cell culture
medium was injected into the lower left aperture. The lysis buffer functioned for
cutting portions of the cell, while the cell culture medium functioned for protecting
other portions of the cell. The gap was 50 lm. The injection and aspiration flow
rates were 1 and 10 lL/min, respectively. Laminar flows generated underneath the
Fluid CK and a planar interface (the white dot line in Fig. 9.18e) existed. An
adherent cultured U87 cell was positioned at the cell culture medium environment
first and then moved toward and crossed the interface gradually. The portions of
cell immersed in the lysis buffer environment were cut off rapidly (less than 20 s)
(Fig. 9.18e). The lysis time is defined as the time from initially immersing a portion
of cell in the lysis buffer zone (Fig. 9.18e, part i) to its entire cutting (Fig. 9.18e,
part ii). The lysis time for individual U87 cells was various within the range from
10 to 20 s. Furthermore, four more types of adherent cells, including HUVEC,
Caco-2, MCF-7, and HepG2 cells, were successfully cut from desired position. The
results indicated that the Fluid CK were applicable to various types of adherent

300 µm5 mm 3 mm

(a) (b) (c)

Fig. 9.17 SEM image of the Fluid CK. a SEM image of the Fluid CK. b SEM of the tip of the
Fluid CK. c SEM image of the bottom surface of the tip. Mao et al. [120]. Copyright 2019.
Reproduced with permission of Royal Society of Chemistry
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cells. The lysis time for any two different types of cells showed significant differ-
ences. In further research, mass spectrometric analysis and immunofluorescence
analysis may be helpful to understand the differences.

At beginning, U87 cells were in adherent culture (Fig. 9.18e, part i). After the
entire cutting (Fig. 9.18e, part ii), wound repair was observed (Fig. 9.18e, part iii).
The incomplete plasma recovered by itself. Wound repair of cell plasma is a vital
feature distinguishing living from non-living cells [126, 127]. Although micro-
fluidic approaches have supplied important methods for wound repair studies of cell
in suspension, they are usually not applicable to adherent cells [101, 127]. The
method by Fluid CK in the section provides a new avenue for cell cutting and
wound repair studies for adherent cells at single-cell resolution.

9.5.4 Subcellular Molecule Infusion and Organelle
Transport Analysis

As the position of the interface was extremely stable, it was expected to perform
well on subcellular molecule infusion. MitoTracker Green FM (1 µM) and
MitoTracker Deep Red FM (0.5 µM) were prepared as the two injected solutions.
A single U87 cell was positioned at the interface to carry out subcellular molecule

Fig. 9.18 Stability of the interface between two miscible solutions underneath the Fluid CK and
cell cutting for would repair studies. a Fluorescent image of the microjet underneath the Fluid CK
in the experimental results. b Fluctuation amplitude at the point A on x-axis and point B on y-axis
under different flow ratio Ra/Ri. The injection flow rate was constant (1 lL/min). c Fluctuation
amplitude at the point A on x-axis and point B on y-axis under different injection flow rate Ri. The
flow ratio Ra/Ri was constant (equal to 10). d The lysis time for different types of cells. Two-tailed
Student’s t-test was performed. *P < 0.05. e Single-cell cutting and wound repair processes,
including (i) the initial state, (ii) the state of the target single-cell after precise cutting, and
(iii) wound repair. Mao et al. [120]. Copyright 2019. Reproduced with permission of Royal
Society of Chemistry
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infusion (Fig. 9.19a). The upper right portion of the cell was stained with
MitoTracker Green FM (Fig. 9.19b), while the other portion with MitoTracker
Deep Red FM (Fig. 9.19c). After 3 min, the mitochondria in different portions were
stained with different color. A clear planar interface was observed between the
portion with green fluorescence and the other portion with red fluorescence in the
merged fluorescent image the cell (Fig. 9.19d). In the same manner, ER-Tracker
Green (1 µM) and ER-Tracker Red (1 µM) were used for partial staining of
endoplasmic reticulum in a cell for 5 min (Fig. 9.19e–h). All the results demon-
strated that the Fluid CK has excellent performances on subcellular molecule
infusion.

The mitochondria were selected as a model of organelle. MitoTracker Deep Red
FM (0.5 µM) and cell culture medium were the two injected solutions. The cell
culture medium just functioned for protecting the portions of cell immersed in it. By
adjusting the XY plate, the target U87 cell moved toward and then kept staying at
the interface. After 3 min, the Fluid CK was moved always and the staining fin-
ished (Fig. 9.20a).

Because molecule adsorption on the device caused a big background that had
remarkable influences on cell imaging, it would be difficult to record the cell from

Fig. 9.19 Precise molecule infusion to portion of a cell for local staining of partial organelles.
a Bright-field image of a U87 cell. b Fluorescent image of local staining of the mitochondria in the
upper right portion of the cell by MitroTracker Green FM. c Fluorescent image of local staining of
the mitochondria in the lower left portion of the cell by MitoTracker Deep Red FM. d Merged
fluorescent image of the mitochondria in the cell co-stained by the MitoTracker Green FM and
MitoTracker Deep Red FM. e Bright-field image of a U87 cell. f Fluorescent image of local
staining of the ER in the upper right portion of the cell by ER-Tracker Green. g Fluorescent image
of local staining of the ER in the lower left portion of the cell by ER-Tracker Red. h Merged
fluorescent image of the ER in the cell co-stained by the ER-Tracker Green and ER-Tracker Red.
Mao et al. [120]. Copyright 2019. Reproduced with permission of Royal Society of Chemistry
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the beginning. For convenience, the recording time for mitochondria transport was
defined simply as Zero at the time of moving the device away (Fig. 9.20a). The
outlines of the stained portion were set at the boundaries where the fluorescent
intensity was high than three times of that at the background (S/N = 3). The
fluorescent images across time with outlines of the stained mitochondria distribu-
tion zone are shown in Fig. 9.20a–f. Figure 9.20f shows a color overlay of those
outlines, and significant transports of the stained mitochondria along line XX′ was
observed. The profiles of the normalized fluorescent intensity (NFI) at time of
0 min and time of 40 min appeared a significant spatial extension along line XX′

Fig. 9.20 Precise molecule infusion to portion of a cell for local staining of partial organelles.
a Bright-field image of a U87 cell. b Fluorescent image of local staining of the mitochondria in the
upper right portion of the cell by MitroTracker Green FM. c Fluorescent image of local staining of
the mitochondria in the lower left portion of the cell by MitoTracker Deep Red FM. d Merged
fluorescent image of the mitochondria in the cell co-stained by the MitoTracker Green FM and
MitoTracker Deep Red FM. e Bright-field image of a U87 cell. f Fluorescent image of local
staining of the ER in the upper right portion of the cell by ER-Tracker Green. g Fluorescent image
of local staining of the ER in the lower left portion of the cell by ER-Tracker Red. h Merged
fluorescent image of the ER in the cell co-stained by the ER-Tracker Green and ER-Tracker Red.
i Measured transport speed at different time segments Mao et al. [120]. Copyright 2019.
Reproduced with permission of Royal Society of Chemistry
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(Fig. 9.20g). The temporal changes of the fluorescent intensity at point A and point
B were recorded (Fig. 9.20h). The NFI at point A decreased gradually, resulting
from the transport of the stained mitochondria toward the upper right and the effect
of fluorescent quenching. At the beginning, the NFI of point B increased gradually,
and it decreased then under the effect of continuous fluorescent quenching and
weakening transport of stained mitochondria to point B (Fig. 9.20h). The average
transport speed (V) at different time segments was calculated by dividing the
moving distance of the transport head (Fig. 9.20b) with the period time. The speed
decreased gradually then because of the continuously decreasing labeled mito-
chondria at the transport head (Fig. 9.20i). All the results indicated that our method
provided a new approach for subcellular studies and organelles behaviors analysis.

9.6 Concluding Remarks and Future Outlook

The LSCE presented in this chapter supplies a new avenue for operation of open
microfluidics for single-cell analysis. Based on LSCE, a novel methodology was
established for in situ live single-cell detachment that is capable of studying cell
heterogeneity and clarifying the connections between cell adhesion strength and its
viability at single-cell resolution. A new approach by LSCE was developed to
understand the differences between individual isogenic cells. Cell adhesion strength
was successfully related to its morphology and intracellular metabolites. This
method was demonstrated to be a non-touch, flexible, and region-selective method
for single-cell biology study, with particular relevance to situations where a few
phenotypically distinct cells are of interest. Moreover, it was powerful for
cell-matrix adhesion analysis and cell-cell adhesion analysis that were useful for
biomaterials evaluation and drug influence analysis. Furthering, it could be a
potential tool for single-cell extraction to combine with mass spectrometry, capil-
lary electrophoresis, or liquid chromatography for single-cell analysis and tissue
imaging. Furthermore, it is a potential tool for single-cell metabolism study in drug
test and single-cell labeling in cell probe development.

As single-cell and subcellular analyses have become more and more important,
advance in techniques development will greatly promote those researches. Would
repair is essential for cell viability. Signal transmission and mass transfer are very
important in a cell for its behaviors. Techniques such as Fluid CK supply new
approaches for chemical surgery on a living single cell. Cell wound repair and
organelle transport were well studies by such method. Partial treatment using
laminar flows in open space generated by the Fluid CK is an effective way to
deliver small molecules to the selected domains inside a single mammalian cell.
This technique opens up avenues for subcellular microenvironment controlling,
precise cellular cutting, wound repair analysis, and subcellular molecule infusion.
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