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Chapter 1.
General Introduction



1.1 Analysis of Biomolecules

In the early 19th century, enzymes were first discovered, and the study of biomolecules
became an important field in science [1]. The number of molecules believed to exist in our
surroundings is in the tens of thousands. Analyses of specific biomolecules, such as DNA, RNA
[2-8], proteins [9-11], antigens [12-15], antibodies [16-18] and exosomes [19-22] are required for
a variety of experimental, diagnostic, and therapeutic purposes. The Human Genome Project
(HGP) was completed in 2003, and subsequently, due to the progress in various biomolecular
analysis techniques and basic research involving DNA, transformations in medicine and drug
discovery such as tailor-made medicine and oligonucleotide therapeutics discovery continue to
occur [23-25]. The importance of preventive health care based on the prediction of diseases by
genetic diagnoses or some other diagnoses is increasing [26]. To provide the latest medical and
diagnostic techniques on a global scale, basic and application-based research studies remain
necessary. To accelerate these studies, a highly sensitive technique to accurately analyze
biomolecules using a wide variety of information is required.

Various biomolecules can be analyzed in a number of ways using the current technological
innovations. Today, biomolecules have been analyzed at the single molecule level and can offer
new information in the fields of medical science and biology [27-30]. Many of these techniques,
however, require specific skills and, therefore, training. To improve the efficiency of these

technologies, their processing times and throughputs must be increased.



1.2 Microfluidics and Nanofluidics

In 1990, A. Manz et al. proposed the concept of uTAS (micro total analysis systems) at Ciba-
Geigy in Switzerland [31]. They proposed the integration of all the wet chemical and electrical
detection technology required to perform laboratory measurements into a single, miniature system
(device). Based on this concept, research projects have been conducted world-wide, and the
operations required for bioanalysis that were previously performed in test tubes, flasks, and
microtubes were integrated within the microchannels fabricated into the device [32-40]. These
devices enable the high-speed, parallel processing, and automation operations. In these
miniaturized devices, ease of use and advantages due to miniaturization were reported. Several
common advantages of microfluidic devices are listed below.

1. The amount of sample used for operations can be reduced. This is important for manipulating
precious samples such as biomolecules.

2. The specific surface area is increased. Surface tension can be used in the operation and
measurement can be performed with a high S (Signal) / N (Noise) ratio by immobilizing the
object on the surface to be measured or provide interaction area.

3. The flow within the microfluidic device is laminar. By using laminar flow, it is easy to
transport to each flow channel without interference, and it is also easy to control the reaction
within the channel.

4. lsolation is easy when dangerous reactions and reagents are used.

5. ltis easy to dispose of waste or device.

6. Itis easy for the mass production of devices incorporating semiconductor microtechnology or
other technologies.

Many additional advantages are also provided by these devices. Based on these advantages, many

research projects have been conducted, and the technology of microfluidics has progressed rapidly

to the point where it is integral for many applications.
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In addition to microfluidics, nanofluidics has also provided an attractive field for various
fundamental and practical research studies. Nanofluidics is the study and application of fluids in
and around geometries exhibiting nanoscale characteristic dimensions. Nanofluidics is clearly
not just an extension of microfluidics, as some have postulated. It has been reported that new
physical phenomena and mechanisms that are not observed at microscales or in bulk begin to
emerge and dominate at nanoscales. Typical phenomena possessing these characteristics include,
nonlinear transport (such as concentration polarization [41-43], ion current rectification [44-46])
and unique liquid properties of water (such as lower dielectric constant [47, 48], higher viscosity
[47, 48], and higher proton mobility than in the bulk [49, 50]). These phenomena mostly result
from extremely high surface to volume ratios and surface charge exhibited in nanofluidic channels.
By using nanospace-specific phenomenon and the advantages described above, many biomolecular
applications have been developed in recent years. Recent studies of nanofluidics have
demonstrated manipulation of biomolecules (DNA stretching or biomolecule operation by
nanostructure-based fluid control) [51-54], biomolecular concentration of DNA or proteins [55-57],

separation of DNA or proteins [57-70], and biomolecular interaction analysis [71].



1.3 Separation Analysis of Biomolecules and Miniaturization of Separation

Systems

Separation analysis of biomolecules (DNA, RNA, proteins and amino acids) is important
in various fields such as fundamental biology and medical diagnosis [72-76]. Separation is often
performed prior to analysis of biomolecules. The separation of biomolecules is primarily
accomplished using electrophoresis. Agarose gel electrophoresis has been commonly used for
the separation of biomolecules; however, there are limitations in terms of separation ability, time
constraints, and the requirement for large sample volumes. Miniaturization of separation systems
has been achieved thorough capillary electrophoresis and microchip electrophoresis [76-79].
These processes provide a means to achieve high performance and rapid analysis with a reduced
cost. It is difficult, however, to integrate additional analysis steps and separation analysis on a
single device, as these steps require macromolecules as a separation medium. Recently, research
to replace artificial nanostructures with separation media, instead of natural macromolecules, has
attracted a great deal of attention [57-70]. Using this technique, high resolution separation has
been achieved, and it is clear that there is a unique separation mechanism underlying separation
using nanostructures.  These nanofluidic-based separation analyses are currently being

incorporated into integrated bioanalysis systems.



1.4 Label-Free Detection of Biomolecules

As described in the previous section, tremendous progress has been achieved in development
of micro- and nanofluidic technologies for biochemical manipulation. In such miniaturized
devices, a more sensitive method for detection is required, as the detection volume is also
miniaturized. Detection technologies have also undergone tremendous innovative developments
in recent years. In 1959, serum insulin was first analyzed by radioactive element labeling. In
the late 1970s, radioactive elements were replaced by enzymes or fluorescent dyes. Following
the advent of these initial techniques, various labeling technologies have been developed including
fluorescent labeling, isotopic labeling, chemo-luminescent labeling, electrochemically active probe
labeling, and nanoparticle labeling [80]. Given that these labeling detection methods are highly
sensitive, they are widely used in miniaturized devices. Additionally, at the levels of nanofluidics,
fluid control is extremely delicate and it is necessary to monitor this property using a highly
sensitive label detection method during operation and at the exit of the nanofluidic channels. The
labeling process, however, is complicated and time consuming, thus making this required
monitoring difficult.  Additionally, the labeling process may alter certain characteristics of
samples. First, it is conceivable that charges and sizes can be altered by labeling [81-85]. This
may affect molecular dynamics and interaction. It has been reported that the amount of adsorption
on the substrate material change due to such changes [86]. It is also believed that labeling agents
can interfere with the monitoring of intermolecular interaction by directly binding to biomolecules
[80]. This reportedly can lead to underestimation of the interaction between protein and DNA.
To solve these problems, researchers must develop a highly sensitive detection method that does
not include the process of labeling.

Various label-free detection methods have been reported. These methods include surface
plasmon resonance imaging [87-89], the microcantilever method [90-92], the electrochemical

method using electrolytic effect transistors [93-95], the electrochemical impedance method [96-
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98], the surface enhanced Raman spectroscopy [99-101], and rotating magnetic field analysis [102-
104].  These methods are complicated, as it is necessary to modify the receptor on the surface of
the detection point, and it is difficult to apply these methods to the monitoring of the flow area.
As a method that does not require immobilization, thermal lens microscopy has also been reported,;
however, this method requires a complicated optical system [105]. The development of a novel
label-free detection system that overcomes these problems is desired.

As a simple label-free detection method, a refractometer should be mentioned as a
commercially available detector. Figure 1 shows a schematic illustration of the sensor portion of
commercially available refractometer. Samples are added drop-wise onto the surface of the
sensor and changes in refracted light resulting from the presence or absence of the sample are
detected; however, the sensitivity of refractometers is insufficient for application to miniaturized
devices. In general, the detection of diffracted light, which is a superposition of waves and
possesses a large amount of information, is said to be more sensitive than the detection of refracted
light. Figure 2 shows a conceptual illustration of the sensor portion of a diffraction-based
refractometer. By introducing a sample into the diffraction grating and detecting the diffracted
light, highly sensitive label-free detection can be achieved. In this study, the author aimed to
construct a label-free detection system using diffracted light that is compatible with micro- and

nanofluidics.



Sample n n> N

n< N

Figure 1. Schematic illustration of the sensor portion of a refractive light detector

Sample n

Figure 2. Schematic illustration of the sensor portion of a diffractive light detector
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Chapter 2.
Fabrication of
Micro- and Nanofluidic Devices
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2.1 Introduction

Nanometer range channels have attracted attention for use in both fundamental studies [1-
10] and application-based technologies [11-20] as they have unique and useful applications in
biomolecular manipulation and control. Despite a wide range of applications, nanofluidics are
not as widely used for practical applications compared to microfluidics. One critical issue
underlying nanofluidics is the fabrication of nanofluidic channels. Although it is possible to
partially fabricate nanofluidic channels using high-precision UV lithography processing
technology [21, 22], it is still difficult to apply general UV lithography to fabricate nanometer-
range channels due to the diffraction limit.

Electron beam lithography is the practice of focusing a beam of electrons to draw custom
shapes on electron-sensitive resistors. The electron beam changes the solubility of the resistor,
enabling selective removal of either the exposed (positive) or non-exposed (negative) regions of
the resistor.  This technique has been widely used for patterning nanofluidic channels, as it allows
for the creation of extremely small patterns that are difficult to produce with general
photolithography techniques [4, 7-10, 12-15, 17-20]. This technique can pattern various
structures due to its design flexibility, however, it is time consuming and requires expensive and
dedicated facilities.

Laser interference lithography (LIL) is a patterning technique that does not require
dedicated facilities or photomasking [23-26]. Two split laser beams are directed by mirrors and
superimposed on the photoresist material. Thus, the photoresist material is exposed via the
interference pattern.  Conventional electron beam lithography techniques are delicate and
expensive and require highly skilled operators and/or large budgets to maintain the system.
Additionally, the patterning of large areas is time consuming. Although laser interference
lithography can only pattern repeated structures, it possesses advantages such as high-throughput,

low cost, and large pattern area (meter-scale) capabilities.
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In this section, nanochannels were patterned using two methods. One used electron beam
lithography, and the other used laser interference lithography. Patterned nanochannels were
connected to a microchannel patterned by photolithography.  Additionally, pressure-driven
devices and electric field driven devices were both fabricated, as introduction of a sample solution

occurs in nanofluidic channels possessing a small channel volume.
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2.2 Experimental Design

2.2.1 Electron Beam Lithography

Figure 3 shows a schematic illustration of the device fabrication processes. The device
was designed to facilitate solution flow via pressure. Microchannels and nanochannels were
separately fabricated on a fused silica substrate (76.4 mm x 25.4 mm). General photolithography
techniques and plasma etching were used for microchannel fabrication. After spin-coated (2000
rpm, 60s) silane coupling agent (OAP) and positive photo resistor exposure (OFPR-800),
microchannels (width, 200 um) were patterned by exposing to UV light through a photomask and
then developing. For nanochannel fabrication, electron beam lithography techniques and dry
etching were used. High resolution positive electron beam resistors and conductive polymers
were spin-coated on the fused silica substrate. Nanowall channels (width, 300 nm; gap, 600 nm;
length, 1.2 mm) were patterned by an electron beam lithography system at the center of the
substrate. Both fabricated channels were dry etched (depth, microchannel; 2 pm, nanochannel;
250 nm), and inlet holes and outlet holes were drilled into the microchannels by a diamond-coated
drill.  The author fabricated the micro- and nanofluidic devices by bonding these two substrates

by thermal fusion bonding during an alignment step.

19



.

OAP + OFPR 800

Washing

Nanochannel ———

Microchannel

Photo

—
2. UV exposing

1]
1. Coating

A 5

3. Dry etching 4. Washing

™

7~

E

ZEP 520A + Espacer

1
1. Coating 2.EB drawmg

]

ry etching 4. Washing

Bonding

Figure 3. Schematic illustration of micro- and nanofluidic device fabrication based on EB

lithography. The upper shows a schematic view and the lower shows a cross-section of each step.
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2.2.2 Laser Interference Lithography

Here, the author designed two types of devices using laser interference lithography techniques.
One is nanowall device with linear nanochannels periodically arranged into a microchannel. The
other is nanopillar device consisting of cylinder shaped structures (nanopillar) periodically

arranged into a microchannel.

a. Nanowall device

Figure 4 shows a schematic illustration of the nanowall device fabrication processes. First,
the cross-shaped microchannel (width, 50 um) was patterned in a manner similar to the
conventional photolithography method. After spin-coating with an adherence agent (AZ AD
promotor) and photoresistor (TDMR-AR80) at 2500 rpm for 60 s, the fused silica substrate was
pre-baked at 95°C for 20 min, and then the anti-reflection reagent (AZ Aquatar) was spin-coated
onto the top surface. The coated substrate was exposed to UV light through a photomask.  This
photomask was designed to seal a portion of the cross-shaped microchannel, and the nanochannels
were patterned around this closed portion using laser interference lithography after microchannel
patterning.  Figure 5 shows a schematic illustration of the experimental setup for laser interference
lithography. A collimated light beam from a He-Cd laser (325 nm in wavelength; Model
IK3401R-F; Kimmon Electric Company, Ltd., Tokyo) was separated into +1st order diffracted
beams using a phase mask (Ibsen Photonics A/S) and then interfered onto the sample stage. We
set the incident angle to allow the fringe pitch to reach 900 nm, as calculated from Bragg’s law.
The interference beam was illuminated at the center of the substrate (¢5 mm area) for 70s.  After
baking for 90 s at 110°C, the photoresistor was developed and rinsed in the developer for 90 s and
then in water for 10 s.  The patterned substrate was etched in a gas mixture consisting of CHF3 (5

cc/min) and Ar (20 cc/min) using an ICP dry etcher (ICP power, 50 W; bias power, 25 W; substrate
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temperature, 25°C) (RIE-101iP, Samco Inc., Kyoto). Finally, the micro- and nano-patterned
substrate was bonded to another fused-silica substrate, which had inlet and outlet holes drilled with
a diamond-coated drill by thermal fusion bonding (1080°C, under vacuum).  The bonding process

did not affect the structural integrity of the nanochannels.

b. Nanopillar device

Figure 6 shows a schematic illustration of the nanopillar device fabrication process. Here, the
nanopillars were fabricated only within the microchannel (width, 50 um). Cr was sputtered onto
the cleaned fused silica substrate, and then a silane coupling agent (OAP), photoresist (OFPR-
5000), was spin-coated sequentially. Exposure was carried out using a photomask, and the
microchannels were patterned after development (NMD-3) and Cr etching (Cr etchant).
Subsequently, patterning of nanopillar structures was performed. The photoresist used above was
removed by washing with acetone, and an adherence agent (AZ AD promotor), photoresist
(TDMR-AR80), and an antireflective agent (Aquatar) were spin-coated on the substrate
sequentially. Two-dimensional laser interference lithography was used to pattern the nanopillar.
Following laser interference exposure as described above, the substrate was rotated 90° and a
second exposure was conducted. After this, the photoresist in the unwanted component was
removed by exposure through a photomask and developing. Subsequently, dry etching was
performed to fabricate the substrate with patterned structures. Inlet holes and outlet holes were
drilled at the edge of the microchannel using a diamond-coated drill. ~ Finally, the nanopillar

device was completed by bonding to another fused silica substrate.
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2.2.4 Chemicals and Reagents

Ultrapure water was obtained using a Direct-Q UV system (Merck Millipore, Tokyo).
Fused silica substrates were purchased from Daico MFG Co., Ltd. (Kyoto) (n = 1.460118 at A =
546.074 nm (from the company’s data sheet)) or Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan)
(n=1.4610 at A=530.9 nm (from the company’s data sheet)). High resolution positive electron
beam resist (ZEP-520-A), developer (ZED-N50), rinse (ZMD-D) and remover (ZDMAC) for
fabrication of nanochannels were purchased from Zeon Corporation (Tokyo, Japan). Conductive
polymer (Espacer) used for the charge dissipating agent in electron beam lithography was
purchased from Showa Denko K.K. (Tokyo, Japan). A positive photo resist (TDMR-AR80) and
developer (NMD-3) for fabricating the micro- and nanofluidic device at laser interference
lithography were purchased from Tokyo Ohka Kogyo Co., Ltd. (Tokyo). An adherence agent
(AZ AD promotor) and an anti-reflection reagent (AZ Aquatar) were purchased from AZ Electronic
Materials Co., Ltd. (Tokyo). Silane coupling agent (OAP), positive photo resist (OFPR-800,
5000) and developer (NMD-3) for fabrication of microchannels were purchased from Tokyo Ohka
Kogyo Co., Ltd. (Tokyo, Japan). Cr etchant was purchased from KANTO CHEMICAL Co., Inc.

(Tokyo).
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2.3 Results and Discussion
2.3.1 Evaluation of the device

a. EB lithography based nanowall device

Figure 7 shows an example of the device photo and a SEM image of the nanochannels. The
device was designed for pressure-driven flow. Pressure-based regulation of the sample was
difficult due to unexpected reductions in pressure. Here, pressure-driven nanofluidic control was
achieved by connecting the two open-channel microchannels with the nanochannels. These were
easily controlled by the syringe pump connected to the fabricated device. From the SEM image
of the nanochannel prior to bonding with the microchannel, it was clear that the fabricated
nanochannels were periodically arranged as designed, and the nanofluidic channels were of high
quality. The cross sectional view of the channels was achieved by cutting the substrate.
Although the dust and debris was observed when the substrate was cut, the clear rectangular
structure of the nanochannels was also observed without the taper.  Although only simple periodic
structures were patterned in this study, this method is useful for lab-based research, as it is possible

to pattern various structures with high precision.
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Figure 7. A photo of the micro- and nanofluidic device and SEM images of nanofluidic channels

fabricated by the electron beam lithography technique; scale bar, 1 pm.
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b. Laser interference lithography based nanowall device

Figure 8 provides an example of the device image and an AFM image of the nanochannels. The
device was designed for electric field-driven flow. It is possible to control the sample by either
electroosmotic flow or electrophoresis by applying an electric field to the device, as it is composed
of fused silica. The AFM image indicates that the periodic nanochannels were successfully
fabricated on the fused silica substrate by laser interference lithography. These nanochannels
were 500 nm wide, 350 nm deep, and spaced at 400 nm intervals.  Fabrication of the nanochannel
by electron beam lithography took approximately 20 min to pattern a 1.2-mm square.
Additionally, it was difficult to expand the patterning area. ~Conversely, laser interference
lithography can complete patterning in a short time (70 s) and the patterning area can be easily
expanded by expanding the laser spot size (meter-scale). Therefore, this method is suited to mass

production, as it can pattern multiple substrates simultaneously if the substrate size is sufficiently

small.
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Figure 8. A photo of the micro- and nanofluidic device and AFM images of nanofluidic channels

fabricated by the laser interference lithography technique; scale bar, 1 um.
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c. Laser interference lithography-based nanopillar device

To demonstrate the utility of the laser interference lithography technique in the context of
nanofluidics, periodically arranged nanopillars were fabricated within a microchannel.  Figure 9
shows the image of the device and nanopillar structures. The substrate was exposed in a grid
pattern by two dimensional laser interference exposure. After one exposure, the substrate was
rotated by 90° and exposed again. At this time, the intersection point of the photoresist is in an
overdose state due to the double exposure, resulting in a cylindrical structure. The fabricated
nanopillars exhibit fine cylindrical shapes, and they possess a 450 nm diameter, 350 nm height, and
are aligned at 450 nm intervals. This demonstrates that the nanopillars can be easily patterned
within the microchannel without using electron beam lithography. The angle of nanopillar
arrangement within the microchannel can be adjusted by adjusting the angle of the substrate placed
on the sample stage during laser interference exposure (Figure 10). Here, the size of the structures
is dependent upon the time of laser interference exposure (Figure 11). When the duration of
exposure is long, smaller nanopillars are patterned, and in the case of shorter exposures, large
nanopillars are patterned.  Additionally, when the exposure time is too short, only the intersection
point of the double exposure is developed. In this study, dry etching was performed using
photoresist as a mask, and it was therefore difficult to pattern high aspect ratio structures. When
fabricating a structure with a higher aspect ratio, it is possible to create a mask that is resistant to
etching by removing metal from this hole. As described above, this method is useful for
patterning a periodic structure due to its ease, rapidity, and low cost compared to that of the method

using electron beam lithography.
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2.4 Conclusions

Micro- and nanofluidic devices were fabricated in two ways. First, micro- and nanofluidic
devices were fabricated by combining electron beam lithography and photolithography techniques.
Microchannels and nanochannels were patterned on two individual substrates, resulting in the
suppression of pressure loss that enabled pressure-driven control of the fluid. This fabrication
method exhibits flexibility for patterning design and can be applied to various micro- and
nanofluidic device fabrications.

Second, a method based on the laser interference lithography technique was also employed. In
this study, nanowall devices and nanopillar devices were fabricated by performing one- and two-
dimensional laser interference exposures. The nanostructures were able to pattern in an arbitrary
area within the microchannel after co-treatment with photolithography techniques. Additionally,
it is difficult to expand the patterning area. Conversely, laser interference lithography can
complete patterning in a short time (~ 1 min for single exposure), and the patterning area can be
easily expanded by expanding the laser spot size. This method is also suited to mass production
as it can pattern multiple substrates simultaneously if the substrate size is sufficiently small. Our
current findings demonstrate that the combined use of laser interference lithography with

conventional photolithography is a useful method for micro- and nanofluidic device fabrication.
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3.1 Introduction

As mentioned above, various devices exhibiting a number of functions have been developed due
to the recent interest in uTAS. Additionally, research focused on complex fields that combine
nanotechnology with biotechnology (nanobioanalysis) have attracted increased attention [1]. To
effectively detect biomolecules, high sensitivity detection techniques are required along with
miniaturization of detection devices. Detection devices generally require a method for labeling a
sample with a fluorescent dye or an enzyme to achieve highly sensitive detection [2-11]; however,
this approach is labor- and time-intensive and requires expensive reagents. Additionally,
physiological activity may be lost as a result of labeling [12, 13]. A label-free detection method
that overcomes these problems may prove to be ideal for studying biomolecules. A number of
research groups have contributed to the development of label-free detection approaches such as,
plasmonic sensing [14-16], nanowire sensing [17], microcantilever sensing [18], whispering
gallery mode sensing methods [19], and thermal lens microscopic methods [20, 21]. Although
these methods can achieve high sensitivity, they either require immobilization of the molecules that
specifically interact with the analyte onto the sensor surface as a pretreatment procedure or they
require complicated optical systems.

In this section, a label-free detection technique using nanostructures without any fluorescent

molecules or enzymes is discussed. DNA was used as a model biomolecule for this detection.
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3.2 Experimental Design

3.2.1 Detection Principle and Measurement System

Our strategy to achieve label-free detection uses diffracted light that is one of the
characteristic features of nanochannels. The nanochannels fabricated on a fused silica substrate
function as a transmission grating, and the array can obtain the optical diffraction efficiency (signal
intensity) corresponding to the refractive index of the sample in the nanochannels (Figure 12).
The intensity (diffraction efficiency) of the diffracted light by the diffraction grating can be
analyzed by rigorous coupled-wave analysis (RCWA). In this method, the electric field and the
magnetic field in the region where light is incident, the region of the diffraction grating, and the
region where light is emitted are expanded, respectively, and the conditions under which each
tangent component is continuous are imposed.  Finally, we solve these parameters to calculate the
diffraction efficiency. We demonstrate that the change in the refractive index within the
nanochannel alters the diffraction efficiency by expressing the electric and magnetic fields in the
grating region.

In the grating region the periodic relative permittivity is expandable in a Fourier series of

the form

— 2mhx
2(0) = ) enexp (j =)
h

where A is the pitch of the grating structure, j is the imaginary unit, and &, is the hth Fourier

component of the relative permittivity in the grating region, where a complex exists for lossy or

non-symmetric dielectric gratings. By assuming the binary grating

o 5 sin(rhf)
&p = (nwall — Nchannel T

€ = n5vallf + nghannel(1 - f)

37



where f is the fraction of the grating period occupied by the region of index nwan and g, is the
average value of the relative permittivity.

In order to obtain the basis expansions (mode) representing the electromagnetic field of
the grating region, the tangential electric (y component) and magnetic (x component) fields may

be expressed as the following equations.

Egrating,y = 2 Syi(Z)exp(_jkxix)
i

.(€o 1/22 : .
ngating,x =] (.U_O> Uyi(z) exp(—jkyx)
i

Where €, is the permittivity of free space, Syi(z) and Uyi(z) are the normalized amplitudes of the
ith space harmonic fields, and k,; represents the x component of the wavenumber vector of ith
order diffracted light.

From the Maxwell’s equation

UxE 0B
XE=—-——
dt
aD
VXB=i+—
dt
and relational expression
B == MoH
D ES SEOE
in the grating region, it can be expressed as following:
0E ;
grating,y .
T = ](D.UOngating,x
0H ; J0H ;
gratingx __ . grating,z
T - ](*)Eog(x)Egrating,y + T

The diffraction efficiency is calculated from the Poynting vector representing the directional energy

flux of an electromagnetic field. From the above equation, it can be said that the intensity of the
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diffracted light depends on the refractive index within the channels.

The system for label-free detection using the periodic nanochannels is illustrated in Figure
13. The incident laser beam (wavelength: 532 nm, OPTO-LINE, Inc., Tokyo, Japan) was passed
through an ND filter (WVND-50U, Sigmakoki Co. Ltd., Tokyo, Japan) and was modulated by a light
chopper (5584A, NF Corporation, Yokohama, Japan) with a modulation frequency at 1013 Hz.
The modulated laser beam was focused through an objective lens (x5, Nikon Corporation, Tokyo,
Japan) to the nanowall array of the device. The light diffracted by the nanowall array was detected
by a photodiode (ET-2030, Electro-Optics Technology, Inc., Traverse City, MI). The diffraction
signal was fed into a lock-in amplifier (L15640, NF Corporation, Yokohama, Japan) to separate
and amplify the frequency. The signal was read out by a data logger (TR-V500, Keyence
Corporation, Osaka, Japan). As the sample passed through the point of focused laser, the intensity

of diffracted light changes, and the detected signal is sent to a data logger.
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Figure 12. Schematic illustrations of the label-free detection method.
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Figure 13. Schematic illustrations of the experimental setup for label-free detection.
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3.2.2 Numerical Simulation

We conducted the simulation analysis of the diffraction efficiency of the nanowall array
using Diffract MOD (RSoft Design Group Japan KK, Tokyo, Japan) which is based on the rigorous
coupled wave analysis (RCWA) method. First, we conducted the simulation for six pure solvents
of known refractive index (n=1.3290-1.5241) to confirm the validity of the simulation. Figure 14
shows a cross-sectional view of the device that was used for the simulation analysis. Here we set
h as 250 nm, and the wavelength and spot size of the incident light were 532 nm and 4.324 um,
respectively. Second, we set the sample solution refractive index (n=1.33497-1.33501) and the
height of the nanowall array as parameters, and we performed the simulation in order to calculate

the 1% order diffraction efficiency corresponding to the incident light.

}Region 3

hnm

}Region 2

}Region 1

— 4.324 um —
Spot size
Gap (nanochannel) ['] Fused silica

Figure 14. Cross-sectional view of the simulation analysis device. The 532 nm wavelength light
and 4.324 um spot size were both incident from the bottom of this figure. The structures were
composed of the incident region (Region 1), diffracted region (Region 2), and emitted region
(Region 3). The refractive index outside the structures was set as the refractive index of the air

(1.00028).
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3.2.3 Label-Free Detection

First, six pure solvents, including methanol (refractive index n = 1.3290), ethanol (n = 1.3614),
2-butanol (n = 1.3978), chloroform (n = 1.4459), o-xylene (n = 1.5018), and chlorobenzene (n =
1.5241), with different refractive indexes were introduced into the nanochannels, and the diffracted
light intensity was measured. After filling the nanochannels with air, the author introduced each
solvent through the inlet hole by dropping the sample solution (2 pL) and filling the channels via
the capillary force, and then we measured the transition of the diffraction signal intensity for all
devices. Five measurements were made for each solvent.

Second, label-free DNA were measured for two devices. ADNA (Nippon Gene Co., Ltd., Tokyo,
Japan) was measured by the nanowall device fabricated by EB lithography. The target sample
solution was introduced from the inlet of the device by a syringe pump (World Precision
Instruments, Sarasota, FL) (Figure 15). After filling the nanowall array with 1x TE buffer (pH
7.6), the sample solution was introduced, and the author then measured the transition of the
diffraction signal intensity. Subsequently, 100 bp DNA was measured by the nanopillar device
fabricated by laser interference lithography. The target sample was electrophoretically migrated
from the inlet to the detection point.  After filling the nanopillar array with 3x TE buffer (pH 8.0),
the sample was introduced, and we measured the transition of the signal intensity. Three
measurements were made for each sample and both devices.

=z = z

. -

& &

Figure 15. Schematic of sample introduction.
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3.2.4 Reagents and Chemicals

Ultrapure water was obtained using a Direct-Q UV system (EMD Millipore Co., Billerica,
MA). Ethanol (refractive index n=1.3614), methanol (n=1.3290), 2-butanol (n=1.3978),
chloroform (n=1.4459), o-xylene (n=1.5018), chlorobenzene (n=1.5241), 2-amino-2-
hydroxymethyl-propane-1,3-diol were purchased from Wako Pure Chemical Industries (Osaka,
Japan). EDTA was purchased from Dojindo Laboratories., Inc. (Kumamoto, Japan). TE buffer
(pH 7.6) was prepared by 10mM Tris-HCI buffer (2-amino-2-hydroxymethyl-propane-1,3-diol,
pH7.6 at 25°C) and 1ImM EDTA (0.5 M EDTA-2Na, pH7.6 at 25°C). ADNA was purchased from
Nippon Gene Co., Ltd. (Toyama, Japan). ADNA soluitons with different concentrations (0.3, 1.5,
3, 6, 9 nM) were prepared by diluting with TE buffer (pH 7.6). Fused silica substrates (n=1.4610
at A=530.9 nm (from the company’s data sheet)) were purchased from Shin-Etsu Chemical Co.,

Ltd. (Tokyo, Japan).
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3.3 Results and Discussion

3.3.1 Diffraction Angle of The Micro- and Nanofluidic Devices

The device prepared in the previous section was used for the experiments in this section. The
diffraction angle was examined using a nanowall device. The ability to diffract the laser beam,
which the nanochannels intrinsically possess, is governed by the diffraction condition expressed
below.

pn,(sin By + sin 6;) = mA
Here, p is the pitch (900 nm), n,is the refractive index of fused silica substrate (1.4610), 6, isan
angle of incident laser beam (90°), 6, is a diffractive angle, m is an integer number, and 4 is the
wavelength of the incident laser (532 nm). The diffracted angle 6; values of 23.78° and 54.03°
were calculated from the equations for the first order and the second order, respectively. These
diffracted light beams are refracted at the interface between the fused silica substrate and the
atmosphere, and the refraction angle follows Snell's law
n, sinf; = n, sinf,

Considering the refractive index in the atmosphere is 1.00028, we calculated the refraction angle
6, values of 36.22° and > 90° for the first order and the second order, respectively. The diffracted
light of the first order was visible at 36.22°, and the diffracted light of the second order was total-
reflected (Figure 16). We roughly measured the transmissivity for the 532 nm wavelength at each
output angle and confirmed that the 532 nm laser beam exhibited some transmittance at ~38°.

This indicates that diffracted light was generated as calculated.
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Figure 16. A schematic illustration showing the diffraction of light through the device.
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3.3.2 Response to the Refractive Index

We performed label-free detection by introducing various solvents into the nanofluidic
diffraction grating (nanowall) to verify the detection ability of our system based on the intensity
change of the diffracted light. Here, a nanowall device fabricated by electron beam lithography
was used as an initial demonstration. When various solvents were introduced into the device, the
refractive index within the nanochannels changed, indicating that the difference in the refractive
index between inside of the nanochannels (depending on the sample) and wall of the channels
(fused silica substrate [n=1.4610 at A=530.9 nm, from the manufacturer data sheet]) changed. To
achieve proof-of-concept, we monitored intensity changes during the introduction of ethanol
molecules as shown in Figure 17, where the refractive index in the nanochannels changed from air
to ethanol molecules. Prior to the introduction of ethanol, we detected label-free signals for the
air, and then, as we gradually filled the nanochannels embedded in the microchannel with ethanol
by capillary force, the intensity of the diffracted light gradually decreased until finally the intensity
reached a plateau when the nanochannels were filled. The intensity changes are indicated by S (S

was defined as the intensity difference from the initial air-filled state) after sample introduction);

Di ted light int it l A . . .
§ = Dffracted Light intensity (sample)y o jntroducing several solvents in response to the refractive
Dif fracted light intensity (air)

indices of these solvents in Figure 18 indicated that our detection mechanism is primarily based on
the change of refractive index. As the refractive indices were close to the refractive index of the
device (fused silica), diffraction intensity would decrease. This result was in close agreement

with the simulation results, and these results simulated diffraction efficiency changes, E (E =

Dif fraction ef ficiency (sample)

), supporting the validity of this simulation analysis (Figure 19).

Dif fraction ef ficiency (air)
Subsequently, the author performed the same experiments and numerical simulations using a
device fabricated by a laser interference lithography method to evaluate the performance of the

devices (Figure 20 and 21). The results indicated close agreement with the results obtained from

46



the devices fabricated by EB lithography. This result also indicates that laser interference

lithography is useful technique for the fabrication of simple micro- and nanofluidic devices.

Sample introduction
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Figure 17. Time-course monitoring of diffraction intensity during ethanol introduction.
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Figure 18. Normalized S plot derived from signal changes during the transit of various liquids.

The device fabricated by the electron beam lithography technique was used.
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Figure 19. Normalized diffraction efficiency derived from RCWA simulation.
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Figure 20. Normalized S plot derived from signal changes during the transit of various liquids.

The device fabricated by the laser interference lithography technique was used.
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Figure 21. Comparison of the devices fabricated by electron beam lithography (EB) and laser

interference lithography (LIL).
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3.3.3 Label-Free Detection of Biomolecules

The author performed numerical simulation to consider the effect of the height of the nanowalls.
Figure 22 provides the simulation results obtained from the sample solution. The refractive
index of the sample solution corresponded to the refractive index of the TE buffer (n=1.33497)

and was changed in increments of 0.00001. Here, E was normalized as E =

Dif fraction ef ficiency (n=sample)
Diffraction ef ficiency (n=1.33497)’

The author calculated the diffraction efficiency by setting the

parameter h to 150 nm, 200 nm, 250 nm, 500 nm, 1000 nm, and 2700 nm. These results
demonstrated that the slope of this line became larger as h became small in either refractive index.
Specifically, the lower nanowall exhibited higher sensitivity to changes in refractive index.
Table 1 shows the 1st order diffraction efficiency at the TE buffer refractive index corresponding
to each h. As shown in Table 1, diffraction efficiency increased when h increased. It was
assumed that a higher diffraction efficiency contributed to the improvement of sensitivity.
Additionally, when the detection of the diffracted light is considered, it is difficult to detect the
light when its intensity is too weak. Interestingly, the limit of detection is in the trade off
relationship between these values. In this study, the author fabricated the device with an h of
250 nm when considering these simulation results, the facility for the device fabrication, and the
need to achieve efficient sample introduction into the nanowall array.

Based on the simulation results, the author fabricated the nanowall array device with a 600 nm
width, 250 nm height, and 300 nm gap. After filling the nanowall array with TE buffer to
determine a background value, we introduced each DNA solution, and we measured the changes
in diffracted light intensity. Figure 23 shows the relationship between DNA concentration and the

variation of the diffracted light intensity. The vertical axis shows the normalized signal intensity

Dif fracted light intensity(background) — Dif fracted light intensity(sample .
(AS =241 ght intensity(background) — Diff 9 y(sample)y and the horizontal
Dif fracted light intensity (background)

axis indicates the DNA concentration.  Variation of the diffracted light intensity increased linearly
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with increasing DNA concentration. The detection limit of DNA molecules was also evaluated.
The detection limit was defined as the number of DNA molecules within the detection volume.
From the minimal detected concentration, we calculated the detection limit of DNA molecules to
be 0.18 molecules, using a detection volume of about 1 fL. Here, the detection volume was
calculated from the spot size of the laser beam and volume of the irradiation region. During the
optimization of the nanofluidic design, the detection limit of DNA molecules became lower than
that of the higher nanostructures. For the measurement of diffracted light intensity, we used a
lock-in amplifier with a time constant of 3 s. The time constant of the lock-in amplifier
corresponded to the integration time of the measurement.  Specifically, the detection limit of 0.18
molecules indicates that during a 3 s measurement time, there is no DNA molecule in the detection
area for 2.46 s and there is a single molecule in the detection area for 0.54 s. This method is an
extremely sensitive detection method that can detected a non-fluorescent single molecule such as
DNA. The detection of a single non-fluorescent molecule in a solution using a complicated
optical setup has been reported, but to the best of our knowledge, there are no reports describing
this type of detection using a simple optical setup such as the one described here. For our current
study, we used a fused silica substrate. It is possible that sensitivity can be further improved by
the use of high-refractive index materials.

Our detection method is based on the refractive index of the sample. Specifically, it can be
characterized as a refractometer for a single type of analyte. Our method requires approximately
50 nL to fill the channels with sample. This is a very small sample volume compared to that
needed for a conventional highly sensitive refractometer (1 mL). Therefore, our method is
advantageous when rare or expensive samples such as biomolecules require detection.
Additionally, although the author could recognize the difference between TE buffer and DNA
molecules (0.3-9 nM) using the conventional highly sensitive refractometer, the same refractive

index was given for all DNA concentrations. Given these results, it is likely that this method
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possesses excellent potential to provide a highly sensitive refractometer that requires small sample

volumes.
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Figure 22. Plots of changes in the diffraction efficiency against the refractive index at various

nanowell heights.  The vertical axis, E, indicates the normalized diffraction efficiency.
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Table 1. Simulation results f

or diffraction efficiency at various nanowall heights. The 1% order

diffraction efficiency when TE buffer was introduced to the nanowall array at various nanowall

heights.
Height of the nanowalls (nm) 15t order diffraction efficiency (a.u.)

2700 1.43 x 103
1000 1.11x1073
500 4.02x10*
250 1.11 x 104
200 6.67x10°
150 4.17 x 10°
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Figure 23. A4S versus concentration of DNA.
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3.3.4 Comparison between Nanowall and Nanopillar Devices

The author next investigated diffracted light in the context of nanopillar structures. Laser light
was introduced from below the nanopillar device, and transmission diffracted light was projected
ono white paper (Figure 24). The incident laser beam was observed to be diffracted in eight
directions by the periodically arranged nanopillar structures. The diffracted light of these
different diffraction orders can be expressed as (x 1, 0), (0, £ 1), (x 1, £ 1). Among these
diffracted lights, diffracted light of (1, 0) was highly sensitive according to the simulation results,
and this easily detectable light was used for detection (Figure 25). Figure 26 indicates the
simulation and experimental results of the six pure solvents. These results were in close
agreement with the results obtained using the nanowall device, and the results were confirmed both
by experiments and by simulations (Figure 27). These results supported the validity of the
experimental and simulation results obtained from the nanopillar devices. Subsequently, to
confirm if biomolecules can be measured with a nanopillar device, a 100 bp DNA strand was used
as a model biomolecule. 'When the DNA reached the detection region, it was observed that the
normalized signal intensity increased. Figure 28 shows the calibration curve for DNA. The
normalized signal intensity linearly increases with the concentration at this concentration range.
These results confirmed that even with the diffracted light from the nanopillar structures, detection

is still as sensitive as that observed using the nanowall device.

55



Figure 24. Schematic illustration and an image of the diffracted light from the nanopillar device.

0.12
-0, 1)
o1 -(1,0)
0.08 | -(1,1)
, -(1,-1)
W 006 | .
0.04 |
° . .
0.02 |
[ ] e °
0 B | ] .I I' |
1.3 1.35 1.4 1.45 15 1.55

Refractive index (a.u.)

Figure 25. Comparison of refractive index dependence of diffraction efficiency for each diffraction

order.
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Figure 26. Comparison of normalized intensity (experimental data points; red circles) to diffraction

efficiency (simulated data points; blue circles) versus refractive index of the nanopillar device.
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3.4 Conclusion

The author have demonstrated a novel label-free detection method using nanofluidic diffraction
grating, and this method enables quantitative detection of DNA. The dimensions of a nanowall
array we optimized based on simulation analysis, and we could detect label-free DNA at the single
molecule level. This method can also detect other label-free biomolecules such as proteins,
peptides, and amino acids. Theoretically, this method possesses higher sensitivity due to the large
differences in refractive index between the sample and solvent. In this respect, it is believed that
DNA is more advantageous than other biomolecules. As mentioned above, the development of a
method to monitor the operation of nanofluidic devices that does not require labeling is important.
Our method effectively detected biomolecules without labeling, and instead used diffracted light
from a nanopillar. The author demonstrated that this detection method possesses potential
applicability as a detection method for various nanofluidic devices.

Although this method does not possess sample identification capacity due to its dependence on
sample refractive index (a universal detection method), it does possess the capacity to provide
sample quantification. By combining separation analysis methods such as electrophoresis or
chromatography with our detection methods, it becomes possible to separate and identify
biomolecules from small sample volumes. The author anticipates that these integrated devices

can be used, not only for fundamental science applications, but also for medical applications.
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Chapter 4.
Separation Analysis
Using a Nanopillar Device
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4.1 Introduction

Separation analyses of biomolecules (DNA, proteins, and amino acids) are important in various
fields such as fundamental biology and medical diagnosis [1-16]. Although gel-based separation
has been actively used for some time, their separation ability is limited, and they require a large
sample volume and more time. In the 1990s, capillary electrophoresis and microchip
electrophoresis techniques, which are faster and can be miniaturized and parallelized, were
developed and greatly improved parameters such as sample volume, separation speed, and
throughput [4, 5, 11, 13, 16]. Additionally, these methods can be easily combined with other
analytical methods such as mass spectrometry [16]. In recent years, separation technology using
nanostructures has been reported, and it has been observed that a unique separation mechanism
specific to the nanospace exists [17-33]. J. Han et al. reported the “entropic trap” in 1999, N.
Laachi et al. theoretically predicted it in 2007 and T. Yasui et al. experimentally demonstrated
“torque assisted escape”. Larger DNA strands migrate faster than short DNA strands for both
phenomenon, but the underlying mechanisms are different. In the former the channel space is
100 nm or less, which is smaller than the gyration radius of DNA, and the longer DNA strand has
a larger contact area with the channel. The chance to escape from the entropy trap is therefore
large. In the latter, where the channel possesses a large number of cylinder structures aligned
parallel to the channel, longer DNA strands migrate predominantly by electric-field-induced torque
and smaller DNA strands are greatly affected by rotational diffusion. Thus, the longer DNA
strands migrate faster than the smaller DNA strands in both conditions. In the restricted nano-
space, the environments exert a large effect on separation. In general, a highly sensitive
fluorescence method was used for monitoring the separation within the nanofluidic channel as
previously mentioned. This is strongly affected, however, by labeling agents present in separation
using the above mentioned nanostructures. To investigate the separation mechanism, it is

necessary to develop a monitoring method that does not require any labeling the sample.
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In this section, label-free monitoring of DNA separation using nanostructures is reported.
Cylinder shaped structures (nanopillar) were used as the separation mechanism was known in

detail. Figure 29 shows the conceptual illustration of this research.

Figure 29. Conceptual illustration of this chapter. DNA strands were separated by size using

nanopillar structures and detected using diffracted light from the nanopillar structures.
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4.2 Experimental Design

4.2.1 Electrophoresis

Variously sized DNA strands (100 bp and 1 kbp) were used for DNA separation. DNA
was prepared at a concentration of 200 ng/uL, and separation was monitored at 5 mm downstream
from the cross section of the channels.  For the fluorescence observation experiments, each DNA
solution was stained with several concentrations of intercalator (YOYO-1, Thermo Fisher
Scientific). The dye-to-base ratio of the final working solution was ~1:30, 1:60, 1:100, and 1:150.
The fluorescence observation apparatus was constructed by replacing the laser of the label-free
detection system. A laser (488 nm) was expanded with a beam expander, introduced into a
microscope, and the fluorescence of individual DNA molecules was captured by an EM-CCD
camera. Recorded videos on a DV tape (DSR-11, SONY, Tokyo, Japan) were analyzed later by

an image-processing software (Cosmos32, Library Inc., Tokyo, Japan).

4.2.2 Chemicals and Reagents

Ultrapure water was obtained using a Direct-Q UV system (EMD Millipore Co., Billerica,
MA). EDTA was purchased from Dojindo Laboratories., Inc. (Kumamoto, Japan). TE buffer
(pH 7.6) was prepared by 10mM Tris-HCI buffer (2-amino-2-hydroxymethyl-propane-1,3-diol,
pH7.6 at 25°C) and 1ImM EDTA (0.5 M EDTA-2Na, pH7.6 at 25°C). 5xXTBE buffer was prepared
from 0.445 M Tris-HCI buffer, 10 mM EDTA, 0.445 M boric acid and diluted with water to 3xTBE

buffer.
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4.3 Results and Discussion

4.3.1 Size-Based DNA Separation Using a Nanopillar Device

In this study, size-based separation of DNA using a nanopillar device was performed. It
had been reported that the nanopillar arrays within the microchannel, which have nanometer-scale
pillar structures, were used as matrices for DNA and protein separation instead of natural or
synthetic polymers. It was also reported that the geometric pattern of the nanopillar array can
influence the separation mode. When the nanopillars were aligned in a tilted orientation to the
microchnnels, the molecular sieve effect occurred and the shorter DNA migrated more rapidly than
the longer DNA. Conversely, when the nanopillars were aligned parallel to the microchannels,
this provided nonequilibrium transport of DNA molecules, and the longer DNA migrated more
rapidly than the shorter DNA. In this study, size-based DNA separation using paralleled aligned
nanopillars in a square array pattern was demonstrated.

For the separation at the square nanopillar, the effect of DNA molecule transport can be
quantitatively expressed by considering the rotational Péclet number that represents the relative
effect of dielectric rotation and rotational diffusion.  The rotational Péclet number can be obtained
as follows.

The time for the molecular diffusion over the time for convection under AC electric fields
across a single unit distance of the repeated structures, dy, which corresponds to the pitch of a
nanopillar array, can be represented by the Péclet number.

Sy

dy
UoEs

Pe =

Here, ds is the distance of the nanopillar spacing, D is the molecular diffusion constant, u, is the
electrophoretic mobility of DNA molecules in free solution and Es is the electric field across the

nanopillar.  An increase in molecular diffusion by applying high electric fields decreases the
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separation resolution; however, concerning semi-rigid DNA molecules, they are expected to
migrate in a manner that is affected by electrorotation between consecutive nanopillars under strong
electric fields. To extend the above equation to finite-sized DNA molecules, Laachi et al.
included the factor of rotational diffusion, Dy, into the equation. (24) This led to a critical lower
bound of the electric field when considering the probability of an acceptable conformation to exit
and enter the space between the nanopillar.  As rotational diffusion prevents DNA molecules from
reaching the next nanopillar spacing, the DNA molecules do not simply migrate straight between
the nanopillar spaces. To escape from this conformation, these DNA molecules must overcome
the rotational diffusion through continued rotational diffusion and electric-field-induced torque
(electrorotation) (Figure 30). To quantify the effect of these rotations, the rotational Péclet

number, Pey, is derived as the following equation.

Pe. — M
o = kT
M= (F - KL

= (:I\(En - Es)Lz

Here, ksT is the Boltzmann factor, M is the electric-field-induced torque estimated from the electric
field gradient acting on a DNA molecule near an entry or an exit of the nanopillar spacing, Fn and
Fsare the exerted force on the two ends of the DNA molecule, L is the contour length of the DNA,
¢ i1s DNA charge per unit length, and En and Es are the electric fields interposed by the nanopillars.

Spacing ratio, § can expressed as follows.

_ En
= / E.
Considering the resistances in series, the rotational Péclet number can be described as follows.
_ (18 aEavLZ)
Pe=(535) (o) @

Eav IS the averaged electric field. Figure 31 shows calculated results of Per with respect to the
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electric field of the DNA (100 bp and 1 kbp) used in the experiment. T. Yasui et al. reported that
DNA s efficiently separated under the condition that the Per of shorter DNA is below 0.1 and larger
DNAisabove 0.1. Additionally, the resolution of separation is proportional to the applied electric
field. In this study, the voltage was set to E = 200 V/cm for the separation, and this satisfies the
above conditions. Figure 32 shows the obtained electropherogram. As expected, we could
separate the mixture of 100 bp and 1 kbp DNA at 200 V/cm. These result indicated that it is
possible to separate the DNA even with the nanopillar device fabricated by laser interference
lithography techniques.  Additionally, the YOYO-1 that is used for labeling the DNA is
concentration-dependent.  As the concentration of YOYO-1 decreases, migration speed increases.
This is likely due to changes in the effective charge of the DNA-YOYO-1 complex that is
dependent upon the amount of YOYO-1 that intercalates into DNA. Similar phenomena have
been reported for gel electrophoresis and capillary electrophoresis, (34-38) and it was possible to

confirm these hypotheses using nanopillar devices.
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In this nonuniform electric field, the predicted trajectory and the rotational force

of DNA molecules are depicted by black arrows.
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4.3.2 Separation and Label-Free Detection

Label-free monitoring of size-based DNA separation using the fabricated nanopillar
device was demonstrated.  This diffraction-based measurement system utilizes a lock-in amplifier
for signal measurement.  The time constant of the lock-in amplifier corresponds to the integration
time of signal sampling. Therefore, a longer time constant enables the acquisition of a higher
signal-to-noise signal. For these measurements, however, it is desirable to acquire plenty large
amount of signal when the bands separated by electrophoresis pass through the fixed detection
point. For these measurements, the time constant of the lock-in amplifier was set to 3 ms to
account for S/N and migration speed. Figure 33 illustrates an electropherogram of a DNA mixture
observed by label-free detection. Two peaks were observed, and both peaks were fitted based on
Gaussian fitting.  The later peak is broader, and it exhibits diffusion-based migration, as expected.
Figure 34 presents electropherograms of samples containing 100 bp, 1 kbp, or no DNA (TE buffer
only), respectively. The signal was smoothed using the 5% weight moving average method.
Although the resolution was lower compared to that of the fluorescence detection method, the two
peaks derived from 100 bp and 1 kbp were still detectable. Subsequently, comparison using
fluorescence observation was performed. A comparison was made between the results of the dye-
to-base 1:150 with the lowest amount of fluorescence dye with the highest migration speed among
the fluorescence observations and the result of label-free detection (Figure 35). It was observed
that DNA migrated more rapidly than DNA labeled with YOYO-1. This is due to the fact that the
effective charge of the unlabeled DNA is larger than the labeled DNA as described above, and these
differences were successfully detected using this detection method. Additionally, in the case of
nanopillar separation, torque assisted escape must be taken into account and this is believed to
contribute to the overall effects. It is considered that the charge § and the contour length L of
the DNA were affected by the rotational Péclet number from equation (1). The effective charge

was reduced by complex formation of YOYO-1, a cationic intercalator, with DNA molecules.
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Complex formation is expected to increase size, however, it have been reported that there is less of
an effect at such a low concentration of YOYO-1. (34) From the above observations, it is believed
that Per decreases as the concentration of YOYO-1 increases. Since this reduction represents a
decrease in the torque assisted effect, longer DNA may be more affected by high concentrations
YOYO-1. This phenomenon was experimentally confirmed by comparing the average time for
each DNA peak to reach the detection point (Figure 36, 37 and 38). This could not be
demonstrated experimentally due to the differences in detection sensitivity for each measurement;
however, our results suggest that separation analysis with high resolution can be performed without
labeling.

Comparing the electropherogram obtained by our label-free detection system with the
fluorescence observation results, the peak of the label-free signal is broad. We speculated that
this is likely due to two reasons. One is that the sensitivity of the current label-free detection
system is lower than current fluorescence techniques. For these measurements, the difference
between the obtained signal and the background signal was very small. Therefore, the obtained
electropherogram was broad. Second, it is believed that the change in the refractive index is small
as compared to the change in the fluorescence amount. Improvement of sensitivity can be
achieved by optimization of nanostructure and improvement of the optical system (high intensity
light source, introduction of heterodyne detection system, etc.). It is likely that it is possible to
achieve detection sensitivity comparable to fluorescence detection, even if the refractive index

change is subtle.
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Figure 33. Electropherogram of label-free DNA (red) and results of peak fitting (First peak, blue;

Second peak, green; Synthetic peak, black).
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Figure 34. Electropherogram of label-free DNA. Electropherogram of a mixture of 100 bp and 1

kbp DNA (red), 100 bp only (blue), 1 kbp only (green), and no DNA (TE buffer) (black).
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Figure 35. Comparison of fluorescence observation and label-free observation. For fluorescence

observation, DNA was stained with YOYO-1 (dye-to-base, 1:150).
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Figure 36. Peak arrival time of the 1 kbp DNA at various YOYO-1 concentrations. n = 3.
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Figure 37. Peak arrival time of the 100 bp DNA at various YOYO-1 concentrations. n = 3.
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Figure 38. Effect of electrophoretic speed based on concentration (100 bp; blue, 1 kbp; red). n = 3.
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4.4 Conclusions

In this study, we successfully monitored the separation of label-free DNA using nanopillar
devices. It was possible to generate an electropherogram without fluorescence labeling using
diffracted light derived from the periodic structure of the nanopillars.  Although it was necessary
to perform fluorescent labeling to observe the separation of biomolecules using the nanostructures,
it is conceivable that changes in the molecular state such as effective charge and size (persistence
length and contour length) accompanying the formation of a complex with the labeling reagents
affects the separation.  Separation by nanostructures can be observed without labeling bias using
this measurement system. In this study, changes in molecular dynamics associated with
fluorescent labeling were confirmed. Additionally, this change suggested that resolution of the
separation decreases due to labeling. Although this method requires investigation for further
enhancement of sensitivity and high throughput, we expect that further development of this system
will provide a novel separation mechanism not only for DNA but also for proteins and amino acids.
Additionally, this method possesses applicability as a tool for the label-free monitoring of the

nanofluidics of various structures through the use of diffracted light derived from nanofluidics.
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Chapter 5.
Concluding Remarks and Future Perspectives
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In this thesis, the author constructed a novel label-free detection method based on the
optical diffraction derived from lasers passed through a nanofluidic channel. Micro- and
nanofluidic device that introduced solutions into a nanochannel were fabricated, and label-free
detection of biomolecules was performed using these fabricated devices. The author considered
utility and size of the nanostructures for sensitivity when developing this method. Additionally,
integration of separation analysis was achieved by the use of nanopillar structures. Changes in
the molecular state were confirmed to result from the formation of the complex with the labeling

reagent. Summary of this each chapter is as follows.

Fabrication of Micro- and Nanofluidic Device (Chapter 2)

The devices were fabricated in two ways. Two types of devices based on fluid control
methods were fabricated, and these included a pressure driven method and an electric field driven
method. By using electron beam lithography techniques, high precision patterning of all
structures was achieved. By combining laser interference lithography with general
photolithography techniques, patterning the periodic structures within the microchannel at nearly
the same accuracy as electron beam lithography was achieved. Although it is limited to the
patterning of the periodic structure, the patterning time can be significantly shortened (~20 min —
~1 min). Additionally, this method is suited to mass production, as it can pattern multiple
substrates simultaneously by expanding the laser spot size. The results of this study demonstrate

that these techniques provide a useful method for micro- and nanofluidic device fabrication.

Label-Free Detection Using Micro- and Nanofluidic Device (Chapter 3)
The author constructed a method of detecting samples within channels by using diffracted
light specific to the nanofluidic channel. This method is based on the diffraction efficiency

changes accompanying the refractive index changes. The author optimized the dimensions of
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nanostructures based on the simulation analysis, and this system could detect label-free DNA at
the single molecule level.  Additionally, it was possible to quantify label-free DNA using not only
diffracted light from the slit-like diffraction grating, but also diffracted light from periodic
cylindrical structures. This method is applicable for label-free detection in micro- and nanofluidic

devices possessing various structures.

Separation Analysis Using a Nanopillar Device (Chapter 4)

DNA separation using a nanopillar device was successfully monitored using our label-free
detection system. It was possible to generate an electropherogram without fluorescent labeling
by using diffracted light from the periodic structures of the nanopillar. We confirmed that the
dynamics accompanying complex formation changed by monitoring separation using nanopillars
in the presence or absence of fluorescent labeling. Although further improvement to sensitivity
is required, this method can be used as a tool for the development and monitoring of novel

separation mechanisms.

As summarized above, the author constructed the label-free detection system based on
optical diffraction. In this method, target molecules can be quantified merely by the introduction
of a solution to the system. It is also possible to identify multiple targets without labeling through
combination with separation analysis. Further improvement of sensitivity can be achieved by
nanostructure optimization and improvement of the optical system (high intensity light source,
heterodyne detection, etc.). It is likely that detection capability comparable to fluorescence
detection can be achieved. The author believes that this detection system will provide a useful
tool for monitoring various nanofluidics, including those applicable to separation analysis of

biomolecules.
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