Chapter 8 )
Micro/Nano fluidics Enabled e
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

L. Lin ()

National Center for Nanoscience and Technology, Chinese Academy of Sciences,
Beijing 100190, People’s Republic of China

e-mail: linling@nanoctr.cn

© Springer Nature Singapore Pte Ltd. 2019 197
J.-M. Lin (ed.), Microfluidics for Single-Cell Analysis,
Integrated Analytical Systems, https://doi.org/10.1007/978-981-32-9729-6_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9729-6_8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9729-6_8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9729-6_8&amp;domain=pdf
mailto:linling@nanoctr.cn
https://doi.org/10.1007/978-981-32-9729-6_8

198 L. Lin

Table 8.1 Requirement of single-cell analysis [14]

Traditional cell analysis Requirement
~108 cells Single cell
Number R P mll
of cells = ie e -
Detection limit pM x mL = 108 molecule pM X pL = 10° molecule

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 (uL) 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 (~10° 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 10° 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
(u-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 10°~10° 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,
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Table 8.2 Comparison of micro-fluidics and nano-fluidics technologies for single-cell
analysis [14]

Biological objective

Inter/ intracellular space Blood vessel study

L,
: Single cell
Size
10 "™ 100 1 10 M 00 1000
t + t t + I
| |
Liquid phase Single molecule : Condensed phase
Princip1e Quantum effect E Classical dynamics E
Method Nanopore or nanochannel Micro chemical system
Chip materials Fused silica Fused silica or PDMS
Process technology Nano technology MEMS technology '
New research filed H New engineering filed :
Expectation Structure of nano fluid Rapidness
Application etc.
Single cell research ' Cell research

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.
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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 O, 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 SF¢/CHF; gases, plasma etching
with CHF;/O, gases, or a fast atom beam (FAB) etching with CHF; gas, 2-D
nano-space channels could be obtained onto the substrate. After FAB etching, the
resist layer was removed in the O, 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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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. ¢ 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

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
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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 O,, 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
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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 alL
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 (~um) and the confocal length (~1 pum), 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 ~ 10 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
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Fig. 8.3 Principle of differential interference contrast thermal lens microscopy [33]

E

h ~Transmitted probe beam
(background-free detection)




8 Micro/Nano fluidics Enabled Single-Cell Biochemical Analysis 205

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~" to control the nano-fluidics.
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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. ¢ A fluorescence image
by mixing two different solutions; a fluorescein solution and a buffer solution flowing into the
Y-shaped nano-channel [35]

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 10" um
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
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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]

[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
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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
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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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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
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Fig. 8.10 Concept of single-molecule ELISA based on micro/nano-fluidic technology [52]

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~ 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].
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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]. ¢ 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]

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
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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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