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Chapter 1

Introduction



1.1 Background
1.1.1 Introduction of microfluidics
Origin of microfluidics

Recently, researches integrating chemical processes in a pm space have greatly devel-
oped and the technology have been applied to the field of biochemistry, medical, environ-
ment.'Such a small space is achieved by fabricating channels on a substrate with a width
and/or a depth of 10> pm and enclosing the channel by bonding another substrate on top.
In these um-scaled confined space, chemical processes such as mixing reagents, extrac-
tion of substances are carried out. Devices integrated with various chemical processes are

often called “microchips” or “microfluidic devices.”

The development in this field is similar to the development of computers that arose
from 1940s until nowadays. The first computer invented, which is well known as ENIAC,
contained several vacuum tubes, resistors, efc. This was bigger than a human size and
hardly affordable for individual use.* As the technology in microelectric systems (Micro
Electro-Mechanical Systems: MEMS) used for semiconductor devices rapidly developed,
miniaturization of the components used for computers was achieved. These miniaturized
components were integrated on a small chip as integrated circuits (IC) and became possi-
ble to downscale the size of the computer while possessing the same or more functions.
Today, computers are miniaturized, inexpensive, and portable PCs and smartphones have
been a part of our daily life. In terms of analytical devices, analyses were conventionally
only possible at hospitals or research laboratories that possess large and professional ap-
paratuses. However, thanks to the development of the fabrication technology of MEMS
and the concept to utilize the wm space as a field for chemical reaction, the analytical

devices have been miniaturized with the same or higher efficiency. Nowadays, various
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medical, environmental analyses can be conducted using a portable microchip.
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Figure 1-1: Miniaturazation and integration in the case of computers and analytical de-
vices

The first example that realized integration of several chemical processes on a single
device is known to be the microscale gas chromatography system by Terry’s group.’ The
device consisted of a sample injection valve and a separation capillary column fabricated
on a silicon wafer. However, this work did not attract researchers much at that time and
the field was not yet cultivated.

In the late 1980s, the fabrication technology in micro electromechanical mechanical
systems (MEMS) had rapidly developed for research in the semiconductor industry. This
has been one major factor for the development of the field of microfluidics. In 1990,
Manz et al. integrated a liquid chromatography system on a silicon wafer consisting of a
separation column and a detector.” This research described how reactions in microspace

would lead to fast and efficient analysis and showed the potential of microfludic devices.
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After this success of integrating chemical systems, Manz et al. established a methodol-
ogy to integrate chemical processes and proposed the concept of “micro-Total Analysis
System (;—TAS)."8-?

There are various significant features in microspace such as lower thermal capacity
and larger surface-to-volume ratio. The effect of gravity is negligible in microspace so
the mass transfer is dominated by molecular diffusion. Accordingly, heating or cooling of
the analytical field can be rapidly achieved, and fast, efficient chemical reactions can be
carried out while the amount of the sample solution and other reagents can be reduced.

In contrast to this positive features, miniaturization of chemical processes inevitably
leads to smaller number of molecules in the detection volume. For example, when a
solution with a concentration of 1 nM is confined in a Ium X lpum X lpm cube, only
0.6 molecules are contained in this cube. That is why a detector with a sensitivity at
single molecule level is required. At the time, fluorescence detection was the main de-
tecting method. Laser induced fluorescence (LIF) had the sensitivity to detect single
molecules,'®!! but the target molecules were restricted to fluorescence molecules. There
the range of use was greatly limited.

In 1998, Kitamori’s group developed a thermal lens microscope (TLM) utilizing pho-
tothermal conversion effect.'> When a molecule absorbs energy from light, fluorescence
molecules emit energy as light, but the majority of molecules are non-fluorescence and
emit energy as heat. For TLM, a probe laser and an excitation laser are irradiated to the
molecules. When a molecule absorbs energy from the excitation laser and generates heat,
the refractive index of the solution changes. This is known as thermal lens effect.!> Due
to the change of the refractive index, the intensity of the probe laser detected through a

slit behind the channel changes. Because the intensity change is dependent on the change
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of the refractive index, which is caused by heat generated from the molecules, the number
of molecules that absorbed the light can be detected. In addition to this detection method,
Kitamori et al. introduced a method to drive the fluid by pressure when electric osmosis
flow was the general method of flow control. Electric osmosis flow could only be applied
to electrically charged molecules, while pressure-driven flow could be applied to electri-
cally charged and neutral molecules. In this way, mixture of different solutions such as
organic solvents and aqueous solvents could also be controlled.

With this technology of detection and flow control for versatile chemical components,
various chemical processes were realized as unit operations on a microchip. Kitamori’s
group proposed a methodology to integrate chemical processes into microspace, so called

micro unit operations (MUOs). Figure 1-2 shows some examples of MUQOs. 416
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Figure 1-2: Micro Unit Operations (MUQO:s)

Based on this concept, analyses in a bulk experiment is realized in a microchip as fol-
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lows. First, the analysis is divided into chemical processes. Next, the chemical processes
are converted into unit operations, and then replaced with corresponding micro unit op-
erations. These MUOs are be combined directly and/or parallelly in a continuous flow
realizing an integrated chemical analytical system. Kitamori’s group named this contin-

uous flow chemical processing (CFCP) and realized wet analysis of Co*" ions (Figure

1-3).7
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Figure 1-3: Concept of integrating chemical processes into a microchip. The unit oper-
ations of the chemical process is converted into MUOs and connected as a continuous

Sflow.

Emergence of new materials for microfluidic devices

As the field has spread widely, the variety of materials used for the devices have
also been widening. Compared to inorganic materials such as glass and silicon, poly-
mers are materials that are easily accessible, inexpensive, and does not require a spe-
cial facility like a clean room for device fabrication. Among several polymers proposed

for microfluidic devices such as polymethylmetacrylate (PMMA) , polycarbonate (PC) ,
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polyethyleneterephthalate (PET) , efc. polydimethylsiloxane (PDMS) is the most popular
material used nowadays. PDMS has been introduced by D. C. Dufty in 1998 as a material
easy to use.'® By pouring liquid PDMS to a master mold and cured , micro-scaled chan-
nels are easily fabricated. These channels can be sealed with another substrate of PDMS,
glass, or other materials by simply making contact. The high elasticity is also a great
advantage of PDMS in microfluidics, for deformation of the channel of membrane struc-
tures can be utilized to microvalves and micropumps. Quake et al. developed an in-line
valve using two layer of microchannels; a fluid channel and a control channel to pneu-
matically pressurize and deform the fluid channel.!® Since this valve had a small dead
volume (~100 pL) and a simple structure, it has greatly contributed to realize complicated

flow operations.

Despite the great advantages of using PDMS in terms of the simplicity of the fabrica-
tion process as described above, PDMS also possesses innate disadvantages.?’ First, the
chemical endurance of the material is low. For example, the material swells when treated
with organic solvents such as acetone and toluene. In addition, PDMS is a porous mate-
rial and allows permeation of gases. This can be considered as a positive character when
gases are intended to be provided, for example in a cell cuture system, but at the same
time it causes evaporation of water through the channel wall, which will change the con-
centration of the solution. Therefore, its usage as an analytical system is limited to simple
and aqueous analyses. Second, its optical property is a shortage when considering an
analytical system for various analytes. It seems to be a transparent material under visual
lights, but it greatly absorbs light in the ultraviolet (UV) area.Therefore, it is difficult to be
applied for detecting molecules that possess absorbance in the UV region (e.g. DNA, pro-

tein molecules). Third, the surface is innately hydrophobic, which causes adsorption of
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hydrophobic molecules and biomolecules. For this effect, quantitative experiments will
be difficult. Many strategies are reported for modifying the surface of PDMS, but still
it cannot fully overcome these disadvantages.?’?> Finally, because the channels cannot
be washed by introducing organic solvents or by heating under a severe condition, the

devices cannot be reused.

As materials other than PDMS, thermoplastics such as PMMA, PC, PET have also
been introduced. Because of their rigidity, the sealing property of the channels is high
enough that gases are hardly permeable. Compared to PDMS, the chemical endurance
against organic solutions of these materials are slightly higher, but still incompatible with

solvents such as ketones and hydrocarbons.

1.1.2 Downscaling to nanofluidics

In contrast to PDMS or other polylmeric materials, glass has a high chemical endurance,
optical property, versatility of surface modification, and is possible to repeatably use the
device by cleaning the channels with acid, alkali or by heating the device. Due to these

advantages, sophisticated and versatile analyses are realized.

Furthermore, the high rigidity of glass allows further downscaling of the analytical
field to 10—-1000 nm space. Kitamori’s group expanded the concept of MUO to this space
(i.e. nano unit operations: NUOs) and pioneered the field of nanofluidics.?®> Using the
technology of electron beam lithography that had been developed in the field of semicon-
ductor manufacturing, they successfully fabricated 10-1000 nm-sized nanochannels on a
glass substrate.?*2°> Because it was difficult to realize this size of space either by top-down

or bottom-up fabrication, this space area was an unexplored region. They named this area
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“Extended-nano space” and pioneered this field between bulk chemistry and molecular

chemistry.
Size A nm pm mm
10 19 10 100 10 100
Extended-nano space Micro space Bulk
E (fL: 10715 L) (pL: 1012 L) (mL)

Target | Single molecule
Principle | Quantum effect
Method | Nanopore
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Surface effect

No method

Continuous fluid
Classical dynamics

Microchip

Continuous fluid

Classical dynamics
Conventional tools

(pipettes, flasks, etc.)

Microchannel (10-100 um)

Pipette and flask

i E
Microfluidic device

Nanopore (a-hemolysin)
C. Dekker, Nat. Nanotechnol. (2007)

Figure 1-4: The positioning of the research field of extended-nano space. The graphic of
a-hemolysin was cited from a review with permission.”®

To cultivate the field of extended-nano fluidics, they first established a method of fluid
control and detection as they have achieved in the field of microfluidics. First, they devel-
oped a fluid control method in nanochannels introducing fluid via microchannels and an
external capillary tube.?’” Then, as a detection method, they applied the basic idea of uti-
lizing thermal lens effect for molecular detection to extended-nano space, and developed
a highly sensitive detection method called differential interference contrast thermal lens
microscope (DIC-TLM).2%%

Using these fundamental technologies, Kitamori’s group revealed that the property
of water in extended-nano space is different from that in bulk or in microspace. For ex-
ample, water in extended-nano space has a four times higher viscosity,** lower dielectric

t,31

constant,’' and 20 times higher proton mobility.**3? In order to explain these phenomena,
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Kitamori’s group proposed a three-phase model consisting of bulk phase, proton transfer
phase, and adsorption phase. Among these, the bulk phase and the adsorption phase were
well known, but the proton transfer phase has not been pointed out until this top-down
fabrication method was established.

Since the extended-nano space is about 10? times smaller than microspace, the surface-
to-volume ratio is even larger than that in microspace. This dominant effect of the surface
can be actively utilized for chemical processes. For example, using the difference of in-
teraction between the glass channels wall and molecules, the nanochannel can be used as
a separation column for chromatography just by flowing the sample in the channel. This
nanofluidic liquid chromatography realized separation of a sample volume of ~fL. within
a few second, having a separation efficiency of 7,100,000 plates/m.**3> Another example
is a reaction between antigen and antibody immobilized on the wall of the nanochan-
nel. When the target protein is introduced in the region where capture antibodies are
immobilized, it is captured with the efficiency of almost 100 %.* With this high cap-
ture efficiency, analysis of a single protein molecule by integrating the process of enzyme

linked-immunosorbent assay (ELISA) in the nanochannel was realized.*¢

Single cell proteomics

Recently, single cell proteomics is desired in the field of biology and medicine. In
conventional cell analysis, a group of about 10° cells is crushed and analyzed. However,
this method cannot be applied to rare samples such as circulating tumor cells (CTCs). In
addition, recent studies show that individual cells contain different amount of mRNAs,>’
proteins,*® and metabolites® even for those with identical genomes. Therefore, a method

to analyze a single cell, or the proteins that a single cell secretes is desperately desired in

14



order to understand the cell function and to establish a correct treatment for diseases such
as cancer and immune diseases.

The process of single cell protein analysis is shown in Fig. 1-5. The volume of a
single cell is only pL and in order to detect the protein molecules in a single cell, the
sample volume would be fL.. To conduct this analysis, it is necessary to maintain the

ultra-small volume and integrate the whole process in a series.

@.' e &) E] YYY YYY YYY YYY YYY
6031»699» ol I kdl R W N N PN S -» »@
cm mm B Bead Bead Bl Beo
mL o/ omm
Culture Wash Stimulation Volumetry Aliquot Capture Wash Labeling Wash Reaction Detection
777777777777777777777 Cellular processing - Molecular processing
* Micro Extendedfﬁano Micro
Bulk space (pL) space (fL) space (pL) Bulk
Va2-221
Z2eery
Z= \i
~cm .

Figure 1-5: Concept of integration cellular processes and molecular processes into a
micro/nano integrated fluidic device.

Our group has been tackling this subject using micro/nano integrated fluidic device.
The cellular process is integrated into microspace (volume: pL) and the molecular pro-
cess is integrated into nanospace (volume: fL). In this way, the secreted proteins can be
analyzed maintaining its small volume without being diluted and the whole process was
integrated. Based on this concept, we succeeded in quantification of a cytokine proteins
secreted from a single B cell.*

However, in order to control flows of several reagents for such a sophisticated analysis,
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several microchannels and nanochannels must be fabricated and connected, which results
in channels with numerous branching. Therefore, pressure balance must be maintained
at every channel to control the fluid direction of a reagent. In the previous work,* the
driving pressure was controlled at nine channels for simply flowing a certain reagent into
the reaction channel (Fig. 1-6(a)). All nine pressure values differs if the aimed reagent
switches, and if the pressure balance collapses, the reagents would be contaminated by

unexpectedly mixing with other reagents.

(a) (b)

Pressure controllers

Reagent

Figure 1-6: Fluid control method in nanofluidics. (a) Current fluid control by maintaining
pressure balance at each channel. (b) Fluid control using valves. The flow direction can
be controlled by simple opening/closing the valves.

Thus, although micro/nano integrated fluidic devices are a powerful tool to realize
ultimate analyses handling single/countable molecules, even the simplest fluid operation
requires difficult operation, which can be operated only by highly skilled technicians. This
implies that it is difficult to make a further integration of chemical processes. To overcome
the problem of the difficulty in fluid control, integration of valves in micro-/nanofluidic
devices is a general solution. Because the fluid can be controlled directly at the point of

the channels and the flow can be digitally stopped or flowed, there is no need to consider
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the pressure balance or even used independent pressure controllers for each reagent (Fig.

1-6(b)).

1.1.3 Valves in micro-/nanofluidics

As valves were already used as a component in the origin of microfluidic devices,’ a valve
is considered as a fundamental tool for analyses, for it plays the role of sample injection,
flow rate regulation, sample isolation, efc. Valves developed in micro-/nanofluidics nowa-
days can be classified into active valves and passive valves: Active valves are operated
by external actuators or stimuli and passive valves work depending on the flow direction
or pressure. Both type of valves include mechanical valves and non-mechanical valve.
Mechanical valves are those with moving parts (e.g. membranes, deforming channels,
wheels, efc.) and non-mechanical valves are those without moving parts (e.g. phase

change valve, burst valves).

Table 1-1: Classification of valves

Active valves Mechanical valves Membrane valve
Diaphragm valve

In-line valve

Non-mechanical valves Hydrogel valve

Paraffin valve

Passive valves Mechanical valves Cantilever valve
Membrane valve
Ball valve

Wheel valve

Non-mechanical valves Laplace valve

17



Mechanical active valves

The origin of mechanical active valves is a membrane-type valve developed by Terry’s
group.” When they developed the gas chromatography system on a silicon substrate, a
nickel diaphragm actuated with a magnetic force was integrated as a valve.’> As the mate-
rials for microfluidic devices has changed to PDMS, membranes fabricated by PDMS also
became popular.*!-*? This type of valve is predominantly a “normally closed (NC)” valve.
That is, the membrane is placed in a way that seals the microchannels and it deforms and
opens the channels only when it is actuated. Because it is only the membrane part that
functions as a valve, the whole device does not necessarily have to be a deformable mate-
rial. Grover fabricated a membrane from PDMS and attached it to a glass substrate (Fig.
1-7).* In addition to a normal three-layered diaphragm structure, a four-layered structure
was proposed to reduce the contact of solvent and the PDMS membrane. The valve is
fully opened when the vacuum pressure is —20 kPa, and can stop flow of a pressure up to
80 kPa when the membrane is pressurized with 60 kPa. Furthermore, three valves were
placed in series and its performance as a peristaltic pump was verified. The maximum
pumping rate was 89 nL/s although this can be tuned by the frequency of valve actuation
and the size of the valve chamber.

Because the valve is normally closed, the reagents and PDMS membrane contact only
at a small area and a short time, which implies little influence caused by using PDMS, but
still there is a restriction of reagents.

Another major mechanical active valve is the in-line valve developed by Quake’s
group in 2000.!#* They introduced an in-line open/close valve using channel deforma-
tion and a simple fabrication method of multilayer soft lithography. Two PDMS substrates

with microchannels fabricated on each is bonded in a way that the channels crosses each
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Figure 1-7: PDMS membrane valve incorporated into a glass device. The graphics were
cited from an article with permission.*

other (Fig. 1-8). The channel below is called the “fluid channel” and the channel above is
called the “control channel.” A pneumatic pressure is applied through the control channel,
which deforms the fluid channel and seals the flow path. The valve had a great advan-
tage for integration because the valve area was only 100 pm x 100 um and 10 pm in
depth with no dead volume, and also the fabrication method of multilayer soft lithogra-
phy was suitable for mass production. In 2002, the group realized integration of 2056
valves into one device (Fig. 1-8(b)).*> Because of this simple method for integration, this
type of valve (so called “Quake valve”) is mostly integrated in recent PDMS microfluidic

devices.

Non-mechanical active valves

Molecules or substances that change their volume depending on temperature, pH,
light, etc. can be applied to valves as a moving part. For example, there are reports

1’46

of phase transition valves using hydrogel,*® sol-gel,*’ paraffin,*®* ice,® etc. The first

report was a hydrogel valve presented by Beebe’s group.*® They incorporated a hydrogel
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Figure 1-8: (a) A schematic image of the fabrication of Quake valve. The fluidic channel
and the control channel were both fabricated by soft lithography and bonded with each
other. (b) 2056 valves integrated on one device. The graphic was cited from an article
with permission.®

block that changes its volume corresponding to different pH values (Fig. 1-9(a)). The
volume change of the hydrogel blocks itself can be applied to seal the channels as well
as an actuator to deform a membrane. The hydrogel components were fabricated inside
the microchannels by irradiating ultraviolet light using a photomask. A microvalve that
consists of a flexible PDMS membrane and a hydrogel actuator was designed (Fig. 1-
9(b)).* The hydrogel swells as the pH 11 solution was flowed into the upper control
channel. With the volume change of the hydrogel, the membrane deformed and blocked
the orifice with a displacement of up to 185 pum . The response time of the 3D hybrid
valve was 19 s.

This principle is also applied to glass-made nanofluidic valves. Xu et al. incorpo-
rated a brush of poly(/N-isopropylacrylamide) (PNIPAM) into a nanochannel.’® When
the channel is heated over 37 °C , PNIPAM shrinks and opens the nanochannel, and when
the channels is cooled down to 37 °C , PNIPAM swells and seals the nanochannel. Al-
though this valve has a robust structure and a pressure capacity of 200 kPa, the response

time of 37 s and polymers incorporated in the channel limits its application.
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T

Figure 1-9: (a-1) A schematic view of the hydrogel valves incorporated in the microchan-
nel. (a-2) The fabricated device with valves opened. (a-3) The fabricated device with
valves closed. (b-1) A schematic view of hydrogel blocks incorporated as a membrane
actuator. (b-2) Valve closed (b-3) Valve opened. The graphics were cited from an article
with permission.*

Although these phase transition valves have a simple device structure, the relatively
slow response time of the open/close operation (~seconds) limits the application to anal-

yses that do not require quick response.

Mechanical passive valves

Mechanical passive valves are valves having moving parts to seal/open channels, but
not requiring actuators. The valves open when pressurized by fluid pressure, but only
against one direction, which is similar to a diode. Most passive valves are incorporated in
inlets and outlets of micropumps using membrane valves. Therefore, the behavior of the
check valves are important for a suitable performance of pumping.

Cantilever-type valves has a simple structure and fabricated by various materials such
as PDMS,>? metal,”® PET,>* efc. For example, Ma et al. fabricated a cantilever-type valve
from PDMS and combined it with a membrane valve (Fig. 1-10(a)). A simple vibration
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of the membrane at the frequency of 70-180 Hz generated a maximum pumping rate of
72 mL/min. Although cantilever-type valves are easy to design and operate, the simplicity
lowers the endurance of the valve.

In contrast, membrane-type passive valves have several edges fixed to the substrate
and achieved higher endurance (Fig. 1-10(b)). Therefore, the size of the membrane can

be enlarged, resulting in a large pumping rate (e.g. 395 mL/min™).

Figure 1-10: Schematic images and working principles of (a) a cantilever valve (b) a
membrane-type check valve (c) a ball valve. The graphics were cited from a review with
permission.*®

57,58 59,60

Other types of passive valves are ball valves, wheel valves, umbrella valves,’!
etc. These type of valves also achieve a well pumping rate or pressure capacity, but the

complexity of the fabrication and the valve volume limits their use to simple fluid controls.

Non-mechanical passive valves

The idealistic way to control the flow is to achieve flow control without using addi-
tional components such as valves. That is because the fabrication process will be simple
and no actuators for the valve is required. There are a few reports on such “valveless”
flow control method.®>%* In this method, the flow is controlled by designing the fluid re-
sistance from the channel structure. Although the main flow can be controlled in this way,

there is always a reverse flow, and the flow cannot be fully stopped unless the channel is
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partitioned. Another approach is to utilize the surface properties that derive from the large
surface-to-volume ratio in microspace. By changing the channel size, capillary force, or
Laplace pressure on the gas/liquid interface can be controlled. This means the fluid can be
transported to the aimed space at an arbitrary moment. However, it only works when there
is a gas/liquid interface and its performance would be degraded as the hydrophobicity of

hydrophilicity of the channel changes after repeated time of use.

This type of Laplace valve can be applied to glass-made devices. Mawatari et al. fab-
ricated nano-sized pillars with a radius of 70 nm and a height of 50 nm with a pitch of 160
nm inside a nanochannel (1700 nm wide and 200 nm deep).** The nano-sized pillars and
the nanochannels were hydrophobically modified. By controlling the structure and wet-
tability of the surface in such a way, water introduced into the channels will stop before
the nano-sized pillar area (Fig. 1-11). When a pressure over 200 kPa was applied, the
gas/liquid interface passed through the pillar area. Thus, a stop-and-go valve was demon-
strated. Nevertheless, this type of valves could no longer be used after the hydrophobic
modification is once wet. Therefore, it is difficult to be integrated into nanofluidic analyt-

ical devices.

Among the various types of valves in micro-/nanofluidics, channel open/close valve
has the fastest response time, smallest dead volume and most of all, a simple working
principle, which allows integration and application to versatile analyses. With this type of
valve developed in a glass-made micro/nano integrated fluidic device, the designing con-
cept of micro-/nanochannels and the flow controlling system will greatly change. If the
channels could be partitioned using valves, many reagents could be used at once without

causing problems of contamination or loss of reagents. Since open/close valves can not
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Figure 1-11: (a) The working principle of the Laplace valve with hydrophobic nanochan-
nels and nanopillars (b) SEM and AFM image of fabricated nanochannels and nanopil-
lars

only stop the flow but also control the flow rate, the current flow driving system consist-
ing of several pressure controllers for each reagent will be unnecessary. This will further
realize easy and precise fluid control and all users other than technicians could operate
the analysis. Based on this concept, I conceived a channel open/close valve for glass

micro/nano integrated fluidic device.

1.2 Objective

The aim of this study is to create a channel open/close valve for micro-/nanofluidic devices
made of glass. Using glass deformation at nanoscale, where glass deforms elastically,
nanochannels are opened and closed controlling the femtoliter volume fluid. The devel-
oped valve will be implemented to a micro-/nanofluidic device and applied to femto-liter

analysis. The objectives of each chapter are as follows.

In chapter 2, a valve using glass deformation is designed, fabricated, and its perfor-
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mance is evaluated. First, the conceptual design of the valve using glass deformation is
proposed. Based on the conceptual design, a valve that meets analytical and mechanical
requirements is designed in detail. Next, a top-down nano-fabrication process is proposed
for the valve and the valve is fabricated. Finally, the fluidic and mechanic performance of
the valve is evaluated.

In chapter 3, fluid operations using the valve is verified. Fluid operations in ana-
lytical chemistry can be divided into single-phase system and multi-phase system. For a
single-phase system (e.g. liquid/liquid system), a valve chamber with a curved structure is
proposed and fabricated in order to prevent leakage through the valve chamber caused by
molecular diffusion. For a multi-phase system (e.g. gas/liquid system), a valve chamber
with hydrophobic modification is proposed.

In chapter 4, a fluid controlling system integrated with a flow driving apparatus, a
detector, and a flow controlling part, which is an array of multiple valve actuators is
designed and established.

In chapter 5, using the developed valve and the fluid controlling system, a device
integrated with multiple valves is designed and fabricated, and femto-liter analysis is

demonstrated using the device.
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Chapter 2

Development of a nanochannel open/close valve
utilizing glass deformation



2.1 Introduction

2.1.1 Background

In this chapter, a channel open/close valve using glass deformation is designed and de-
veloped. In order to realize such a valve, the least requirement is that the glass does
not break when deformed. That is, the stress on the glass must be less than the break-
ing stress of glass. The breaking stress of the glass used in this research was 1.16 GPa,
which was experimentally evaluated. The details of the experiments are shown in the
Appendix section. To meet this requirement, the relationship between the deformation
value, glass thickness, and channel width was roughly estimated based on mechanics of
material. Since the channels in the actual devices are in a closed system bonded with glass
substrates, the edge of the deformation part is fixed, so a model of deflecting a plane with

clamped edges under a concentrated load was applied for the estimation.

Deformation

Width

Figure 2-1: Deformation of a beam with clamped edges

Under this condition, the maximum value of deflection and stress on the glass is ex-

pressed as
FI3
Wmax = 16h3E 2.1)
3F1
Omax = W (2.2)

where F' is the load applied to the glass, [ is the width of the plane (corresponding to the
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channel width), ¢ is the thickness of the glass, £ is the Young’s modulus, and 4 is the

length through the back side of the page.

First, the stress created on glass when deforming glass to seal microchannels was
estimated. In order to seal a microchannel with the width and depth of 10> um (a general
size of microchannels), the stress on the glass is estimated to be 10> GPa (> 1.16 GPa).
Since this is much greater than the breaking stress, it is estimated impossible to realize an

open/close valve for microchannels in a practical size using glass deformation.

Here, I conceived the idea of opening/closing nano-sized channels utilizing nano-scale
deformation of glass. The depth of nanochannels is 10?> nm, which is the same order of
the range of elastic deformation of glass. Therefore, open/close of nanochannels could be

realized in this way.

Based on this idea, the width and depth of the nanochannel and the thickness of the
glass deformation part was roughly calculated. As a result, in order to obtain a deflection
value of 102 nm while the stress generated on the glass is below 1 GPa, the channel width
is required to be 10> pwm and the thickness of glass should be 10! um . Based on this
rough estimation of glass deformation, designing a valve that can stop the flow and can

endure repeated use is required.

2.1.2 Objective

To address this requirement, a design of the valve based on fluidics and mechanics was
proposed. The objective of this chapter is to design and fabricate a nanochannel open/close
valve and evaluate its performance. In section 3.2.2, the design of the valve is described.

In section 2.3, the fabrication process of the valve is briefly explained, and in section 2.4,
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the operation of the valve is confirmed, and the performance of the valve is evaluated.

2.2 Design of a nanochannel open/close valve

Conceptual structure of the valve

Based on the basic design of the valve described in section 2.1, the conceptual struc-
ture of the valve was designed. First, a nanochannel with a width of 900 nm and a depth
of 900 nm was designed. In order to close this channels and stop the flow, a channel with
the structure designed in section 2.1 is required. Therefore, the 900 nm-deep nanochannel
was partially replaced by a valve chamber as shown in Fig.2-2. The valve chamber was
designed as a circle, because otherwise the stress generated at the corners would be the
critical area of glass breaking. For example, using a square-shaped valve chamber, whose
length of one side is equal to the diameter of a circle-shaped chamber, the maximum stress
on the glass is calculated to be five times greater than the circle-shaped chamber.®

The depth of the valve was designed to be 100 nm so it could be applied to analyses
using proteins, whose sizes are generally ~10 nm. Under this condition, the diameter of
the valve was designed to be 75 pwm so that the volume of the valve chamber is at the

same order of that of nanochannels (102 fL).

1 Valve

100 nm
900 nm

Nanochannel Nanochannel

Figure 2-2: Basic structure of a channel open/close valve utilizing glass deformation
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Requirements for the valve

The required valve performance is dependent on fluid operations in nanofludic analy-
ses such as single molecule ELISA*® or nanofluidic chromatography.®* In such analyses,
the ratio of the flow rate when the valve is open and closed should be under 1 % for accu-
rate flow switching. That is, the flow rate decreases to less than 1/100 when the valve is
closed. Next, not only precise fluid control but also rapid switching is required especially
in nanofluidic chromatography. In this case, the switching time is at the order of 107!
s. Finally, for repeated experiments, the valve is required to have a high endurance. For
example, if one valve controls a flow of a certain reagent and the reagent is used 10 times
in one cycle of analysis, the valve should endure 1,000 times of open/close operations in
order to repeat the analysis 100 times.

The requirements for the valves are summarized below.

Table 2-1: Requirements for the nanofluidic valve

Flow rate Response time Endurance

< 1% (Closed/Open) <107's > 1,000 open/close cylces

Design of nanochannel open/close valve

As shown in Fig. 2-2, the channels deform as load is applied to the valve by an
actuator. This can be considered as a deflection model of a circular plate with clamped
edges, and the deflection curve can be described as follows.®> The deflection for the outer
portion and the inner portion of a plate with a built-in edge can be expressed respectively

as

F {(a2 —r2)(a? + b?)

outer — b2 21 Z 2.3
Wout 7D 57 + ( —i—?")oga} (2.3)
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Winner =

F | (a®> +1r?*)(a® — b?)
1Dy 2a?

b
+ (b* 4 r?)log —} (2.4)
a
where a, 0 is the radius of the valve chamber and the tip of the actuator respectively, r is
the distance from the center of the valve chamber, and Dy is the flexural rigidity. Dy is

defined as in equation (2.5) using the Young’s modulus E, the thickness of the material ¢,

and the Poisson ratio v of the material defined as below

Et3

Di=—"
T 121 —02)

(2.5)

Therefore, the maximum deflection can be obtained by substituting » = 0 in equation

(2.4) which is

F la*-=% , b
Wax = 87TDf{ 5 + b” log a} (2.6)

On the other hand, the maximum stress generated on the deflected glass surface differs
according to the ratio of the radius of the actuator and the circular plane.

When b/a < 0.32,

3F b? a
Omax = W(l +v) <? + 21113 — 1) 2.7
When b/a > 0.32,
3F [ b?
max — ——1 2.8
7 27t? <a2 ) 28)

Considering the deflection curve of the glass expressed by equations (2.3) and (2.4),
the dead volume of the rectangular shaped valve chamber will be large. The open space
remaining when the valve is closed would also cause leakage and therefore controlling
the flow would be difficult (Fig. 2-3(b)). Since the flow in small spaces such as in mi-
crochannels and in nanochannels is a laminar flow (as explained in chapter 1), the flow

rate in the valve chamber can be roughly estimated as
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Q= 2_Ap (2.9)

where () is the flow rate, j is the viscosity, D, is the equivalent diameter of the channel,

L is the channel length, and AP is the pressure drop through the channel. Using the

2

sectional area A = —2<

, equation (2.9) can be rewritten as

A2
- 8L

Q AP (2.10)

Equation (2.10) indicates that the flow rate is proportional to the square of the sectional
area. Therefore, the ratio of the sectional area when the valve is closed and open should
be 0.1 in order to achieve a flow rate ratio under 1 % .

In order to achieve a sufficiently small sectional area, a four-stepped valve chamber
that resembles the deflection curve of the glass was proposed. Each step is 25 nm high
and the diameters are 26 pm, 38 um, 50 um, 75 pm.

Next, a design to achieve a response time of 10! s was proposed. The deformation
speed can be estimated as the speed of sound of the material, which is in this case 5,770
m/s under 20 °C for glass. Since the deflection is only 10? nm, the time consumed for
deflection can be neglected and the response time of the valve would be dependent on
the response time of the actuator. Therefore, we adopted a piezoelectric actuator, whose
response time is shorter than 0.1 second.

Finally, the thickness of the deforming glass was designed so that the glass does not
break during open/close operation. In architecture or strength of mechanics, a parameter
called safety factor n, which is defined as

Stress generated on the material 2.11)
n = .
Breaking stress of the material

is considered when designing. It is known that when n = 2, the breaking probability
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Figure 2-3: (a) A rectangular (one-stepped) chamber (b) Conceptual image of liquid
flowing through the opening space of the valve chamber (c) A four-stepped chamber
resembling the curve of glass deflection (d) Conceptual image of liquid stopped at the
stepped-structure

of the material is under 1/1000.%¢ Therefore, the glass thickness was designed so that the
stress on the glass when deformed was less than half of the breaking stress of glass (< 580

MPa).

The load applied to the valve was set to 1 N. Under this condition, the relation between
the deflection value of glass w, the stress generated on the deformed glass o, and the

thickness of the glass ¢ was calculated using equations (2.3)~(2.8).

As shown in Fig. 2-4, glass deflects more than 100 nm when the thickness of glass is
thinner than 32 pm . On the other hand, the glass must be thicker than 29 pm in order to
reduce the stress on glass less than half of the breaking strength. Thus, the thickness of

glass was designed as 30 pum .
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Figure 2-4: (a) Relation between glass thickness and stress generated on glass (b) Rela-
tion between glass thickness and deformation value of glass

Integration of valve with micro/nano fluidic device

In order to use the valve for micro-/nanofluidic analysis, it must be integrated in the

device. However, such devices consist of several microchannels and nanochannels and

therefore glass substrate with a thickness of several hundred pum is necessary. To make the

valve (thickness: 30 pm ) and the device (thickness: ~10?> pum ) compatible, a structure

that has a deformation part fabricated on a small part of the substrate was proposed (Fig.

2-5). With this structure, the rigidity of the substrate is maintained while the valve area

has the sufficient thickness to safely close the channel.

Sub-
strate

Deformation part

- Sub-

 strate

~102 ym

Figure 2-5: Structure for integrating valves into micro-/nanofluidic devices made from

glass substrates.
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2.3 Device fabrication

Based on the design, the device was fabricated. The details of the fabrication process is
explained in the Appendix section. Here, the process will be briefly explained. Fused
silica substrates (VIO-SILSX, Shin-Etsu Quartz Co., Ltd., Tokyo, Japan) were used for
the device. On the upper substrate, deformation parts for the valve were fabricated. A
0.3 mm-thick substrate was sputtered with chromium and a circle pattern with a diameter
of 1 mm was patterned by photolithography. The substrate was then immersed in 30%
HF solution for 0.27 mm-deep etching. In this way, a 30 um -thick deformation part
was fabricated. Microchannels, nanochannels, and valve chambers were fabricated on the
lower substrate with a thickness of 0.7 mm. First, the nanochannels were fabricated by
conventional electron beam (EB) lithography and reactive ion etching (RIE).?*> Next, the
valve chambers with a four-stepped structure were fabricated. In order to achieve such a
structure, a multistep nano-fabrication process was proposed. One step (25 nm deep) of
the valve was fabricated by EB lithography process followed by RIE. This process was
repeated four times while changing the diameter of the valve pattern. Then, microchan-
nels were fabricated by conventional photolithography and RIE. The two substrates were
washed with piranha solution (H2SO4 : HyOy = 3 : 1) for 8 minutes and sonicated in
ultra-pure water for 10 minutes. Next, the surface of the substrates was activated by irra-
diating oxygen an fluorine plasma, and bonded at 110 °C under a pressure of 5000 N for

3 hours.%” The fabricated device is shown below in Fig.2-6.
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Figure 2-6: (a) Image of fabricated device and the deformation part (b) SEM image of
the deformation part on the upper substrate and a 3D depth profile of the valve chamber
fabricated on the lower substrate.

2.4 Evaluation of valve performance
2.4.1 Experiment
Valve actuating system

A system for evaluating the valve performance was developed as illustrated in Fig.2-
7. The valve control system consists of a stainless pin attached to a piezoelectric driven
actuator and a force sensor (Nano-Control Co., Ltd., Tokyo, Japan). The combined ac-
tuator and the force sensor was integrated in a XYZ control stage to align the pin. The
device was placed on a stainless jig and the whole actuating system was combined to
the jig in order to prevent external vibration or alignment errors. The channels and the
valves were observed using an inverted fluorescence microscope (IX71, Olympus Corp.,
Tokyo, Japan), a 20x objective lens with a numerical aperture of 0.4 (LCPlanFL, Olym-

pus Corp., Tokyo, Japan), and an electron multiplying charge-coupled device (EMCCD)
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camera (C9100-13, Hamamatsu Photonics K. K., Hamamatsu, Japan). A small hole (di-
ameter: 5 mm) was opened only at the valve area so that the deformation of the whole
device can be prevented. Using this system, the operation of valve open/close was first
confirmed. Next, flow stop/go by opening/closing the valve was verified. Finally, the flow

rate when the valve was closed and the endurance of the valve was evaluated.

(a)

Force sensor

Nanochannel
Actuator :

Fluorescence
solution

Pressure
controller

E/\ Fluorescence

solution

Fluorescence microscope

Figure 2-7: (a) Setup of experiment. The valve is opened/closed with a piezoelectric
actuator. (b) A magnified image of the device. Fluorescence solution is flowed in the
microchannels, nanochannels, and in the valve. The open/closed state of the valve or the
flow in the nanochannel is measured with a fluorescence microscope.

Confirmation of valve open/close operation

100 uM Alexa Fluor™488 NHS Ester (Succinimidyl Ester) (Thermo Fisher Scien-
tific, MA, USA) solution (hereinafter called “Alexa solution”) was prepared by dissolv-
ing Alexa Fluor™488 in phosphate saline buffer (PBS). was used for the fluorescence
measurements. This was introduced in the microchannels, nanochannels, and in the valve
chamber. The valve was pressed with a load of 0.9 N. Under this load, the glass is calcu-
lated to deform 116 nm, which is sufficient to close the valve. The open/close state was

observed by measuring the fluorescence intensity of the valve chamber.
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Confirmation of stop/go using the valve and evaluation of flow rate
First, the microchannels, nanochannels and the valve chamber were filled with PBS
from one side. Next, the valve was closed and Alexa solution was flowed in from the

other side of the valve. Finally, the load applied to the valve was removed and the flow in

the nanochannel was observed.

Evaluation of endurance

The microchannels, nanochannels, and the valve chamber was filled with Alexa so-
lution and the open/close operation of the valve was repeated. During this process, the
open/close state was observed with a fluorescence microscope in order to confirm whether

the valve is working without breaking.

2.4.2 Results and Discussion
Confirmation of valve open/close operation
The fluorescence images of the valve at the open state and the closed state and the

fluorescence intensity at the valve chamber are shown in Fig. 2-8.

Open Closed Open

Intensity (a.u.

Figure 2-8: Fluorescence intensity at the valve chamber
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Since the fluorescence intensity is proportional to the depth of the channel, the fluo-
rescence intensity of the valve chamber represents the opening space of the valve. From
the results shown in Fig. 2-8, the fluorescence intensity at the valve chamber decreased
by 97% when the load was applied to the valve.

From this result, the deformation of glass and opening/closing of the valve was veri-
fied. In addition, from the time required for opening and closing the valve, the response
time of the valve was 0.06 s, which reflects the high response time of the actuator and
satisfies the requirement (< 1071 s).

Furthermore, in order to investigate the tolerable alignment error of the pressing po-
sition, the open/close operation of the valve when the pressing pin was out of alignment
from the center of the valve was verified. The valve chamber was filled with fluorescence
solution and the open/close operation of the valve was tested while the position of the ac-
tuator was varied from 0 pum to 80 wm from the center of the valve chamber. The results

are shown below.

Center of pin outside valve area

Position 0 um 10 ym 20 um 30 um 40 ym 60 um 80 um

>

hendih. A A

|
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Open
'“i‘:rt‘iz'ty 45% 3.6 % 4.9% 57 % 36.4 % 61.7 % 85.1 %

Figure 2-9: Fluorescence image of the valve chamber at the open and closed state and
the ratio of the fluorescence intensity of the valve chamber (valve closed / valve open).
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Figure 2-10: Relationship between the distance of the actuator from the center of the
valve and the closing efficiency of the valve.

As shown in Fig. 2-10, the fluorescence intensity ratio does not greatly change while
the center of the pin is in the area of the valve chamber (alignment error < valve radius
37.5 um ). However, once the center of the pin is outside of the valve area (alignment
error > valve radius 37.5 um ) the intensity ratio greatly rose, which indicated insufficient
closure of the valve. From this result, the valve could work normally while the alignment

error is within 20 pm . Therefore, the tolerable alignment error was determined as < 20

pum .

Verification of flow stop/go using valve

Alexa solution was flowed in with 100 kPa and the flow was observed as the valve
opened. The fluorescence intensity in the downstream nanochannel and the fluorescence
images of the valve are shown in Fig. 2-11.

When the valve was opened, fluorescence solution instantly flowed through the valve.
The fluorescence intensity at the downstream nanochannel when the valve was closed was
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Figure 2-11: The fluorescence intensity in the downstream nanochannel and the fluores-
cence images of the valve

0.1% compared to that when the valve was opened. Considering the limit of detection
in this system (defined as the range of 20), fluorescence ratio under 0.5% could not be
detected. Therefore, we concluded that the flow was stopped when the valve was closed.
The time to replace the nanochannel with fluorescence was 0.9 s, which is applicable to
general nanofluidic analysis such as ELISA. This response time for switching flows could
be controlled by designing the fluid resistance generated by the valve size, but it can be

changed more easily by simply varying the driving pressure.

Evaluation of flow rate

To quantify the flow rate, the following experiment was carried out. The fluorescence
in the nanochannel could not be detected when the valve was fully closed so the flow
rate could not be directly evaluated. Therefore, the relation between the applied load and

the flow rate was evaluated and used to estimate the flow rate when the valve was fully
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closed. After closing the valve and introducing Alexa solution , the load was partially
removed leaving a certain load (0.11 N, 0.22 N, 0.33 N) to the valve (Fig. 2-12(a)).
The fluorescence intensity was measured at two points (distance Az of the two points:
Az = 100 pum ) at the downstream nanochannel (Fig. 2-12(b)). Using the time difference
At of the arrival time of fluorescence, the flow velocity u was calculated <u = 3—?) and
the flow rate obtained by multiplying the sectional area of the nanochannel. The relation
between the extent to which the valve is closed and the flow rate is shown in Fig. 2-12(c).

The extent to which the valve is closed was estimated as

¢:1—7‘; (2.12)

where ( is the ratio of the extent to which the valve is closed, and J,., J; is the fluorescence
intensity of the valve chamber under a certain load and without any load (z.e. fully opened)
respectively.

As shown in Fig. 2-12, the flow rate decreased as the applied load increased. When the
applied load was over 0.33 N, the signal of fluorescence in the nanochannel was covered
by the noise and difficult to determine the arrival time of fluorescence. The obtained
relation was using a quadratic function. From the closing ratio ¢ when the valve chamber
was fully closed, the estimated flow rate was 0.1 %. Furthermore, from the obtained flow
rate shown in Fig. 2-12 (63-1300 fL/s), the valve could be used to control flow rate within

the range of fL/s.

Evaluation of endurance
The open/close operation of the valve was repeated (open time: 0.25 s, closed time:
0.25 s) and the endurance of the valve was evaluated.
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Figure 2-12: (a) Fluorescence images under loads of F' = 0, 0.11, 0.22, 0.33N (b) An
example of flow rate measurement. The flow velocity was calculated from the difference of
the arrival time of the fluorescence at two points. (c) Relation between the valve closing
ratio  and the flow rate

As a result, the operation of the valve could be repeated more than 100,000 times,
which was two orders of magnitude greater than the original goal (1,000 times). While
the number of operation increased, the fluorescence intensity at the valve chamber also
increased, until the intensity finally reached 1.3 times higher than the original state. This
implies that the deflection of the valve was greater than designed and that the valve cham-
ber deformed to the shape of the curve of the glass deflection while it was repeatedly
struck and became deeper. Although the deformation may be larger than designed, an

endurance of more than 100,000 times of open/close operation was confirmed.

Numerical simulation of flow in the valve chamber
We carried out a numerical simulation to characterize the valve using finite element

method. The mass balance and the momentum balance of the fluid are expressed by
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Figure 2-13: Fluorescence intensity at the valve chamber and fluorescence images during
repeated openjclose operation.

the equation of continuity and the Navier-Stokes equation respectively and the boundary
condition was set so that the flow velocity is zero at the channel surface. The calculation
was operated with COMSOL (Keisoku Engineering System Co., Ltd.). The results of the
simulations are shown in Fig. 2-14 and in Fig. 2-15.

The horizontal axis represents the ratio of the extent to which the valve is closed
(¢ in equation (2.12)) The vertical axis represents the flow rate ratio. Theoretically, a
small volume remains open even though the deformation of the glass reaches the cham-
ber depth, so the theoretical maximum value of the sectional area is 0.9. As a result of the
simulation, the flow rate decreases as the sectional area of the valve chamber decreases,
which means that the fluid resistance is increasing. However, the flow rate obtained from
the experiment was lower. Considering from the results that the valve chamber could

be distorted to the shape of deformation after several thousand operations, the actual de-
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Figure 2-14: Comparison of the experimental and simulation results of flow rate control

formation value could be approximately 1.5 times more than designed as mentioned in
section 3.2.2. Therefore, the fluid resistance could be higher than expected, which results
in lower flow rate. Another possible factor is increase of the viscosity of liquid (which is
water in this experiment) confined in nanospace. When the valve is deformed, the valve
chamber that the fluid flows through can be assumed as a plate-shaped channel with the
depth of ~10* nm and an aspect ratio of more than 1000 (width/depth). In such a space,
our group revealed that water gets 1.2 times more viscous.*® Therefore, the increase of the
viscosity of water could also be a possible cause for the lower flow rate. Despite the fact
that the actual flow rate was lower than expected, this will be an advantage for the valve
to control low flow rates. From this result, it would be possible to estimate the range of
flow rate control and the approximate load applied to the valve in order to obtain a certain

flow rate.

46



(@) F=0N F=02N F=04N

&> & d

F=06N F=08N [kPa]

/ 100

ol
™

(b)

Force ON 02N 0.4N 0.6 N 0.8N

Pressure drop 41.1 kPa 60.7kPa 709kPa 81.5kPa 89.7 kPa
Flow rate 4523 fL/s 3434 fL/s 2535fL/s 1607 fL/s  912fl/s

Figure 2-15: Detailed simulation results of flow rate control

2.4.3 Comparison with other reported valves

The performance of the valve developed in this chapter is compared with other types of

valves (Fig. 2-16).

Among the various valves developed nowadays, channel deformation valves, so-called
“Quake valves,” are most widely used for integrated analytical systems. Compared to the
channel deformation valves, the nanochannel open/close valve achieved a similar perfor-
mance in terms of pressure capacity and the response time. Because these performances
surpass those of other types of valves, it could be said that this valve also has a sufficient
performance for integration into analytical devices. What is more, most valves nowadays
are made from polymers such as PDMS, which limits their application to only aqueous
analyses. By contrast, this nanochannel open/close valve is made from glass. Hence,

there is almost no limitations in using organic/inorganic solvents and it could pave the
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Figure 2-16: Comparison of the nanochannel open/close valve developed in this chapter
with other micro-/nanofluidic valves.

way for realizing integrated nanofluidic analyses.

2.5 Conclusion

In chapter 2, the basic design of a nanochannel open/close valve utilizing glass deforma-
tion was proposed and the valve was developed.

In section 2.1, the requirements to realize a valve utilizing glass deformation was
discussed and based on the idea of a nanochannel open/close valve, the conceptual design
of the valve was proposed.

In section 2.2, the valve was designed in detail. Considering the requirements for the
valve to be used in nanofluidic analyses, a four-stepped structure was proposed for the
valve and the thickness of the glass deformation part was designed based on mechanics
of materials. Furthermore, in order to implement the valve into nanofluidic devices, the
idea to fabricate a deformation part on the substrate was proposed.

In section 2.3 and 2.4, the open/close operation and the performance of the valve was
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evaluated. The flow rate when closing the valve was 0.1 % , the response time was 0.06
s, the endurance of open/close operation was over 100,000 times. In addition, we verified

its use as a flow rate controlling valve.
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Chapter 3

Fluid operation using nanochannel open/close
valve



3.1 Introduction

3.1.1 Background

In the previous chapter, stopping and releasing the flow, which is the most basic fluid
operation using valves were verified. In this chapter, the valve will be applied to fluid

operations required in analyses using micro/nano integrated devices.

Fluid operations can be roughly divided into single-phase operations and multi-phase
operations. An example of a single-phase operation is switching flow of reagents with
different concentrations. It can be assumed from the results of chapter 2 that forming
flows of different reagents will be easily achieved by opening the valve. However, it is
also necessary to partition multiple reagents so that they do not get mixed and contami-
nated. In terms of multi-phase operations, a general example of a system is a gas/liquid
two-phase system. For chemical reactions or volume regulation of liquid solutions, air
would also be introduced in the analytical devices. Therefore, switching the reagents in
the nanochannels from liquid to gas and vice versa is an important and required fluid

operation.

By using a nano-sized valve for these operations, certain problems can be assumed
that derives from its small space (~10! nm). The diffusion velocity of molecules is propor-
tional to the square root of its diffusion coefficient D, so generally, the diffusion velocity
of molecules is 10! pwmy/s. Therefore, diffusion through the valve that is only 100 nm deep
occurs within the order of ms. Because the valve developed in chapter 2 has a stepped
structure, a small space remains open even when the valve is closed. Although the flow
can be stopped even with this remaining open space, molecules could diffuse through

this space, which results in solute leakage. A subtle solute leakage would not be a major
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problem in analyses in microspace, but in analyses in nanospace, where the sample could
be countable molecules, it would cause a critical problem. On the other hand, the small
space in the valve chamber enhances the surface effect even greater than in nanochannels.
Because the interaction with the surface will be dominant, the wetting property of the

surface would be critical in the case of flow operations in gas/liquid two-phase system.

3.1.2 Objective

The objective of this chapter is to realize fluid operations in a single-phase system and a
gas/liquid two-phase system using the valve developed in chapter 2.

In section 3.2, a curved valve chamber is proposed for single-phase operation to pre-
vent leakage caused by diffusion. In order to obtain such a curved structure, a fabrication
method using plastic deformation of glass is also proposed. The fabrication process is ver-
ified and the leakage caused by diffusion is evaluated using the curved valve chamber. In
section 3.3, a hydrophobic valve chamber is proposed to control the surface properties for
a gas/liquid two-phase system. A method to control the gas/liquid interface by generating

pressure using the open/close operation of the valve is also proposed and verified.
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3.2 Single-phase fluid operations

3.2.1 Subjects of fluid operation

Operation using stepped-structured valve chamber

As designed and evaluated in chapter 2, the valve has a four-stepped valve chamber
which resembles the deflection curve of the glass. However, there is still a small space
remained open at the edge of the steps. This space is estimated to have a height of only 25
nm and have no negative effects on stopping the flow, but considering molecule diffusion,

this space would be large enough for molecules to transfer through the valve (Fig. 3-1(a)).

(a) (b)

Top view
Valve closed
Nanochannel

Sectional view

Top view

‘ Valve closed

Sectional view

h U 4

25 nm
Stepped structure | Curved structure

Figure 3-1: Molecular diffusion in a stepped valve chamber and a curved valve chamber

To this subject, using a curved valve chamber would be ideal (Fig. 3-1(b)). If the valve
chamber perfectly fits the glass deflection curve, not only the leakage caused by diffusion

would be reduced, but the flow leakage when the valve is closed would also improve.

Fabrication of a curved structured valve chamber
The curved structure required here is a curve of the glass deflection, which is theoret-

ically described with the equations (2.3) and (2.4). This is an almost flat structure with a
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high aspect ratio of 750 (width 75 pm / depth 100 nm) and the maximum slope degree
of 0.15°. A general method for fabricating a curved surface on a glass substrate is wet
etching.%® It has been reported that the isotropic etching procedure can be controlled by
temperature and the composition of the etchant or the mask.®~7! However, the structures
produced by this method have too low aspect ratios or slope angles for the required struc-
ture and therefore wet etching cannot be used to fabricate the nanofluidic valve. Laser
ablation’? and nanoimprinting lithography’® are also examples of methods to fabricate
curved surfaces. However, the surface roughness caused by laser ablation and the diffi-
culty of creating valve-shaped molds make these methods difficult to apply. Therefore,

fabrication of such a structure is challenging.

Here, I conceived the idea of using plastic deformation of glass. Glass is generally
known to be a rigid and brittle material. That is, as the stress generated inside the glass
increases, it breaks right after its limitation of elastic deformation range without deform-
ing plastically. However, under a specific circumstance, plastic deformation of glass is
reported. An example using this is the hardness measurement of glass using a Vickers in-
denter. A Vickers indenter is an indenter with a square-based pyramid made of diamond
on the tip. By pressing the sharp tip of the indenter on a glass surface, the surface deforms

up to ~pum without breaking.

Therefore, the valve chamber could be deformed to the shape of the glass deflection
curve by using the deflected glass itself as a indenter. To achieve this, a fabrication process
using plastic deformation of glass was proposed. As shown in Fig. 3-2, after fabricating a
four-stepped valve chamber, the valve is repeatedly opened and closed. Each open/close
cycle applies pressure to the surface of the valve chamber. Since each step is only 25 nm

high, a nanoscale plastic deformation at the edges of the steps would result in smoothening
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Figure 3-2: Concept of the fabrication process for a curved valve chamber

3.2.2 Experiment

Fabrication of device

The nanofluidic device was fabricated in the similar way as described in section 2.3.
A 30 pm -thick deformation part was fabricated on a 250 pm -thick substrate by etching
the glass 220 pum deep with HF solution using a Cr/Au/Cr mask. On another substrate,
nanochannels (width: 1000 nm, depth: 900 nm) and a four-stepped valve chamber were
fabricated. In order to evaluate leakage through the valve, an L-shaped nanochannel was
fabricated at the upstream of the valve chamber so that fresh reagent could be introduced
just before the valve chamber even when the valve is closed. Microchannels (width: 400
um , depth: 7 um ) were then fabricated on the same substrate. The substrates for the de-
vice to evaluate the fabrication method were loosely bonded after being washed only with
piranha solution followed by sonication in ultra-pure water. This loose bonding condition
is for the detaching process of the substrates and evaluation of the valve shape afterward.
For the substrates for the device to evaluate leakage, the substrates were bonded after
additionally irradiating oxygen and fluorine plasma after washing with piranha solution

and sonication in ultra-pure water. Finally, the substrates were bonded at 110 °C under a
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pressure of 5000 N for 3 hours. Then, the valve was repeatedly pressed with 1.1 N using
the same system used in section 2.4 with a period of 250 ms. This pressing process was
carried out in room temperature (25 °C ). The shape of the valve was evaluated for the
initial valve chamber and after repeated pressing of 5,000, 10,000, and 20,000 times.
Another approach to fabricate a curved chamber is to increase the number of the steps
and create a structure that resembles the deflection curve of the glass more closely. In
addition to the valve chamber with four steps, valve chambers with eight steps (diameters
of each step were 18, 26, 32, 38, 44, 50, 58, 75 um and each step were 13 nm deep)
and 12 steps (diameters of each step were 15, 21, 26, 30, 34, 38, 42, 46, 50, 55, 61, 75
pm and each step were 8 nm deep) were fabricated for comparison of the availability of

the fabrication method and the performances using the fabricated valve chambers.

Evaluation of leakage

100 uM Alexa Fluor™488 dissolved in PBS (hereinafter called “Alexa solution”)
was used to evaluate the leakage. First, the microchannels, nanochannels, and the valve
chamber were filled with PBS (Fig. 3-3(a)). The valve was then closed by a load of 1 N
and Alexa solution was introduced with a low driving pressure (20 kPa) into the upstream
L-shaped nanochannel as illustrated in Fig. 3-3(b). As soon as the upstream nanochannel
was filled, the pressured was turned off (Fig. 3-3(c)). The solute diffusion through the
small remaining open space of the valve was observed by fluorescence measurement,
using the same system described in chapter 2.

To evaluate the dynamics of the diffusion, the diffusion flux through the valve was
estimated. According to Fick’s law, the diffusion flux J under this condition can be cal-

culated as
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Figure 3-3: The procedure of the experiment to evaluate solute leakage caused by molec-
ular diffusion through the valve
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where C' is the concentration of the solution, z is the position, and D is the diffusion
coeflicient of the solute. The fluorescence intensity at 11 points (a total distance of 300

um ) in the downstream nanochannel was measured (Fig. 3-3(c)).

Demonstration of switching reagents

Utilizing the similar device, reagents, and setup, switching and partitioning operations
in a nanochannel were demonstrated. The process is illustrated in Fig. 3-4. An external
pressure of 100 kPa was applied to Alexa solution in the straight nanochannel, and that
of 40 kPa was applied to PBS solution in the L-shaped nanochannel. By opening the
valve for 30 s, the fluorescence solution was provided into the L-shaped nanochannel for
switching. The time of closing the valve was varied from 1 to 30 minutes in order to

investigate effects of solute leakage through the closed valve.
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Figure 3-4: Schematic image of switching two reagents (a) When the valve is opened, the
flow of Alexa solution is formed in the downstream nanochannel. (b) When the valve is
closed the flow switches to that of PBS.

3.2.3 Results and discussion

Fabrication of a curved valve chamber

The microchannels, nanochannels, and valve chamber were successfully fabricated.
After pressing the valve repeatedly, the substrates were detached by inserting a razor
blade between the substrates for surface shape measurement. The shape and the depth
profile of the valve chamber was obtained using an optical profiler (WYKO NT9100A,
Bruker Co.) and a stylus profiler (Dektak XT-S, Bruker Co.). The results of the mea-
surements of the chamber shapes and depth profiles before/after pressing are shown in
Fig. 3-5. After pressing 5,000 times, the stepped structure can still be recognized but the
edges of the steps were apparently smoothened. After pressing 10,000 times the steps
in the valve chamber were gradually demolished, and after 20,000 times the steps were
almost completely demolished, and a curved surface was obtained. Although the steps of
the initial valve chamber were demolished, the shape of nanochannel was maintained. In
addition, as the pressing number increased, the valve chamber gradually became deeper.
The depth of the valve chamber after pressing 20,000 times was 130 nm, which implies

that the valve chamber was mechanically deformed by repeated pressing. From these
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results, we successfully verified the proposed fabrication method by applying impulsive
forces and demonstrated the fabrication of nanoscale curved structure with an aspect ra-
tio of 750 (width: 75 wm , depth: 100 nm), which has been difficult for conventional

fabrication methods.

MR TEDHIEAK

Figure 3-5: 3D depth profiles and 2D sectional depth profiles of the valve chambers of
the initial four-stepped structure and after being pressed 5,000, 10,000, 20,000 times

As for the eight-stepped valve chamber and 12-stepped valve chamber, a shape closer
to a curved structure was obtained as well (Fig. 3-6). However, as the number of steps
increase, the alignment precision for each step during the fabrication gets stricter. For
example, the tolerable alignment error of each step in the 12-stepped valve is less than 2
um , which is difficult to achieve by manual operation. For this reason, it can be assumed

that an ideal curved structure cannot be achieved by increasing the number of steps.
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Figure 3-6: 3D depth profiles and 2D sectional depth profiles. (a) Eight-stepped valve
chamber (b) 12-stepped valve chamber.

Evaluation of diffusion flux

The fluorescence images are shown in Fig. 3-7. No apparent fluorescence was ob-
served in the downstream nanochannel at the moment Alexa solution was introduced in
the upstream nanochannel, but significant fluorescence was observed after 30 minutes es-
pecially with the four-stepped valve chamber (Fig. 3-7(a)). However, the brightness of
the downstream nanochannel decreased as the pressing number of the valve chambers in-
creased. This implies that the valve chamber resembled the deflection curve of the glass
more closely as the pressing number increased and thus the open space remaining when

the valve was closed decreased.

MIEBETED-DIEAR

Figure 3-7: Fluorescence images of valves. The top and bottom rows show the images
right after fluorescence solution was introduced in the L-shaped nanochannel and 30
minutes after. (a) Four-stepped valve and after pressed (b) 5,000 times (c) 10,000 times
(d) 20,000 times.

Since no fluorescence was observed at the end of the nanochannel, where it is con-

nected to the microchannel filled with PBS, the fluorescence concentration can be consid-
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ered as zero. Therefore, a one-dimensional diffusion model was applied to characterize
the diffusion in the nanochannel. Using equation (3.1) and that fluorescence intensity is
proportional to the concentration of the fluorescent solution, the diffusion flux can be esti-
mated from the linear slope of the fluorescence intensity in the downstream nanochannel
after reaching its stationary state. For all conditions, the absolute value of the slope of the
fluorescence intensity in the nanochannel increased and had no significant change after
30 minutes. The diffusion flux was estimated at this stationary state. Figure 3-8 shows the
results of each conditions. The summarized results of the absolute value of the slope after
30 minutes are shown in Fig. 3-9. The diffusion flux decreased by 81 % when the press-
ing number was 5,000 times. As the pressing number was increased, the diffusion flux
further decreased, and finally reached a decrease of 94 % after 20,000 times of pressing.
Considering that the edges of the valve chamber started to smoothen after being pressed
5,000 times and further smoothened as the pressing number increased, the edges of the

stepped valve chamber could be the dominant factor of causing solute diffusion.

MAEBBETED=HIEAK

Figure 3-8: Fluorescence intensity in the downstream nanochannel for each valves

Under a one-dimensional diffusion model, the diffusion flux J can be calculated as

e

=1

(3.2)

where (' is the initial concentration of fluorescence solution where the downstream
nanochannel and the valve is connected, and L is the length of the nanochannel (L =300

um ). Since the diffusion coefficient D in the nanochannel and the length of nanochannel
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Figure 3-9: The summarized results of diffusion flux

L is constant, the diffusion flux is proportional to C;. Considering that the depth of the
nanochannel (900 nm) is small enough compared to the length of the nanochannel (300
um ), the time for diffusion in the depth direction can be negligible. In addition, C' is
determined by the diffusion of the fluorescence molecules from the nanochannel at the
upstream of the valve so C'; has a proportional relation with the remaining open space
of the valve chamber and a positive correlation with the diffusion coefficient D’ in the
valve chamber. Thus, diffusion flux in the downstream nanochannel can be assumed to be
dependent on both the opening space of the valve chamber and the value D’. When con-
sidering a static diffusion system in the valve chamber, D’ can be estimated by applying
Stokes-Einstein equation (3.3),

D kgT
6mnr

(3.3)

where kg is the Boltzmann constant, 7' is the temperature, 7 is the viscosity of the solution,
and r is the radius of the molecule. As this equation indicates, D’ is inversely proportional
to the viscosity of the solution. The remaining open space in the valve is considered to be
a 1D plate nanochannel with a width of ~pum and a height of ~10 nm. In such a confined
space, it has been revealed by our group that the viscosity of water rises.>® Considering

this effect of the space size on the viscosity, reducing the open space in the valve could also
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reduce the diffusion coefficient of the solute molecules in the valve chamber. Although
these two effects cannot be discussed separately from the obtained results, the result that
the diffusion flux was reduced by 94 % when pressing the valve 20,000 times implies that
a curved valve chamber that resembles the deflection curve of the glass was successfully
achieved and the open space remaining had decreased. On the other hand, when using
the eight-stepped valve chamber and the 12-stepped valve chamber, the diffusion flux was
reduced by 62 % and 90 % respectively (Fig. 3-9). Therefore, increasing the steps of
the valve chamber also contributes to decreasing the diffusion flux, but considering the
fabrication precision mentioned before, there is a limit for this method. Moreover, the
results shown in Fig. 3-9 imply that a valve chamber with less edges is more effective for
reducing leakage. Therefore, fabrication by pressing the valve repeatedly is a simpler and

a more promising method to realize a curved structure resembling the glass deflection.

Evaluation of leakage

The average fluorescence intensities in the upstream (/) and downstream (/) nanochan-
nels were measured, and the total amount of leakage was estimated from the ratio of the
average fluorescence intensity (Io/[;). Figure 3-10(a) shows the results of the leakage
of the valves after pressing 0, 5,000, 10,000, and 20,000 times. The leakage reaches a
plateau after about 7 minutes and the value decreased as the pressing number increased.
We evaluated the leakage as far as the signal-to-noise (S/N) ratio was over two, which
corresponds to leakage of 0.5 %.

The amount of leakage after 30 minutes for the initial four-stepped valve chamber
and the pressed chambers are compared in Fig. 3-10(b). When the valve was pressed

5,000 times, the leakage greatly decreased by 88 % compared to the initial valve chamber,
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Figure 3-10: (a) The amount of leakage caused from the four-stepped valve and valves
pressed 5,000, 10,000, 20,000, and 30,000 times (b) Comparison of the amount of leakage
caused by diffusion for valve chambers with different pressing numbers

which is a similar tendency to the results of the diffusion flux. When the pressing number
was 20,000, the estimated leakage was 0.93 %, which is more than 40 times smaller
than the four-stepped valve (42 %). Therefore, sampling or partitioning a certain volume
within this degree of error is possible using this valve. Because the sampling tolerance
in general analyses (e.g. using micropipettes) is around 1 %, and even larger for small
sample volumes, this error can be considered sufficiently small. Judging from the results
of pressing the valve, the remaining open space would decrease as the pressing number
increases, and therefore the leakage could be further decreased by increasing the pressing
number. To verify this, the leakage of a valve chamber that was pressed 30,000 times
was also evaluated. The calculated leakage was 0.21 %, which was less than the limit
of quantification. Therefore, the idea of further reduction of leakage by increasing the
pressing number was verified and the estimated leakage was less than 0.5 %. These
results support that a curved valve chamber was fabricated by repeated pressing of a
stepped-structured valve chamber and that leakage could be greatly reduced using this

method.
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Although the four-stepped valve possesses a satisfactory performance to stop the flow
as evaluated in chapter 2, the experiment in this section indicates that molecules can still
flow through the valve chamber by diffusion (e.g. 42 % of leakage in a four-stepped
valve). Therefore, in order to control mass transfer by opening and closing the valve,
controlling only the macroscopic flow of the fluid is insufficient and additional control
of microscopic molecular diffusion is also necessary especially for nanofluidic analysis,
where the sample could contain only countable molecules. The results in this section
revealed this critical problem, and in addition, presented a promising solution to prevent
leakage caused by molecular diffusion. Furthermore, by controlling and quantifying the
remained open space in the closed valve chamber, the valve could be used to investigate
molecular behaviors in a small space that is nearly the same size as the molecules. As a
result, new information on diffusion coeflicients of molecules or molecular interactions in

such an extra-confined space could be obtained.

Switching of reagents

Finally, switching and partitioning of reagents in pressure-driven flows was demon-
strated using the valve with the curved surface by the pressing number of 30,000. The re-
sults are shown in Fig. 3-11. Alexa solution and PBS were introduced from the upstream
straight nanochannel and the downstream L-shaped nanochannel respectively. When the
valve was opened, the fluorescence solution was instantly flowed in to the downstream
nanochannel at a velocity of 2.65 mm/s, with a response time of 0.4 s. When the valve
was opened for 30 s, 72 pL of the fluorescence solution was provided to the downstream
nanochannel. The valve was kept closed for 1, 3, 7, 15, and 30 minutes in order to

verify flow switching during a long time interval. After each intervals, the valve was
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opened again for 30 s. Since the solute leakage at the valve closed state was sufficiently
suppressed by the curved valve chamber, even when the time interval of the switching
became longer, almost no leakage was observed, and the initial state before opening the
valve could be maintained. Therefore, using the valve with the curved structure, switching
and partitioning of pL reagents in nanochannels can be achieved without contamination

of reagents by unexpected mixing.

MR T ED=HIEAR

Figure 3-11: Fluorescence intensity at the downstream nanochannel during flow switch-
ing. The images on the top and bottom are fluorescence images of the valve when opened
and closed respectively.

3.3 Multiple-phase fluid operations

3.3.1 Subject

In order to replace liquid in the nanochannels to air using valves, the gas/liquid interface
must be transported through the valve. In order to achieve this, the Laplace pressure at
the gas/liquid interface must be overcome using the driving pressure of air. The Laplace
pressure is calculated from the Young—Laplace equation and for rectangular channels such

as the micro-/nanochannels in this study, it can be expressed as follows.”* "

(3.4)

cos b, + cos b cos 0) + cos 6,
o (et ot et

where P}, is the Laplace pressure, -y is the interfacial tension of the liquid, i, w are the

channel height and width respectively, and 6, 6,,, 6, 6, are the top, bottom, left, and right
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contact angles of liquid against the four channel walls. When the materials and the surface
conditions are same for all four walls (6; = 6, = 6, = 6, = 0), equation (3.4) can be

simplified to

P, = —2vcosf <% + l) (3.5

w

Although the valve chamber is not a rectangular shape exactly, the Laplace pressure
can roughly be estimated using the equation (3.5). The valve chamber is 75 pm in width
and the depth is 100 nm at maximum and 25 nm at minimum. Thus, the Laplace pressure
is estimated to be 1.5 MPa. On the other hand, the maximum pressure generated from the
compressor (TFP04C-10C, ANEST IWATA Corp., Kanagawa, Japan) is 0.8 MPa. Hence,
once the valve chamber is filled with water, it cannot be replace with air using the driving

pressure from the compressor.

To address this subject, hydrophobic modification of the valve chamber was proposed
to control the Laplace pressure inside the valve. By hydrophobically modifying the sur-
face of the valve chamber, introduction of water can be prevented. The valve chamber
could be replaced from water to air in this way, but still, the gas/liquid interface remains
at the exit junction of the valve chamber and the nanochannel. The Laplace pressure
here is also estimated to be 1.5 MPa and would prohibit introduction of air. In order to
conquer this subject, I additionally proposed a method to generate pressure on-chip us-
ing the closing operation of the valve. Judging from the experiment in section 2.4, the
volume of the valve chamber is estimated to be compressed to 10 % when closed. Plus,
the time taken for the glass to deform was estimated from the theoretical response time
of the piezoelectric actuator, which is 2.4 us. Considering the speed of air compression

inside the valve chamber and the speed of air escaping from the upstream nanochannel,
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the maximum pressure obtained was calculated to be 4.3 MPa. Therefore, this process
could be applied to overcome the Laplace pressure at the gas/liquid interface in the valve

chamber and achieve gas/liquid switching in the downstream nanochannel.

3.3.2 Experiment

Fabrication of device

The design of the valve chamber and the nanochannels are same as the design in sec-
tion 3.2.2. Octadecyldemethyl- N, N-diethylaminosilane (ODS-DEA) (Gelest Inc., PA,
USA) was used for hydrophobic modification of the valve chamber and the nanochan-
nels. The nanochannels and the valve chamber was washed and replaced with ethanol,
acetone, toluene in this order, and ODS/toluene (20% v/v) was introduced for two hours.
The valve chamber and the nanochannels were washed with toluene for 30 minutes and
ODS/toluene was introduced for another two hours. After washing with toluene again for
30 minutes, the valve chamber and the nanochannels were replaced with acetone, ethanol
in this order and finally dried to air. The chip was heated to 70 °C on a hot plate during
introduction of ODS/toluene and washing with toluene. Next, the valve was closed and
water was introduced into the L-shaped nanochannel. The water was then replaced to
1M NaOH and the nanochannels were treated with NaOH for 15 minutes. Because the
valve chamber is hydrophobically modified, the water and NaOH will only be introduced
in the L-shaped nanochannel. Thus, hydrophobic modification of the valve chamber was

completed.

Gas/liquid switching in nanochannel
The proposed process for switching water in the nanochannel to air is shown in Fig.
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3-12. The valve is opened at first and air is flowed into the valve chamber (Fig. 3-
12(a)). Because the upstream nanochannel and the valve chamber is hydrophobically
modified, the Laplace pressure works in the same direction of the air flow and the valve
chamber is filled with air. Next, by maintaining the driving pressure of air, the valve is
closed. Using the pressure generated at the moment the valve is closed, the gas/liquid
interface pinned at the junction of the nanochannel and the valve chamber is pushed out
into the downstream nanochannel (Fig. 3-12(b)). Although the downstream nanochannel
is hydrophilic and therefore the Laplace pressure works against the air flow, the Laplace
pressure in nanochannels is sufficiently small (~10* kPa) that it can be controlled with air
pressure. For that reason, the downstream nanochannel can be fully replaced with air by

finally opening the valve and introducing air (Fig. 3-12(c)).
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Figure 3-12: (a)—(c) Proposed process of gas/liquid replacing in nanochannel (d)—(f)
Microscopic images of the valve chamber and the nanochannels during the replacing
process
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3.3.3 Results and discussion

Hydrophobic modification of valve chamber

The valve chamber and the nanochannels were observed in a coaxial lighting system
using white light emitted from a mercury lamp used in the previous section. Because
the transmitted light cannot be observed due to the valve actuating system covering the
top of the device, the fluid inside the channels were observed by light scattering. The
channels filled with air look bright and white and channels with liquid look dark and
rather gray. First, partial modification of the valve chamber and the nanochannels were
verified. Water was introduced into the L-shaped nanochannel using capillary force while
the valve was kept opened. As shown in Fig. 3-13, water was only introduced in the
L-shaped nanochannel and did not enter the valve chamber. From this result, partial
hydrophobic modification of the valve chamber was confirmed.

Hydrophobic | Hydrophili
TR L >

Figure 3-13: Microscopic image of valve chamber after partial hydrophobic modification
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Gas/liquid switching in nanochannel

The results of gas/liquid switching is shown in Fig. 3-12 (d)-(f). Water was first
introduced in the L-shaped nanochannel with 50 kPa, and then the pressure was cut off.
Air was then introduced from the left at the pressure of 500 kPa and filled the valve
chamber (Fig. 3-12(d)). At this moment, the gas/liquid interface in the valve chamber
could not be pushed out to the downstream nanochannel. This indicates that gas/liquid
switching cannot be achieved only with hydrophobic modification. Next, when the valve
was closed, the gas/liquid interface instantly moved into the downstream nanochannel
(Fig. 3-12(e)). Finally, when the valve was opened and air was continuously introduced

with 500 kPa, the nanochannel was replaced with air (Fig. 3-12(f)).

In this way, gas/liquid switching was verified using the open/close valve. Hence, fluid
operations that require gas/liquid two-phase system such as reaction/condensation using
a gas reagent or isolating liquid samples for volume regulation can be achieved using the

open/close valve and the verified switching process.

3.4 Conclusion

In this chapter, fluid operations for analyses using the valve developed in chapter 2 were

verified.

In section 3.2, a curved valve chamber was proposed in order to prevent leakage
caused by molecular diffusion through the valve chamber and to achieve fluid switch-
ing in a single-phase system. To achieve a curved structure that fits the deflection curve
of the glass, a fabrication method using plastic deformation of glass was proposed. As

a result of repeating the open/close operation for more than 20,000 times against a four-
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stepped valve chamber, the steps consequently demolished and a curved valve chamber
resembling the shape of the deflection of the glass was obtained. Using this curved valve
chamber, the amount of leakage caused by diffusion was evaluated to be under 0.5 %.

In section 3.3, switching water inside the nanochannel into air was performed as a
typical example of a fluid operation in a gas/liquid two-phase system. A hydrophobic
valve chamber and a valve operation to generate pressure inside the chip was proposed.
Using the driving pressure alone, air could not go through the valve chamber. However,
additional use of the pressure generated from the valve closing operation could push out
the gas/liquid interface into the nanochannel. Thus gas/liquid switching was achieved
using the valve.

From the verified fluid operations in this chapter, the valve can be implemented into
analytical devices not only to stop and flow reagents but also be used for partitioning
reagents, regulating volume of the sample, and even to reactions or sophisticated fluid

control using multi-phase flows.
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Chapter 4

Fluid control system integrated with
nanochannel open/close valves



4.1 Introduction

4.1.1 Background

In chapter 2 and chapter 3, the basic fluid operations using the nano-sized valve was
verified. In this chapter, a fluid control system for micro/nano integrated devices with
multiple valves integrated is established. Such system requires a reagent injection part,
a flow control part, and a detection part. Reagents are set in a vial and introduced in the
device through a connected capillary. Therefore, a jig, or a chip holder, is necessary to
connect the capillary. For the flow control part, integrated multiple valves will play the
role of flow control. Here, several actuators, must be implemented into the system for
controlling the valves. In addition, a detector must also be integrated in the same system
to carry out nanofluidic analysis. On the other hand, by pressing several parts of the device
when operating multiple valves, the device could deflect and affect the open/close state of

the valves.

4.1.2 Objective

Considering these requirements and probable subjects, a system that consists of pressure
controllers, actuators, and a detector is designed.

In section 4.2, the system was designed based on the boundary conditions set from the
limitation of miniaturization of the actuators and the size of the detector. The deforma-
tion of the device when multiple valves are actuated was calculated based on strength of
materials, and a design to reduce the deformation was proposed.

In section 4.3, open/close operation of the multiple valves using the system was veri-

fied.
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4.2 Design and establishment of fluid control system

4.2.1 Design

Integration of chip holder, actuators, and detector

The design of the fluidic control system for devices integrated with valves is shown in
Fig. 4-1. A chip holder for introducing reagents was firstly designed. The holder clamps
the edges of the device and capillaries for introducing reagents can be connected to Teflon

screws tightened to the holder.

(a)

Pressure controller Piezo controller

Actuator

Pressing pin

Detector

Figure 4-1: Design of fluid control system integrated with actuators and a detector.

For the valve operation, the actuator used in chapters 2 and 3 cannot be applied to this
system because the actuator consists of a pressing pin, a force sensor, and micrometers
to control the position of the actuator, which makes the total system too large (~10 cm).
In order to integrate multiple actuators on a hand-sized device, the force sensor and the
micrometers were removed, and a piezoelectric element was fabricated as small as possi-
ble. A small piezoelectric actuator with a bottom area of 1.1 mm x 0.8 mm and a height
of 10 mm was purchased from TOKIN Corp., Japan. This actuator is used within the
voltage range O to 150 V and the maximum displacement is 9.1 pm . The actuator was

then attached to a stainless pressing pin with a diameter of 2 mm by inserting the actuator
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into a hole fabricated on the pressing pin. Each pressing pin was arrayed through a hole
(hereinafter called “actuator holes”) fabricated directly on the chip holder. In order to
densely array the actuators, the holes fabricated on the chip holder must be dense as well.
However, due to the machining limits to maintain the shape of each holes, the thickness of
the stainless remaining between each holes must be larger than 1.5 mm. For this reason,
the actuator holes were placed in a distance of 3.5 mm from each other (Fig. 4-1(b)).
A pressing pin attached to a piezoelectric actuator is set to each hole and the actuator is
sealed with a screw from the top. When voltage is applied to the piezoelectric element, the
actuator is displaced in the vertical direction, which makes the pin press the valve defor-
mation part (Fig. 4-2). On the other hand, the chip holder combined with actuators must
be compatible with the detection system. In general, an optical detection systems consist
of an objective lenses observing the detection area. Therefore, the size and the position
of the actuator holes was determined considering the occupied space by the objective lens

(~cm). As aresult, up to 12 actuators could be integrated with the system.

Alignment of actuators and valve chambers

In order to operate the valves with the actuators based on the design explained above,
alignment of the actuators and the valve chamber is essential. There are three technical
subjects to complete the alignment: (1) Determining the coordinates of the valve cham-
bers, (2) Adjusting the XY6 position of the actuators, and (3) Adjusting the Z position of

the actuators.
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(@) (b)

Jig

Actuator

Pin —

Valve open Valve open Valve closed

Figure 4-2: Valve open/close scheme using a miniaturized actuator. (a) A stainless press-
ing pin was attached to the actuator was attached to the actuator. (b) The actuator was
fixed with a screw from the top and tightened until it makes contact with the valve. (c)
Voltage is applied to the actuator and the valve is closed.

(1) Determining the coordinates of the valve chambers

Although the valve chambers and the actuator holes are designed at the same posi-
tion, a position error is inevitable in the actual fabricated system due to the precision of
fabrication. The actuator holes, fabricated by machining, are positioned with a preci-
sion around 10> um . On the other hand, the valve chambers, fabricated by top-down
nano-fabrication, are positioned with a precision around ~pum. Therefore, by obtaining
the coordinates of the fabricated actuator holes beforehand and then determining the co-
ordinates of the valve chambers, the relative coordinates of the valve chambers and the
actuator holes are arranged while the alignment error can be theoretically kept within ~
um . The experiment setup and results to obtain the coordinates of the actuator holes are

described in the Appendix section A.4.

(2) Adjusting the XY@ position of the actuators

After arranging the coordinates of the valve chambers and the actuator holes, the

device implemented with valves is set to the lower jig and the actuators are set through
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the actuator holes on the upper jig. The lower and upper jigs are then combined to fix the
device and the actuator. Here, the mechanical tolerance and human error when combining
the jigs will result in a positioning error. To address this subject, a system to align the
actuators and the valves is required. Because the relative position of the actuators and the
valves are determined after (1), controlling the XY position and the angle of the top jig
that holds all the actuators is sufficient. An alignment system to achieve such a process
was established as shown in Fig. 4-3. The device is first set to the lower jig using screws
on the sides and then the jig is fixed onto the stage of the system. Next, the top jig with
actuators is clamped by an arm that can control its XY position and its angle in the XY
plane. The valves and the actuators are observed from below by a microscope. Using this
system, the actuators and the valves can be aligned within the presicion of ~1 pm , and
the tolerable alignment error (< 20 pm ) obtained in section 2.4.2 can be achieved. When
the alignment is completed, the top and bottom jig is combined, and the position of the
actuators are fixed.

(a) (b)

Z controller

& controller ‘

Top jig
(Clamped) ~_ [] T
i Lowerjig [
Top jig (Fixed) |
Clamped i
(Clamped) Device XY controller

- =

Microscope

Figure 4-3: (a) The system established for alignment of actuators and valves. (b)
Schematic side view of the alignment system.
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(3) Adjusting the Z position of the actuators

Finally, the Z position of the actuators must be adjusted to make sure the displacement
of the piezo-driven actuators is conveyed to open/close the valves. The open/close opera-
tion process is as follows. The actuators are set in the actuator holes and by tightening a
screw from above, the Z position of the actuators are lowered until it makes contact with
the valves. After contact, 100 V is applied to the actuator to close the valve and the volt-
age is turned off to open the valve. During this process, the backlash of the screw would
be a factor to cause an error in the Z position. A backlash is a small space (~10' um )
intendedly made between the male thread and the female thread. Backlash is essential for
threads to be tightened smoothly by reducing the friction. However, in the case of fixing
the actuators to apply deformation to the valve, it may take up the displacement of the
actuator and few displacement is applied to the valve. In order to investigate the effect of
backlash, an actuating procedure that could eliminate the effect of backlash was proposed.
First, voltage is applied to the actuators and the screws were tightened until the valve is
fully closed. At this point, the actuator is pressurized backwards from the closed valve, so
the backlash is already absorbed in the displacement of the actuator (Fig. 4-4(a)). Next,
the voltage is turned off and the valve opens. The results using this process and the initial
process is shown in Fig. 4-4(b). This result implies that the backlash of the screw causes
an error in the Z position, and that the proposed process is a reasonable way to overcome
this subject. In this way, the Z position of the actuators were adjusted. There are other
possible factors that could cause an error in the Z position such as the tilt of pressing pin,
the tilt of actuators, and the actuator pushing the screw back. The effect caused by these

factors were also investigated, which is described in the appendix section A.S.
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Figure 4-4: (a-1) The initial process for valve open/close operation (a-2) Fluorescence
intensity of the valve chamber during the initial open/close process (b-1) The newly pro-
posed process for valve open/close operation (b-2) Fluorescence intensity of the valve
chamber during the new open/close process

Calculation of device displacement

When a detector is integrated as described in the previous section, an area of 34
mmx51 mm becomes an opening space with no support of the jig (Fig. 4-1). This is
a normal situation in the chip holders used in general micro-/nanofluidic devices with-
out valves, but when a load is applied to the device for valve operation, the deformation
of the total device could be a problem. For example, deformation produced by a single
valve actuation can affect the open/close state of other valves or change the focal point of

the detector and affect the detection efficiency. The distribution of the deformation was
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calculated by finite element method (Fig. 4-5).
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Figure 4-5: Calculation of device displacement when one and two valves are pressed. (a)
Jig without reinforcement (b) Jig with reinforcement

During this calculation, the displacement of the areas that are supported by the chip
holder was set to zero. When a single valve was closed, the maximum displacement of
the device was calculated to be 1.2 um . When another valve was pressed, the device
was deformed even more. The displacement itself is not a problem when only one valve
is actuated, but when multiple valves are actuated, the displacement will affect the open-
ing/closing of other valves. At the position of the first valve, the device was additionally
deformed by 1 pum , which is greater than the valve depth (Fig. 4-5(a)). This means that

the closed valve will open when another valve is pressed.
To address this subject, a reinforcement set below the valve area was proposed. The
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reinforcement area was designed so that is prevents deformation of the total device when a
valve is actuated and that its size and position does not interfere with the detection system.
The effect of the reinforcement was estimated as well. The additional displacement of the
device when the second valve was actuated was less than 1 nm. This could be considered

sufficiently small to control open/close states of multiple valves independently.

4.2.2 Establishment of system

Established system

The established system is shown in Fig. 4-6. Pneumatic pumps for fluid introduction
are connected to the vials containing the reagents. A reinforcement part is incorporated
in the chip holder where the valves are positioned. The fluid operation is carried out
by controlling the open/close state of the valves, and the operation is confirmed with
observation by a microscope. For detection, the jig is moved to the stage of the DIC-

TLM.

Figure 4-6: (a) Fabricated jig integrated with a detector. (b) Lower jig with a reinforce-
ment part around the valve area. (c) Total image of the established system.
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4.3 Verification of fluid control system

4.3.1 Verification of open/close operation of multiple valves

Operation of two valves

With the established fluid control system, open/close operation of two valves was
verified. The results are shown in Fig. 4-7. Valve B was closed at first, and then valve
A was repeatedly opened and closed. During this operation, valve B remained closed.
Therefore, it was verified that open/close operation of one valve does not affect other

valves.

¢ Valve A A Valve B

Open

A ¥

Intensity (a.u.)

e . Closed

Figure 4-7: Fluorescence intensity of two valve chambers. During the open/close opera-
tion of valve A, the closed state of valve B was maintained.

Injection operation using valves for chromatography

As a simple demonstration of a fluid operation using multiple valves, the injection
process of a sample in nanofluidic chromatography was verified. The injection process
in general chromatography consist of two steps: Loading the sample and transporting the
sample to the separation channel. This switching process could be achieved using valves
as follows (Fig. 4-8). Valve A, which controls the flow of the eluent, is at first closed.
When valve B, which controls the flow of the sample, is opened for a certain time 7, the

sample is loaded into the nanochannel. Finally, by opening valve A at the moment valve
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B is closed, the loaded sample would be injected into the separation channel. For the
experiment, PBS and 100 uM Alexa Fluor™488 solution were used as model reagents

for the eluent and the sample respectively and 7 was setto 7 = 1 s.

1. Valve Bopen (7=1s) 2. Valve B close, Valve A open

Separation channel
Loaded volume
——

Valve A 13 Valve B ©Valve B
CL I OP CL
Eluent = Sample [

Figure 4-8: Valve operation for sample injection into separation channel

The results are shown in Fig. 4-9. The device was successfully fabricated (Fig. 4-
9(a)). The nanochannels were 5 um wide and 2 um deep. Using this device, fluorescence
solution and PBS was flowed into the device from a single pressure source. That is, the
flows were controlled only by valves A and B. When valve A was closed and valve B
was opened for loading fluorescence solution, the loaded fluorescence band spread to the
downstream of the separation nanochannel. This indicates that valve A, which is placed
at the upstream of the nanochannel, has stopped the flow of PBS. When valve B was
closed and valve A was opened, the flow was switched to the eluent flow within less
than 0.25 s and the loaded fluorescence was transported downstream (Fig. 4-9(b)). In
order to investigate the reproducibility of this injection system, the total process (loading
fluorescence for 7 = 1 s and switching to the flow of PBS for 5 s) was repeated 10 times.
The fluorescence intensity was measured at 600 pm downstream of the loading point.
Figure 4-9(c) represents the results. The relative standard deviation (RSD) of the 10 peak
areas was 1.6 %. In general chromatography, the minimal requirement of the RSD of the

peak area for quantification is considered to be less than 5 %.7¢ Furthermore, the RSD

84



2500

""" T Peak area

1500

Intensity (a.u.)

500

500 . . . . . . e .
0 10 20 30 40 50 60 63 64 65
Time (s)

Figure 4-9: (a) Image of the fabricated device and SEM image of the fabricated
nanochannels and valves (b) Fluorescence image of valve B during the injection process
(c) Fluorescence intensity measured at 600 um downstream from the loading point.

of the peak area achieved in injection systems developed in microfluidics are mostly 3
% or more.” 8! Therefore, the injection performance achieved here was relatively higher
than other reports. This could be explained by the quick and promising flow control by
the open/close valves. Thus, the injection process for nanofluidic chromatography was

verified as a precise and robust fluid operation using multiple valves.
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4.4 Conclusion

In this chapter, a fluid control system for a nanofluidic device integrated with valves was
established. The structure of the system was designed based on the limitation of the size
of the actuators and the detector. In order to incorporate actuators at the highest density,
a chip holder that is combined with an actuator holder was designed, and to integrate a
detector, an opening space for the objective lens was created. Furthermore, the effect of
deformation of the total device caused by the opening space and the operation of the valves
was considered. By creating a reinforcement in a minimum area around the valves, the
deformation was sufficiently reduced. Thus, the fluid control system was established and
the basic function of the system to independently operate multiple valves was verified. In
addition, a sample injection process assuming nanofluidic chromatography was verified
as an example of fluid control in nanofluidic analyses. As a result, a quick response and a

robust fluid control with a high reproducibility was achieved.

86



Chapter 5

Application to femto-liter analyses



5.1 Introduction

5.1.1 Background

In this chapter, the valve developed in chapter 2 and chapter 3, and the fluid control system

established in chapter 4 is applied to femto-liter analysis.

In the current analytical devices handling fL. sample volume such as single molecule
ELISA,* nanofluidic chromatography,* single cell protein analysis®?, various reagents
are used and several fluid operations are required. Since the fluid in nanofluidic de-
vices are controlled by external pressure, even the simplest fluid operations such as in-
troducing/switching reagents and regulating volume of reagents require precise but insta-
ble control at all channels. Accordingly, the complex process could only be achieved by
highly skilled technicians. Here, using the valve developed in the previous chapters would

change the fluid operation to an easier and more stable operation.

5.1.2 Objective

Herein, valves were implemented on a device for single-cell protein analysis and fluid
operations to perform immunoassay in fLL space was verified. First, the device is designed
based on our integration concept of MUO/NUOs. Next, the device is fabricated and the
fluid operations were verified. Finally, IL-6 in standard solution is detected by ELISA

and the performance of the device integrated with valves is discussed.
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5.2 Design of the device
5.2.1 MUO/NUO:s in single-cell analysis

The device was designed based on the methodology of MUO/NUOs. The left column in
Fig. 5-1 shows the chemical processes in single-cell protein analysis. The process is di-
vided into a total of 11 unit operations, and each of these were converted into MUOs and
NUOs as shown in the middle column in Fig. 5-1. In order to connect each MUO/NUOs
by controlling the fluid, a total of seven valves were designed on the device. The de-
sign of the device is illustrated in the right column in Fig. 5-1. A total of four kinds
of surface is prepared in the channels. In order to isolate a single cell during stimula-
tion, the cell chamber is kept hydrophilic while the microchannel connected to the cell
chamber is hydrophobically modified. The surface of the nanochannel where ELISA is
performed (hereinafter called “ELISA channel”), has a region where antibodies to cap-
ture the analyte is immobilized and other regions in the ELISA channel are modified with

polyethyleneglycol (PEG) to prevent non-specific adsorption of proteins.

5.2.2 Design of fluidic channels

Size of microchannels, nanochannels, cell chamber, and pipette

The microchannels are 400 um wide and 20 pm deep, and the nanochannels are 3
pum wide and 1.2 pm deep. The size of the cell chamber (75 pum in diameter, 20 pm deep,
88 pL volume) and the pipette (25 pL volume) between valves 2 and 3 was determined

based on the performance achieved in the previous work.®?
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Figure 5-1: Concept of integrating chemical processes of single-cell analysis into a mi-
cro/nano integrated device.

Fluid operations for ELISA using valves

The fluid operations during the ELISA process is carried out as follows.

(1) Sample introduction

The sample is introduced from microchannel 1. During this process, valves 1 and
4 are closed and the sample flows through valves 2 and 3 and to the drain. Valves

5, 6,7 are also closed in order not to release reagents into the ELISA channel (Fig.

5-2(1)).
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(3-1) Sample transportation
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Figure 5-2: The fluid operations designed in the ELISA process. (1) Sample introducing
(2) Sample isolation (3) Sample transportation

2)

3)

-1

Sample isolation

After the pipette is filled, valves 2 and 3 are closed. At this moment, the sample
volume injected is determined as the sample isolated between valves 1, 2, 3, and 4

(Fig. 5-2(2)).

Sample transportation

Next, valves 1 and 4 are opened and the isolated sample is transported to the ELISA

channel using the flow of washing buffer from microchannel 3 (Fig. 5-2(3-1)(3-2)).

B/F separation, labeling, enzyme reaction, and detection

The ELISA channel is then washed with washing buffer (B/F separation) by opening
valve 5 for 5 minutes. The washing buffer consists of 2 wt% BSA, 0.05 % Tween
20, and 10 mM PBS. After B/F separation, valve 5 is closed and valve 6 is opened to

introduce 10 nM HRP-labeled antibody solution into the ELISA channel for three
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minutes. Valve 6 is closed and the ELISA channel is washed again with washing
buffer from microchannel 8 for five minutes. Then, valve 7 is opened to introduce
tetramethylbenzidine (TMB). After introducing TMB solution for two minutes, the
flow is stopped for 90 seconds for enzyme reaction by closing valve 7. Finally,
valve 7 is opened and the flow in the ELISA channels is regenerated. The colored

substrate is detected at the downstream using DIC-TLM.
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Figure 5-3: The fluid operations designed in the ELISA process. (4) B/F separation (5)
Labeling the captured antigen (6) B/F separation (7) Enzyme reaction between HRP and
TMB followed by detection with DIC-TLM

5.3 Experiment

5.3.1 Device fabrication

Fabrication of nanochannels, valves, and microchannels
The device was fabricated in the same way as in chapters 2 and 3 using EB lithogra-

phy, photolithography and dry etching. After fabricating the nanochannels, valves, and
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the microchannels, the ELISA channel was modified with aminopropyltetraethylsilane
(APTES) for immobilizing capture antibodies afterwards. The details of this process is
explained in the appendix section. The substrates were bonded under a condition of 5000
N, 110 °C for three hours.

Among the seven valves designed on the device, valves 5, 6, and 7 are closed for a
long term preventing leakage from each reagent introduced at microchannels 5, 6, and 7
respectively. As revealed in chapter 3, the property of the valve to prevent solute leakage
caused by molecular diffusion can be improved by repeated pressing of the valve. Since
leakage of HRP antibody and TMB into the ELISA channels will cause a critical effect
on the analysis, valves 6 and 7 were repeatedly pressed 20,000 times in order to curve the

valve chamber and reduce leakage.

Modification of fluidic channels
After the substrates were bonded, the surface of the channels were modified in the
following procedure. The chemical materials and protocol used here are similar to our

previous report with minor modification.’?

(1) PEG modification in ELISA channel

PEG was modified by flowing PEG silanization reagent in the nanochannel (Fig. 5-
4). First, all the microchannels and nanochannels were filled with ethanol. A pow-
der of trimethoxysilane-PEG (MW=5,000, NANOCS, NY, USA) was dissolved
in water/ethanol (5/95) at the concentration of 0.1 wt%. After the channels were
filled with ethanol, valve 4 was closed to partition the ELISA region and the sam-

pling region. Next, PEG solution was introduced into the ELISA nanochannel from
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(1) PEG modification

(3) OH modification
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Figure 5-4: (1) Modification of PEG in ELISA channel (2) ODS modification of mi-
crochannels 1 and 2 (3) Silanization of cell chamber (4) Immobilization of capture an-
tibody in ELISA channel

microchannel 8 at 150 kPa for 45 minutes. During this procedure, a mild flow of
ethanol was formed in the other microchannels. The pressure at microchannel 8 was
switched off and PEG solution was then introduced from microchannel 5 at 150 kPa
for modification of another 45 minutes. After modification, the microchannels and

the nanochannels were washed with ethanol for 15 min at 30-150 kPa.

(2) ODS modification in microchannels

The surface of microchannels 1 and 2 were modified with hydrophobic molecules
(octadecylsilane) as described in a previous report.®? The microchannels and nanochan-
nels were first replaced from ethanol to acetone, toluene in this order. ODS-DEA
was diluted in toluene at 20 % (v/v) and flowed into microchannels 1 and 2 at 20
kPa. After the microchannels were replaced with ODS, the pressure was lowered
to 3 kPa. A back pressure of 40 kPa was applied from microchannel 3 generating

a flow in the direction from valve 2 to the cell chamber to prevent ODS molecules
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4

entering the pipette region. The modification was carried out at 70 °C for 2 hours.
Then, microchannels 1 and 2 were washed with toluene, acetone, ethanol, water in

this order and dried with air.

OH modification in cell chamber

After all microchannels and nanochannels were replaced to water, valve 4 was
closed and 1 M sodium hydroxide (NaOH solution) was introduced from microchan-
nel 3 so that NaOH solution does not reach the APTES modified region. Water in
microchannels 1 and 2 were replaced with air. Once the NaOH solution filled the
cell chamber, the interface of NaOH solution and air was controlled by adjusting
the pressure of air at microchannels 1 and 2. NaOH solution was pumped in and out
so that fresh NaOH solution was provided. The modification time was 15 minutes.
After the modification, valve 4 was opened and all the channels were washed with

water.

Immobilization of capture antibody in ELISA channel

Next, capture antibody was immobilized on the surface of the ELISA channel as
shown in Fig. 5-4(4). Valve 4 was closed and all the solutions were introduced
into the nanochannel from microchannel 8 and 9. 2.5 % glutaraldehyde in borate
buffer pH 7.2 was introduced into nanochannel from microchannel 8 at 150 kPa
for 1 hour. After washing the nanochannel with water for 10 minutes, 25 pg/mL
anti-IL-6 antibody (MAB206-500, clone 6708, R& D systems, Inc., MN, USA) in
PBS was introduced from microchannel 7 at 150 kPa for 1 hour with the outlet of
microchannel closed. After washing the nanochannels with PBS for 10 minutes, 0.5

M ethanolamine was introduced at 100 kPa for 10 minutes. This is for endcapping

95



of the unreacted reaction sites of glutaraldehyde. Then, 2 wt% BSA (Bovine Serum
Albumin) in PBS was introduced at 150 kPa for 30 min for blocking of the surface
of nanochannels and the valves. All the modification steps here were conducted in

room temperature.

5.4 Results
5.4.1 Fabricated device

The fabricated device is shown in Fig. 5-5. On a 70 mm x 60 mm fused silica substrate,

microchannels, nanochannels and seven valves were successfully fabricated as designed.

(a) (b) Microchann%\’ LL\\— (¢-1)  Cell chamber
L (I e L)
ol L
50 um
- ul Bl (e ( (c-2)  pL pipette

50 ym

Capture antibody
NAYAVAYY:

; Nﬁochannel 0y ? (c-3)  ELISA channel
i

Valve .

SOin
Figure 5-5: Image of the fabricated device. (a) Total device (size: 60 mmx 70 mm) (b)

Microscopic image of the microchannels and the nanochannels (c) Microscopic image of
the cell chamber, the pico-liter pipette ,and the ELISA channel.
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5.4.2 Performance of ELISA

Confirmation of fluid operations

Seven actuators were set to the actuator holes on the jig, corresponding to the position

of the fabricated valves 1-7. Each actuators were aligned to the valve chambers using the

alignment system developed in chapter 4. Here, the fluid operations beginning from the

injection of the sample to the detection of the colored substrates are described.

6]

2)

Sample loading

Valves 4, 5, 6, and 7 were closed at the initial state, and wash buffer was flowed in
at 120 kPa from microchannel 3. The sample was introduced from microchannel
1 at 20 kPa. For the experiment of blank sample, Alexa Fluor™488 was mixed in
the sample in order to confirm the fluid control (Concentration; 50 uM). After the
microchannel was replaced with the sample, the exit was closed and the pressure
was raised to 40 kPa. At the same time, a back pressure of 50 kPa was applied from
microchannel 2. At this moment, the flow from microchannel 3 is dominant and
the sample could not enter the pipette. When valve 1 was closed and the flow from
microchannel 3 was stopped, the sample was introduced into the pipette and flowing

out to the drain (Fig. 5-6(1)). The time for filling the pipette was two minutes.

Sample volumetry and transport

The introduced sample was isolated by additionally closing valves 2 and 3 (Fig.
5-6(2)). At the same time, valves 1 and 4 were opened and a flow to the ELISA
channel was generated. Here, it was observed that the sample was partitioned at
valve 2 and the aliquot inside the pipette was flowed to the downstream (Fig. 5-6(3-

1)(3-2)). The transported aliquot was confirmed by fluorescence observation at two
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points in the downstream; before valve 5 and at the antibody immobilized region.

As shown in Fig. 5-7(3-3) and (3-4), the sample was successfully transported to the

ELISA channel.
(1) Sample introduction (3-1) Transportation
120 kPa
'® 1
‘2(:; 3<:3  20i """""""" ®
40 kPal) 1 @ o
50 kPa
(2) Sample isolation (3-2) Transportation
120 kPa
'® 10
2. ,,,,,,,,,, 3. 2. ,,,,,,,,,,,,,,, ™

\VZY %2 Closed

Figure 5-6: Fluid operations and fluorescence images during the actual operation. (1)
Sample introduction (2) Sample isolation (3-1)(3-2) Sample transportation

(3-3) Transportation (3-4) Transportation

Figure 5-7: Fluid operations and fluorescence images during transportation of the
aliquot. (3-3) Transportation image before valve 5 (3-4) Transportation image at ELISA
channel

(4)—(7) BJF separation, labeling, enzyme reaction, and detection

After confirmation of the aliquot transportation, the device was set to the stage of

the detector (DIC-TLM) so the fluid operations could not be observed.

Valve 4 was closed and the ELISA channel was washed with washing buffer by

opening valve 5 for 5 minutes. The washing buffer was flowed at 200 kPa. Then
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valve 5 was closed and valve 6 was opened to introduce HRP-labeled antibody so-
lution at 200 kPa into the ELISA channel for three minutes. Valve 6 was then closed
and the ELISA channel was washed again with washing buffer from microchannel
8 at 200 kPa for five minutes in the direction to microchannel 5. After washing,
valve 7 is opened to introduce TMB solution. TMB was introduced at 200 kPa for
two minutes, and valve 7 was closed to stop the flow for 90 seconds. Finally, valve
7 1s opened again to regenerate the flow in the ELISA channels and the colored sub-
strates were detected by DIC-TLM. The total operation was performed for a blank
sample (0 M) and a standard solution of 100 pM IL-6. The detected signal is shown

in Fig. 5-8.

MAEBBETEDI=HIEAR

Figure 5-8: Obtained ELISA signals from 100 pM IL-6 standard solution and the blank
solution.

5.5 Discussion

The flow velocity in the ELISA channels was measured to determine the arrival time of
the signal from the antibody immobilized region (velocity; 315 um/s). Considering the
distance between the detection point and the antibody immobilized region (16.9 —19.9
mm), the arrival time is estimated to be in the range of 53.6-63.1 s in Fig. 5-8, which
is indicated as a purple area. Therefore, among the two peaks detected in Fig. 5-8, the

latter peak is assumed to be the peak derived from the analytes specifically captured by

99



the antibodies. On the other hand, the former peak is assumed to be a peak derived from
non-specific adsorption in the ELISA channel. The peak areas of specific signal peaks
were calculated with a peak fitting software (Igor, WaveMetrics, Inc., OR, USA), and
the sum of the peak areas was defined as “ELISA signal.” From the concentration of the
standard solution (100 pM) and the volume transported to the ELISA channel (25 pL), the
obtained ELISA signal derives from 1500 molecules, or 2.5 zmol. Consequently, femto-
liter analysis utilizing a valve-implemented micro/nano fluidic device was successfully

operated for the first time.

Compared to the conventional analytical system, which requires high skill and ex-
perience in order to control several pressure values at once and to adjust and maintain
the pressure balance at all channels, the system developed in this study requires only a
simple open/close operation of two valves for each fluid operations. Since fluid control
based on open/close valves is digital, that is, the flow is either “stopped” or “released,’
it is also possible to control the system automatically in the future. As a result, this will
realize an analytical system that can be operated not only by highly-skilled technicians
but by all users. Moreover, the valve system is essential for micro-/nanofluidics in order
to realize sophisticated analyses. Single-cell proteomics is an example of such analyses,
which consists of various components such as a picoliter reactor for protein digestion,®’
nanofludic chromatography column for separation,* a droplet shooter for connection to
a mass spectrometer,® erc. Although each unit operations were verified in the previous
work, it was impossible to carry out the fluid operations by conventional pressure control
when the unit operations were integrated. Thus, the development of the valve and the es-
tablished system is a fundamental and essential technology to realize such sophisticated

analyses.
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5.6 Conclusion

In this chapter, a device for single cell protein analysis integrated with valves was fab-
ricated and the fluid operations to perform ELISA was verified. First, the required fluid
operations and position of the nanochannels and the valves were designed based on our
methodology of MUO/NUOs. Next, the device was fabricated and modification of the
channels to obtain four kinds of channel surfaces; hydrophobic (ODS), hydrophilic (OH),
PEG, and capture antibody was carried out. Then, fluid operations to perform ELISA was
conducted using the valves. Fluid operations of sample introduction, sample volumetry,
transportation of the aliquot, and switching flows of reagents were successfully achieved
by simple opening/closing of the valves. As a result, 1500 molecules (2.5 zmol) from
the standard solution was detected. From these results, a nanofluidic analytical system
using a valve-implemented micro/nano fluidic device was successfully operated for the

first time.
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Chapter 6

Conclusion



6.1 Conclusion

In this thesis, a nanochannel open/close valve for femto-liter analyses was developed.
Our group has established the concept of MUO/NUOs, and integrated various chemical
processes into a micro-/nano integrated fluidic device. Such a device can not only realize
rapid and highly efficient chemical reactions but handle samples of ultra-small volume
(aL—fL), and recently, quantification of cytokine molecules secreted from a single B cell
was realized. Although micro-/nano integrated fluidic devices had the potential to achieve
such novel analyses, the fluid control was extremely difficult. For this reason, there were
problems such as low reproducibility and difficulty of further integration of chemical pro-
cesses. To address these problems, development and implementation of a valve applicable

to nanofluidics was conceived.

In chapter 2, the basic design of a nanochannel open/close valve utilizing glass defor-
mation was proposed based on the strength of materials and fluid engineering. In order to
achieve sufficient fluid resistance when the valve is closed, a four-stepped structure was
proposed to reduce the dead volume. In addition, incorporating a deformation part on the
glass substrate used for the device was proposed for integration of the valve into a nanoflu-
idic device. The performance of the valve was then evaluated. The flow rate when closing
the valve was 0.1 % , the response time was 0.06 s, the endurance of open/close operation
was over 100,000 times. These performances satisfied the requirements for application to

nanofluidic analyses.

In chapter 3, fluid operations for analyses using the valve were verified. Two types
of fluid operation was verified, that is, fluid operations in a single-phase system and in a

multi-phase system. For fluid operations in a single-phase system, a curved valve cham-
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ber was proposed in order to prevent leakage caused by molecular diffusion through the
valve chamber. A fabrication method using plastic deformation of glass was proposed.
By repeating the open/close operation and pressing the valve chamber for more than
20,000 times using a four-stepped valve chamber, the steps consequently demolished
and a curved valve chamber was obtained. The amount of leakage caused by diffusion
from this curved chamber was evaluated to be under 0.5 %. For fluid operations in a
multi-phase system, typically a gas/liquid two-phase system, a hydrophobic valve cham-
ber and a valve operation to generate pressure on-chip was proposed to switch water in the
nanochannels to air. The hydrophobic modification of the valve chamber kept the water
out of the valve chamber and by using the pressure generated from the quick valve closing

operation, gas/liquid switching in the nanochannel was verified.

In chapter 4, a fluid control system for a nanofluidic device integrated with valves was
established. A chip holder combined with an actuator holder was designed to incorporate
actuators at the highest density. An opening space for the objective lens of the detector
was also created in the chip holder. In addition, in order to reduce the effect of deformation
of the total device caused by operation of the valves and realize independent operation
of multiple valves, a reinforcement was set around the valves. Furthermore, a sample
injection process assuming nanofluidic chromatography was verified. As a result, a quick

response and a robust fluid control with a high reproducibility was achieved.

In chapter 5, the operation of ELISA in a single-cell analysis device implemented with
valves was confirmed. Seven valves were implemented into the device to operate the flow.
Sample volumetry of 25 pL was achieved and the aliquot was successfully transported to
the ELISA channel. As a result of antigen-antibody reaction and enzyme reaction, a

signal from a standard solution of IL-6 was obtained. 1500 molecules (2.5 zmol) of the
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standard solution was detected, and a valve-implemented micro/nano fluidic device was

successfully developed and operated for the first time.

With micro/nano integrated fluidic devices implemented with valves, the designing
concept of micro-/nanochannels and the flow controlling system would greatly change.
The fluid control using valves would be an easy and precise process so that all users
could operate sophisticated analyses that can only be controlled by technicians today.
Furthermore, chemical processes could be integrated easier and various functions could
be added to the device. In this way, the nanochannel open/close valve would greatly

contribute in advancing the field of nanofluidics.

6.2 Future prospects

The nanochannel open/close valve utilizing glass deformation developed in this research
is a fundamental technology for sophisticated integration of chemical processes on glass-
based micro-/nanofluidic devices. As is the case with the development of microfluidics,
which owes a great part to the emergence of the PDMS valve (“Quake valve”), highly in-
tegrated analytical devices could be realized by implementing the nanochannel open/close
valves. For example, it is indispensable for the realization of single-cell protein analysis,

which is currently attracting attention in the fields of medicine and biology.

Cell analyses have mostly been performed using a large number of cells (~10° cells)
due to the restriction of the sample volume or the analytical systems. The field of cell bi-
ology have been advanced in this way. Recently, however, it has come to be widely known
that the behavior of individual cells are different even if they are genitically identical.’—

In order to investigate the unique character of individual cells, an analytical tool for a sin-
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gle cell is necessary. Otherwise, analyses using a large number of cell would mask these
properties of each cells. However, the number of proteins expressed in one cell is as much
as ~10* kinds, plus, the absolute number is very small (zmol ~amol). Although analysis
targeting specific proteins has been realizing these days,*>’ comprehensive analysis of

proteins from a single cell is not yet achieved.
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Figure 6-1: System design of single cell proteomics

Our group has been tackling this subject using micro-/nanofluidic devices based on
our concept for integrating chemical processes.!*'® The processing flow of protein anal-
ysis from a single cell is illustrated in Fig. 6-1. First, cell suspension is introduced in a
microchannel and a single cell is selected and captured by an optical tweezer. After adding
the lysis buffer, the cell is isolated by a gas/liquid interface.®? The protein in the lysate is

then perticipated, filtered, and purified.®® The sample is introduced in the nanochannels
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and the sample volume is regulated (fL—pL). The aliquot is mixed with reducing agent
followed by protein digestion in a pL enzyme reactor.®3 The obtained peptides are sep-
arated by nanofluidic chromatography,** ionized after adding an ionization accelerator,
and finally introduced in a mass spectrometer with a fL. droplet shooter.3* Although all
the unit operations described above are already established, the current fluid control using
pressure balance was too complex to connect the operations and complete the analysis.
Therefore, the nanochannel open/close valve and the fluid control system developed in
this study is essential. Integration of the valves would make it possible to connect unit op-
erations by sophisticated fluid control, and pave the way to realize comprehensive analysis

of proteins from a single cell.
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A.1 Evaluation of glass breaking stress

In chapter 2, the thickness of the glass defomation part for the valve was designed based

on the breaking strength of glass. Here, the strength test of fused silica is explained.

A model similar to a three-point bending test, which is a general strength test for
materials, was constructed. The set up is shown in Fig. A-1. The sample used for the test
was 0.17 mm-thick substrate of fused silica. This was set on supporting beams placed
with a gap of 5 mm. The actuating system for operating a single valve was used for
pressing. The pressing pin was placed at the middle of the two supporting edges and the
zero-point height was determined using the force sensor and the moment of contact was
detected. Starting from this height, the sample was pressed downwards using the z axis

micrometer of the actuator until the sample was broken.

The deflection of sample before breaking was approximated by a circular arc and the

curvature was estimated from the following equation.

8w

T Aw? + d? (A

p

where p is the curvature of the glass, w is the maximum deflection, and d is the gap
between the supporting edges (d = dHmm). Therefore, the stress on the glass surface
can be estimated using the obtained value of w, Young’s modulus &2 = 73 GPa, and the
thickness of the material (¢ = 170 um ). As a result, the deflection of the glass when
breaking was 619 + 33 um (N = 4). Thus, the breaking stress of glass was estimated to

be 1.16 GPa.
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Figure A-1: Experimental setup of strength evaluation.
A.2 Fabrication process

Here, the details of the fabrication process of the device implemented with valves is de-
scribed. The device consists of an upper substrate with a deformation part and a lower

substrates with microchannels, nanochannels, and valve chambers.

A.2.1 Upper substrate

Fabrication of glass deformation part for valve

(1) Cr/Au/Cr sputtering

A fused silica substrate with a thickness of 0.25 mm (Shinetsu VIOSIL) was first
washed with piranha solution for 8 minutes. Then, a three layered film consisting
of Cr (50 nm), Au (300 nm), Cr (150 nm) was sputtered on the surface using a sput-
tering equipment (CFS-4EP-LL i-Miller; Shibaura Mechatronics Corp., Yokohama,

Japan).

(2) Photolithography

The patterns for the deforamtion part (I mm in diameter) was designed on the
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Cr/Au/Cr layer by photolithography.

(3) Wet etching

The substrate was immersed in hydrofluoric acid and the substrate was etched
for a depth of 220 wm . Because wet etching proceeds isotropically, the maxi-
mum diameter of the final deformation part spreads to approximately (Designed
diameter)+2x (Etching depth), which is about 1.5 mm. However, the diamter of

the area with a 30 pm thickness would be 1 mm as designed.

) Cr sputtering Photollthography 3) HF wet etching

Figure A-2: The fabrication process of the upper substrate.

A.2.2 Lower substrate

Fabrication of nanochannels

(1) Cr sputtering

Chromium was sputtered on the surface using a sputtering equipment. The thick-

ness of the chromium was 100 nm.

(2) Electron beam (EB) resist coating

ZEP-520A (Zeon Corp., Tokyo, Japan) was used as the EB resist material and spin-
coated onto the substrate at 5000 rpm. The obtained thickness of the resist is about
300 nm. After coating, the substrate was baked on a hot plate with 180 °C for two

minutes.
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(3) EB lithography

EB lithography was performed by ELS-7800 (Elionix, Tokyo, Japan). For the de-
vices used in chapters 2 and 3, the exposure time was 0.4 ps/dot and the dot size
was dnm X 5nm per dot. For the devices used in chapters 4 and 5, the exposure
time was 1.4 us/dot and the dot size was 30nm x 30nm per dot. This was because
the nanochannels designed on the devices used in chapters 4 and 5 were wider and

the total area was greater.

(4) Development

After EB lithography, the resist was developed by immersing the substrate in o—xylene
for 5 minutes. Then, the substrate was rinsed to stop the developing by gently shak-
ing in isopropanol for about 10 seconds. After washing the substrate with ultra
pure water, the substrate was immersed in Cr etchant (HICRETCH S-1, FUJIFILM
Wako. Pure Chemical Corp., Osaka, Japan) for 1-2 minutes. The EB resist was then
removed by sonication in a mixture of o-xylene and acetone, and finally washed

with piranha solution.

(5) Reactive ion etching (RIE)

The nanochannels were fabricated by a RIE process using an NLD-570 system
(ULVAC Co., Ltd., Kanagawa, Japan). A mixture gas of SF¢ and CHF5 was used

for etching SiOs.

(6) Removing Cr

Finally, the Cr film was removed by immersing the substrate in Cr etchant.
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Figure A-3: The fabrication process of the nanochannels on the lower substrate.

Fabrication of valve chamber

The four-stepped valve chamber was fabricated one steps each by repeating the fol-
lowing process (1)—(3). The steps were fabricated from the step with the smallest diamter
in order. In this way, the nonuniformity of the resist coating will less effect the fabrication

of the steps afterwards.

(1) EB resist

Similar to the EB lithography process above, ZEP-520A (Zeon Corp., Tokyo, Japan)
was spin-coated onto the substrate at 5000 rpm and the substrate was baked on a
hot plate with 180 °C for two minutes. After cooling the substrate down to room
temperature, conductive polymer (Espacer 300, Showa Denko, Tokyo, Japan) was

spin-coated at 1000 rpm for one minute.

(2) EB lithography

The substrate is set to the EB lithography machine (ELS-7800). The fabricating
position of the valve is determined by the alignment markers fabricated at the same

time of fabricating nanochannels. When the machine recognizes the position of the
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markers, it automatically corrects the position and the angle of the substrate in order
to expose electron beam to the right position. After EB exposure, the conductive
polymer on the surface is washed with water. The developing process is the same

as mentioned above only that piranha solution is unnecessary before RIE.

(3) RIE
Then, the substrate is set to NLD and the surface is etched for 25 seconds resulting
in a shallow valve step of 25 nm height. After etching, the EB resist was removed
by sonication in a mixture of o—xylene and acetone. When the resist is hard to be
removed piranha solution can also be used.

(1) Resist coating (2) EB lithography (3) RIE
=

L/ £ £=/

Figure A-4: The fabrication process of the valve chamber on the lower substrate.

Fabrication of microchannels

(1) KMPR

The substrate was first washed with piranha solution followed by sonication in ul-
tra pure water. Then, the surface of the substrate was modified with 1,1,1,3,3,3—
hexamethyldisilazane (HMDS; FUJIFILM Wako. Pure Chemical Corp., Osaka,
Japan). As a photoresist, KMPR®)1035 (Microchem Corp., MA, USA) was spin-
coated at 2000 rpm at room temperature, and baked on a hot plate (110 °C ) for 30

minutes.
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Photolithography

KMPR®)1035 is a negative resist, that is, the area where light is exposed will be
cured. Considering this character, a photomask was prepared using a Direct Write
Lithography system (DWL66+, Heigelberg, Germany). A mask aligner (MA6,
SUSS MicroTec SE, Germany) was used to align the photomask and the substrate,
and ultraviolet light was exposed. After exposure, the substrate was removed from

the machine and baked on a hot plate at 80 °C for three minutes.

Developement

The substrate was immersed in SU-8 developer and sonicated. After five minutes
of sonication, the solution was replaced and sonicated for another two minutes.
Then, the substrate was rinsed in isopropanol for about 10 seconds and dried with

air blow.

RIE

The substrate was set to NLD and the microchannels were etched for 3000 seconds
(for the device used in chapter 5). Using a mixture of Ar, C3Fg and CHF3 as the
etching gas, the rate of SiO, can be enhance to 5-7 nm/s.® Therefore, as a result

of the process, microchannels with a depth of 20 um can be fabricated.

Removing resist

KMPR® 1035 was removed by immersing the substrate in piranha solution. In
addition, the surface was cleaned by irradiating O, plasma for 20 minutes in using

NLD.
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Figure A-5: The fabrication process of the microchannels on the lower substrate.

A.2.3 Bonding
Modification of the ELISA channels with APTES

The lower substrate was modified with APTES (Tokyo Chemical Industry, Tokyo,
Japan) in a gas phase. Beforehand of modification, the substrate was washed with piranha
solution for 8 minutes followed by sonication in ultra-pure water for 10 minutes, and
finally the surface was activated with O gas plasma for 250 W, 40 seconds. The substrate
was placed in a separable flask with a vial containing 200 uL of APTES solution, which
was then sealed. All the procedures above were conducted in a cleanroom.

The flask was evacuated using a vacuum pump for 3 minutes and then Ar was in-
troduced into the flask. This Ar replacing process was repeated twice. The flask was
evacuated for another 5 minutes and then heated in an oil bath at 120°C . After 2 hours
of reaction, the substrate was removed from the flask and sonicated in toluene for 10 min-
utes. The substrate was then rinsed with ethanol and ultra-pure water in this order and

was dried with flowing air.
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Bonding two substrates

The lower substrate (APTES-modified substrate) was placed in a vacuum ultraviolet
(VUYV) irradiating machine (E500-172-120-A2, Excimer Inc., Japan) and a chromium
mask (the entire mask was 15 cm x 15 cm and the masked area was 135 um X 3 mm
placed at the center of the mask) was aligned to the capture antibody immobilizing area.
The substrate was irradiated with VUV light at an intensity of 5 mW / cm” for 15 minutes.
After irradiation, the APTES-patterned substrate was sonicated in ultra-pure water and

dried with flowing air.

The upper substrate was washed with piranha solution for 8 minutes followed by son-
ication in ultra-pure water for 10 minutes, and finally the surface was activated with O,
gas plasma (60 Pa, 250 W) for 40 seconds. The substrate was removed from the plasma
chamber and washed with ultra-pure water. After drying the substrate with flowing air,
the two substrates were brought into contact in a way that the holes fabricated on the up-
per substrate is aligned to the ends of the microchannels fabricated on the lower substrate
(Fig. A-6). With this alignment process, the deformation parts should be automatically
aligned right above each valves. In order to increase the bonding energy of the substrates,
the device was pressurized at 5,000 N for 3 hours under 110 °C using a bonding machine

(Bondtech Co., Ltd., Japan).

a—

V e %

Figure A-6: Alignment of the upper substrate and the lower substrate
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A.3 Deformation of the upper substrate after repeated pressing

Plastic deformation of the four-stepped valve chamber fabricated on the lower substrate
was described in chapter 3. The deformation of the upper substrate caused by repeated

pressing was also investigated and is described here. Figure A-7 shows the results.

MR T EDNT=DIELR

Figure A-7: A 3D depth profile of the upper/lower substrate and a sectional depth profile
along the plane A—A’ (a) Before pressing (b) After pressing 30,000 times

Before pressing the valve, which is the state just after the fabrication of the channels
and the valve was completed, the surface of the upper substrate was smooth with a rough-
ness less than 1 nm, and the four steps of the valve chamber could clearly be observed.
After pressing the valve chamber for 30,000 times, the steps in the valve chamber had
deformed. On the other hand, the surface of the upper substrate has also deformed in a
way as if it were embossed with the valve chamber and the nanochannels. Because the
deformed values were similar for both the upper substrate and the lower substrate (~8
nm), it is implied that the deformation is caused by the repeated pressing. Furthermore,
judging from the results in section 3.2.3 that solute diffusion through the valve could be
greatly reduced using the pressed valve, it is probable that the roughness on each substrate
meshes with each other reducing the opening space in the valve chamber when the valve

1s closed.
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A.4 Determining the coordinates of the valve chamber

Here, the experiment for determining the coordinates of the valve chamber is explained.

(@) (b)

Actuator

SEM
(x, y)

Photoresistg

Substrate Mark

Figure A-8: Experiment for obtaining coordinates of actuator holes. (a) The actuators
were set through the actuator holes and the position of each holes were marked on the
photoresist. (b) The surface of the substrate is observed by SEM and the coordinates were
obtained.

First, a photoresist (THB-111N; JSR Corp., Tokyo, Japan) was spin-coated on a glass
substrate and fixed on a jig. Then, 12 actuators were set through the actuator holes and
the pressed area was marked on the photoresist. The substrate was then coated with
a conductive polymer (Espacer 300, Showa Denko, Tokyo, Japan) and the surface was
observed by a scanning electron microscope (SEM) (ELS-7800). The center point of
the mark on the photoresist was searched and the coordinates at the point were obtained
(Fig. A-8). Hole No.4 was set as the base of alignment and the other coordinates were
converted so that the square residuals sum is the smallest is the minimum. The results are

shown in Table A-2.
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Table A-2: The obtained coordinates of the actuator holes and the error from the designed
position.

Hole No. Coordinates (mm) dligri;;f(r:iﬁ)
1 (34.0086, 32.9933) 9.3
2 (34.0165, 26.9828) 17
3 (35.7265, 36.0018) 38
4 (35.7650, 30.0000) -
(base) ’ T
5 (35.7837, 23.9896) 21
6 (37.4676, 39.0089) 48
7 (37.4950, 33.0034) 20
8 (37.5107, 27.0032) 53
9 (37.5474, 20.9969) 32
10 (39.2102, 35.9894) 56
11 (39.2625, 30.0054) 6.0
12 (39.2994, 24.0089) 35
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A.5 Possible factors for Z positioning error

When the valve open/close is operated in the initial way described in chapter 4, which is

a process to apply voltage to the actuator after making contact with the valve, the valve

would not fully close as shown in Fig. A-9.
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Figure A-9: Fluorescence intensity at the valve chamber during the open/close operation
using the system.

Here, the possible factors causing a Z position error other than the backlash of the
screw is investigated. The other possible factors are (a) Tilt of pressing pin, (b) Tilt of

actuator, and (c) Pushing screw back (Fig. A-10).

(a) (b) (c)

Pin

Figure A-10: Possible cause for insufficient deformation. (a) Tilt of pressing pin (b) Tilt
of actuator (c) Pushing screw back

(a) Tilt of pressing pin

The diameter of the pressing pin was originally design as 2 mm so the diameters of the

“actuator holes” were 2 mm as well. However, due to the mechanical tolerance, the actual
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inner diameters of the threaded screw holes were 2.04 mm. With this 40 pm —gap, the
pin could tilt inside the holes and the pressing area would not be the center of the valve.
In order to investigate the effect of the tilt, a pressing pin with a diameter of 2.04 mm
was fabricated. Still, the insufficient closing of the valve had not improved (Fig. A-11).

Therefore, the tilt of pressing pin was not the dominant factor.
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Figure A-11: Fluorescence intensity at valve chamber while open/close operation using a
pressing pin with a diameter of 2.04 mm.

(b) Tilt of actuator

The holes fabricated on the pressing pins are slightly larger than the size of the actua-
tors, which could cause a tilt of the actuators. However, the calculated value of the tilting
angle is 0.02 rad. This indeed decreases the amount of displacement of the actuator, but
still the deformation value is 7.8 pum , which is enough for valve closing. Judging from
this estimation, the tilt of the actuators was concluded not to be the dominant factor for
insufficient closing.

(c) Pressing back screw

When a voltage is applied to the actuators, they not only press the valve deformation
parts but also push the screw used to fix the actuator. If the actuator pushes the screw
back, the displacement of the actuator is absorbed in the upward direction and result in

insufficient displacement.
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Here, the axial force, or the tightening force of screw can be expressed as follows.

T

F=_
kd

(A.2)

where T is the tightening torque, k is the torque coefficient, and d is the diameter of the
screw. The diameter of the screw is 2.5 mm, k is a constant value generally within 0.15-
0.20, and 7' is determined by the ISO standard according to the diameter of the screw;
in the case of d = 2.5, the value of 7" is 0.36. Based on this equation, the axial force is
estimated to be 720-960 N. Therefore, it is impossible to push back with the actuator.
From the results above and the results described in section 4.2.1, the backlash of the
screw was concluded to be the dominant factor of insufficient closing. For the actuation

of the valves in the actual fluid control, the process verified above was adopted.
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List of Abbreviations
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BSA

CFCP

DIC-TLM
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HRP

LIF

MUO

NUO

ODS-DEA

PBS

PC

PDMS

PEG

PET

PMMA

PNIPAM

SEM

TLM
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atomic force microscope
aminopropyltriethoxysilane

bovine serum albumin
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differential interference contrast-thermal lens
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