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Abstract

Electrokinetic Transport of DNA in
Structurally/Chemically Modified Solid—State Nanopore

Lee Kidan
Department of Materials Science and Engineering
The Graduate School

Seoul National University

In this thesis, the current issues in solid—state nanopore and were
discussed and electrokinetic approaches to the issues were
introduced with physical analysis on the DNA transport through the
nanopores. The active subfields of solid—state nanopore research
include (1) enhancing DNA sensitivity, (2) improving the reliability
of the device, and (3) searching for a new biotechnological application
of solid—state nanopore or fabricated nanoporous structures other
than electrical sensing. The previous studies on the subjects were
summarized in the thesis, with the state—of—art improvements on the
electrical noise properties of the nanopore devices. Nevertheless, the
reports mainly were based on simple and empirical ideas to examine
the raised issues, thus the research field still required more
systematic and physical approaches to improve the performance of
the solid—state nanopore platform.

First, to enhance the DNA sensitivity of the device, a
structural modification named ‘guide structure’ was introduced to
the nanopore device. Further, the effect of the inserted structure on
DNA translocations was systematically analyzed in electrokinetics
simulations using the finite element method. The goal of improving
DNA sensitivity was to increase the translocation signal magnitude
(AG) and duration (#) of DNA molecules. AG was increased in the
presence of the guide structure, which geometrically hindered the

ionic movement with the DNA segments in the guide structure waiting



for translocation. The simulations identified a strong electroosmotic
flow inside the guide structure in the opposite direction to the
translocation, and the fluid flow acted as an extra drag on the
remaining DNA parts to slow down its translocation.

Secondly, as an advanced approach to the device reliability
over the previous reports, plasma polymerization of poly (ethylene
glycol) (PEG) was selected to prepare the polymeric coating on the
nanopore membrane instead of the liquid phase self—assembly
method. The gas—phase deposition was well known for its
advantages in  fabrication efficiency, controllability, and
reproducibility over the self—assembly method. To assess the anti—
DNA adsorption properties of the plasma—polymerized PEG (PP—
PEG) and the bare silicon nitride (SiN,) surface in consideration of
actual nanopore experiment situations, time to adsorption concept
was designed and compared on the two surfaces. As a result, the
functionalized surface was stable against DNA adsorptions for ~2
times longer time than the bare surface. The repulsive interaction
between PP—PEG and DNA affected to the increased reliability, and
induced changes in DNA translocation behaviors that exhibited fast
translocations of fully stretched molecules. In addition, a physical and
microscopic analysis of the DNA adsorption onto the nanopore
surface was conducted, considering the interaction between the
surface and DNA.

Thirdly, the electrophoretic nucleic acid preparation method
was introduced, which was derived from the electrical translocations
of DNA through solid—state nanopores. In the new application,
nucleic acids from a biosample were allowed to pass through a
fabricated nanoporous structure, nanofilter membrane, when other
molecules with positive charges or sizes larger than the nanoporous
structure stayed in the biosample. After establishing the system to
realize the physical idea, the principle and the stability of the
electrophoretic operation were confirmed in the electrical transport
experiment of microRNA. Further, the clinical applicability of the
electrophoretic preparation system was validated by demonstrating

liquid biopsy process with clinical human blood serum.
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The analysis provided physical and structural understandings
and application of the electrokinetic DNA transports in solid—state
nanopore and its derived platform. Conversely, from this thesis, it
was made clear that analyzing the physical contributions to DNA
translocations was a Kkey to systematic manipulations and

improvements to the solid—state nanopore performances.

Keyword : solid—state  nanopore, nanofilter = membrane,
electrokinetics, DNA translocation, antifouling membrane, nucleic
acid preparation
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Chapter 1 Introduction

Figure 1—1 Schematics of the nanopores: biological nanopore and
solid—state nanopore. (a) biological nanopore (a—hemolysin)
embedded in a lipid bilayer, with the narrowest confinement at the
boundary of vestibule and B—barrel. (b) solid—state nanopore device
with a DNA molecule translocating through a nanopore in the
membrane. The inset is a TEM image of a nanopore of 4 nm diameter.

Figure 1—2 Principle of biomolecule detection using nanopores. (a) in
the open pore stage, an ionic current is measured across the
nanopore by the ionic transport according to the bias voltage. The /—
IV curve is generally in a linear form. (b) as charged biomolecules are
inserted, the molecule passes the nanopore one by one, temporarily
blocking the nanopore and generating a peak signal. 8/ (A/in the text),
44, and d¢represent the size, duration, and interval of the translocation
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Figure 1—3 Cylindrical resistor model of the solid—state nanopore. (a)
a cross—section view of the open pore state, where gray bars
represent the nanopore membrane. (b) a conceptual snapshot of a
biomolecule translocation. The image at the top right is the top view
of a molecule passing through the nanopore. ..o veeieeeeeeeeeeeen, 9

Figure 1—4 Solid—state nanopore experiment setup. (a) a schematic
of a flow cell and solid—state nanopore device assembly. Each part is
labeled in the figure with the arrow indicating the direction of DNA
translocation. (b) an actual assembly of the setup connected to the
current amplifier via Ag/AgCl electrodes. ..ccoovvveiiiiiiiiiii 10

Figure 1-5 Solid—state nanopore fabrication methods. (a) the
conventional fabrication process of SiN,/Si nanopore chip. (b)
schematics of solid—state nanopore fabrication using TEM. (¢) time—
current and time-—voltage recordings during a CDB nanopore
formation. (d) schematics of DNA detection using glass nanopipette.
(e) image of the fabricated glass nanopipettes. The scale bar
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Figure 1—6 Electrical characterization of solid—state nanopore device.
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(a) voltage sweep current measurement (left) and corresponding /—
V plot (right). The red line indicates the current measured at O mV.
(b) continuous current measurement at O mV (left) and
corresponding noise PSD curve after FFET (right) . ...cccccooeiil. 17

Figure 1—7 Noise in the solid—state nanopore. On the model PSD
curve of Si—substrate nanopore, the contributions of each noise
component, Sticker, Sthermal, Sdielectric, aNd Sampiifier, are labeled. ............ 18

Figure 1—8 Dielectric noise improvements in the solid—state nanopore.
(a) —(b) schematics (left) and membrane image (right) of (a) SiO,
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plots of a SiN,/Si nanopore device (red) and a SiN,/quartz nanopore
device (blue). The dashed lines denote the dielectric noise fitting to
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Figure 1—9 Summary of the current issues in the solid—state nanopore.

Chapter 2 Enhancement of DNA Detection Sensitivity in Solid—
State Nanopore by Structural Modification

Figure 2—1 Relationship between A/ and nanopore dimensions.
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Figure 2—3 2D membrane solid—state nanopore. (a) graphene
nanopore schematics and TEM image of a nanopore formed on
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the respective nanopore dimensions (bottom). (b) diagram of A—BN
nanopore with a TEM image (top), concatenated DNA translocation
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Figure 2—4 Slowing down DNA translocations in the solid—state
nanopore. (a) DNA translocation signals (left) and time histograms
(right) in different electrolytes: KCl (black), NaCl (red), and LiCl
(blue). (b) illustration of optical tweezer pulling of DNA during
nanopore translocation. (c) DNA dragging by interaction with
NANOTIDEL GEI IO SN i 40

Figure 2—5 Electrophoretic (blue arrow) and electroosmotic (orange
arrow) contributions to DNA translocation velocity (gray arrow). The
orange area beneath the nanopore indicates the region for potential
additional drag on the remaining segments of translocating DNA in
the CIS ChHAMDET . coivviiiiii e 43

Figure 2—6 Design of guide—inserted nanopore device. The
schematics of the guide—inserted and the conventional devices (left,
not in scale) with the real scale image of the guide structure and 1
kbp dSDNA molecule (FIGIt) coveeeeeeeeeee e 45

Figure 2-—7 QGuide—inserted nanopore fabrication process. The
detailed process is explained in the teXt. woovrvireie e, 48
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region. (a) — (b) cross—section images of the modeled guide —inserted
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inserted (gray circle). The solid layers indicate the sensing
membrane, where the layers with a color gradient denote the guide
layer. (c)—(d) the cross—section images of the conventional
nanopore device are shown (c) without and (d) with the DNA
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and the absorbing boundary at x=/L, where L is the DNA chain length.
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(red dots and line) and the conventional (gray triangles and line)
nanopore. Nanopore diameters calculated with Equation 1—1 are
marked in the legend. (b) noise PSD curves of the guide —inserted
(black: O mV, red: 100 mV) and the conventional (blue: O mV, green:
100 MV) NANODOTE AEVICE . ceiiieeeeee e 59

Figure 2—12 DNA translocation results in the guide—inserted and
conventional nanopore. (a) raw ionic current traces of DNA
translocations detected in the guide—inserted (left) and the
conventional (right) devices. (b) a model DNA translocation signal
with a signal magnitude AG and a duration ¢;. (¢c) —(f) scatter plots of
the translocation events through the guide—inserted (red dots) and
the conventional (gray triangles) nanopores observed at (c) 150, (d)
250, (e) 300, and (f) 400 MV. cioooiiiiiiiieeeeeeeeeeeee e 61

Figure 2—13 Translocation AG in the guide—inserted and the
conventional nanopore device. AG histograms obtained at (a) 150 mV,
(b) 250 mV, (¢) 300 mV, and (d) 400 mV from the guide —inserted
(red bars) and the conventional (gray bars) devices. ...ccoooeveeeeeen... 64

Figure 2—14 Electric field simulation results in the nanopore region
using FEM. Electric field contour map (a) without and (b) with 1 kbp
dsDNA molecule modeled as a hard sphere (gray circle) in the
guide—inserted (left) and the conventional (right) nanopore devices.
The electric field strength color scale is marked at the bottom. ..... 65

Figure 2—15 Effect of the guide structure to AG. (a) calculated AG as
a function of the distance between the sensing nanopore and the 1
kbp dsDNA molecule in the guide—inserted (red dots and line) and
the conventional (gray triangle and line) devices. (b) histogram of AG
of 10 kbp dsDNA detected at 150 mV in the guide —inserted (red bars)
and the conventional (gray bars) nanopore devices......cccooovuvvveeeen... 66

Figure 2—16 Translocation # in the guide—inserted and the
conventional nanopore device. ¢ histograms obtained at (a) 150 mV,
(b) 250 mV, (c) 300 mV, and (d) 400 mV from the guide —inserted
(red bars) and the conventional (gray bars) devices. ......ccocveeeennn... 69

Figure 2—17 Flow field simulation results in the nanopore region using
FEM. Flow field map in the guide—inserted (left) and the conventional
(right) nanopore device with the blue arrows indicating the direction
and the relative magnitudes of the flow. The flow field strength color
scale is marked at the bottom. ....ccceeeveeiiiiiiiiiiiii e, 70
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Figure 2—18 Velocity contributions to a translocating DNA in the
nanopores. The velocity terms explained in the text and their
directions are marked on 1 kbp dsDNA molecules (gray circles)
approaching the sensing layer in the guide—inserted (left) and the
conventional (right) nanopore devices. The images are not in
S AL i 71

Chapter 3 Increased Stability of Functionalized Solid—State
Nanopore Device against DNA Adsorption by Plasma—
Polymerized Poly (ethylene glycol) (PP—PEG)

Figure 3—1 Signal changes caused by DNA adsorption during solid—
state nanopore experiment. (a) DNA adsorption (red arrow) and
voltage manipulations (red dots) to release the adhered molecule.
The blue arrow points the time when the voltage (=200 mV) was
applied initially. Insets are TEM images of the initial (left, top) and
the clogged nanopore (right, bottom). (b) DNA translocation signal
distortions in the partly blocked nanopore. ..o veeeveeeeeeieeeeeeeeeenn. 80

Figure 3—2 Ionic current signals reflecting the nanopore surface
adsorptions of proteins. Schematic images (top) and ionic current
traces (bottom) of (a) simple or quiet adsorption and (b) fluctuation
or vibration of a protein (bovine serum albumin, BSA) molecule inside
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Figure 3—3 Reported PEG coating results on solid—state nanopore. (a)
model diagram of PEG—coated solid—state nanopore using the self—
assembly method. The nanopore diameter in the inset is 6 nm, and
the scale bar denotes 10 nm. (b) ionic current trace during ssDNA
detection using the uncoated (top) and the PEG—coated (bottom)
nanopore devices. Inserted are the AFM images of the uncoated (top)
and the coated (bottom) nanopore surface after ssDNA detection
experiment, with the scale bars indicating 200 nm. .....c..cocoevveeeernn. 84

Figure 3—4 Fabrication of the PP—PEG deposited solid—state
nanopore. (a) the fabrication process of the PP—PEG/SiN, nanopore
device. The image is not in scale. (b) PP—PEG deposition system
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Figure 3—5 Model experimental sequence for evaluating the anti—
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adsorption property of the surfaces during the nanopore experiment.
The inset informs the direction of DNA translocation by the sign of
the applied voltage. The labels are explained in the text. ................ 90

Figure 3—6 Optical characterization of the PP—PEG deposited
nanopore surface. (a) optical micrograph of the PP—PEG deposited
membrane (left) and the bare SiN, (right), with the scale bar
indicating 50 um. (b) contact angle measurement of the PP—PEG
deposited surface (top) and the bare SiNx surface (bottom). A 200
um scale bar is marked in the figure. (¢) fluorescence microscopy
image after 10—min incubation of YOYO—dye labeled A—DNA on the
deposited PP—PEG (top) and the bare SiN, (bottom) surface. The
scale bar indicates 20 um. ...........cc 92

Figure 3—7 Electrical characterization of the PP—PEG deposited
nanopore device. (a) /—V curve of the 8.5 nm—diameter PP-—
PEG/SiN, nanopore in the inset (scale bar: 5 nm). (b) noise PSD
curves of the PP—PEG/SiN, nanopore (0 mV: pink, 100 mV: red) and
the bare SiNy nanopore (0 mV: gray, 100mV: black). (c) a close—up
view of the 100 mV noise curves of the PP—PEG/SiN, nanopore (red)
and the bare SiNy nanopore (black) in a 1-100 Hz frequency

Figure 3—8 Anti—adsorption characterization of the surface during
nanopore experiment. Time to adsorption plots as a function of
applied voltage are exhibited for bare SiN, (black bars) and the PP—
PEG deposited (red bars) surfaces. Dashed lines are the fitted curves
of the PP—PEG data (red line) and the SiNy data (black line), each
DPLOPOTIONAL TO 1/ Vi 99

Figure 3—9 Microscopic view on the DNA adsorption and capture
situations. The numbered arrows indicate @ electrophoretic force
drawing DNA near the nanopore, @ repulsion force between PP—
PEG and DNA, and @ attraction force between PP—PEG and SiN,.
The blue—shaded region and 7" each represent the capture region and
IES TAAIUS. wuuniiiiiie ettt e e e e e e e e e e e e e e e eaaaaeeees 100

Figure 3—10 DNA translocation data in the PP—PEG/SiN, nanopore.
(a) AG—ty scatter plots of DNA translocation signals initiated from
the bare SiN; side (black dots) and the PP—PEG side (red triangles)
detected at 150 mV (left), 300 mV (middle), and 500 mV (right).
(b)—(c) (b) AGand (c) ¢ histograms of the events in (a) under 150
mV (top), 300 mV (middle), and 500 mV (bottom). Black bars and
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red bars represent the translocation data from the SiNy surface and
the PP—PEG surface, respectiVely. .o 103

Chapter 4 Development and Clinical Application of
Electrophoretic Nucleic Acid Preparation System using
Nanofilter Membrane Device

Figure 4—1 Multi—nanopore platform. TEM images of a multi solid—
state nanopore array (left) and a diameter—controlled array using
ALD  (FIZRE) ettt 113

Figure 4—2 Application of multiplexed solid—state nanopore structure;
nanopore zero—mode waveguide (NZMW). (a) conceptual image of
NZMW DNA sequencing. (b) SEM micrograph of the fabricated
NZMW array with a closed—up TEM image of single NZMW. (c)
voltage—driven captures to the NZMW......coooviiiiiiiiiiiiiiieeeeee, 114

Figure 4—3 Electrophoretic biomolecule transport principle using a
nanoporous structure. Signs of voltage applied on the electrode and
net charges of the molecules are indicated. ....coooevveeeiieieeieeienen. 117

Figure 4—4 Conventional phenol/chloroform nucleic acid extraction
method. The protocol is summarized with brief explanations of each
S A et 121

Figure 4—5 Lab—on—a—chip nucleic acid preparation methods. (a)
microfluidic channel—based preparation chip with the image of silica
beads (~30 um diameter) in the inset. (b) automated cell—free DNA
preparation system with a centrifuge (left) and a disc utensil (right).
(c) dielectrophoretic direct separation of cell—free DNA protocol
(left), mapping of the voltage signs applied (right, top) and the
simulated dielectrophoretic force field on the separation chip (right,
DOTEOIIL) « ettt e et e e e e e 124

Figure 4—6 Chamber structure and electrode material design of the
electrophoretic nucleic acid preparation system. (a) dimensions and
electric field mapping of the rectangular —shaped chamber (top) and
the trapezoidal—shaped chamber (bottom). Dashed circles indicate
the blind area of the electric field at the chamber edges. The electric
field strength color scale is presented below. (b) AgCl precipitates
formed after applying 0.5—2.0 V to the electrophoretic system for
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Figure 4—7 Fabrication of the nanofilter membrane device. (a) the
fabrication process of the nanofilter membrane device. The image is
not in scale. (b)—(c) cross—section SEM micrograph after (b)
nanoimprint step and (c) pore patterning step in (a). Each part is
labeled in the figure with 500 nm scale barsS...ccoooevceeveeeeeeeeeeenen, 131

Figure 4—8 Fabricated nanofilter membrane device and commercial
membrane filter. Device or filter images (top) and SEM micrograph
of the porous structure (bottom) of the (a) nanofilter membrane and
(b) commercial membrane filter (Millipore®) . ..ocoovvveveeeeeeeeeeeeeenn. 132

Figure 4—9 Electrophoretic nucleic acid preparation setup. Each part
1s explained throughout SECtION 4.3 .o, 135

Figure 4—10 Data processing after qPCR. (a) amplification curves
obtained from multiple wells in a single run. The threshold
fluorescence level is marked as a horizontal line. (b) melt curve
analysis from the amplified products in (a). The horizontal line is a
threshold -d (RFU)/dT for melt peak recognition. -d(RFU)/dT in the
figure is the same term as -dF/dT in the teXt...cccccooviieieieeeiiinnnni.. 143

Figure 4—11 miR93—5p RT—qPCR standard curve in this work. The
error bars were calculated from the results of triplicates for each
miRNA concentration. The fitted curve equation in the figure is
Equation 4—2, where x is miR93—5p concentration in pg/ul......... 144

Figure 4—12 Gel electrophoresis experiments. (a) a picture of the
actual gel electrophoresis setup and the processed gels. (b) an
example DNA band image after a gel electrophoresis
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Figure 4—13 UV—Vis spectrophotometry of a biosample. (a) a model
absorbance plot of pure RNA, pure protein, and a mixture of RNA and
protein. (b) a conceptual image of the absorbance measurement in
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1.1 Introduction to Solid—State Nanopore and
Nanofilter Platforms

Nanopore 1s an emerging high—throughput single—molecular
biosensing technology, of which the detection target includes DNA,
RNA, protein, DNA—protein and protein—protein complexes, and
small organic molecules.! ™ When a bias voltage is applied across a
membrane of a nanometer—scale thickness with a few nanometers—
large pore embedded, an electrically charged biomolecule is drawn to
the nanopore region to pass through the short channel. The passage
or translocation of a biomolecule is detected as an electrical signal
which carries the physical information of the translocating
biomolecule including the size and the electrical charge of the
molecule.®”

Figure 1-—1 depicts 2 classes of nanopores: biological
nanopore and solid—state nanopore. The nanopore was first
introduced in 1996 by Kasianowicz, Brandin, Branton, and Deamer.®
This first nanopore was constructed using lipid bilayer and alpha (o) —
hemolysin, both are organic materials found in biology. Specifically,
a—hemolysin is a toxin protein secreted by Staphylococcus aureus,
which is a protein channel embedded in the membrane of a victim cell
to bring inner cell components out of the cell and eventually to kill
it.> ¥ In the nanopore application, the molecular transport path was
used as a channel confinement for the target molecule of detection.

Based on the protein channel structure with fine confinement
in ~1 nm scale, the biological nanopore has demonstrated high
sensitivity and a high throughput in single —stranded DNA (ssDNA)
detection.® '° Nevertheless, the platform had a low versatility of
target biomolecules from the fixed dimensions of the confining
channel.” In addition, the lipid bilayer membrane was extremely

vulnerable to fracture, making the handling of the device very difficult.

To overcome the drawbacks of the biological nanopore,
solid—state nanopore was first reported individually in 2001
(nanopore fabricated using focused ion beam (FIB))!! and 2003

(fabricated using transmission electron microscope (TEM)_)l‘llehe
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design of the fabricated platform was inspired by the structure of its
biological counterpart and created as a ~20—nm thick silicon nitride
(SiN,) freestanding membrane supported by silicon (Si) substrate,
with a ~5—nm nanopore connecting both sides of the membrane. The
direct perforation method enabled sculpting of the nanopore,
widening the detection target of the nanopore to double —strand DNA
(dsDNA), protein, DNA—protein complex, protein—protein complex,
and small molecules. Moreover, the robust materials greatly
enhanced the mechanical stability of the device compared to the
biological nanopores.®

For almost 2 decades after the first appearance, the solid—
state nanopore was studied in various aspects including device
fabrication, electrical characterization of the device, improvements
on the detection performances, and specific applications of the
platform. In the rest of the introduction chapter, the previous works
will be briefly summarized and the current issues in the solid—state
nanopore field will be discussed. Extending the discussions on the
single nanopore devices further, the significance and the emergence
of multiple —nanopore structure will be addressed as an introduction
to the nanofilter platform. First of all, the principle of the nanopore
detection will be explained as the basis of the introductory

discussions mentioned.
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Figure 1—1 Schematics of the nanopores: biological nanopore and
solid—state nanopore. (a) biological nanopore (a—hemolysin)
embedded in a lipid bilayer, with the narrowest confinement at the
boundary of vestibule and B—barrel. (b) solid—state nanopore
device with a DNA molecule translocating through a nanopore in
the membrane. The inset i1s a TEM image of a nanopore of 4 nm
diameter. Figures were adapted with permission from (a) ref.'?,
Copyright 2006 Elsevier Ltd. All rights reserved; (b) ref.'.
Copyright 2016 American Chemical Society.
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1.2 Principle of Biomolecule Detection in Nanopore

based on Electrokinetic Transport

Figure 1—2 illustrates the fundamental principle of biomolecular
detection in nanopore devices. The physical principle works the same
in both the biological and the solid—state nanopores.

On the left of Figure 1—2, an electrolyte is filled in 2 chambers
(named cis and trans) separated by the membrane and a nanopore.
Driven by an external voltage across the membrane, an ionic
conductance can be detected from the ionic flow generated inside the
nanopore. The ionic current is constant over time with a finite noise
of the current baseline, which will be discussed in section 1.4.

On the right of Figure 1-—2, negatively charged DNA
molecules are injected into the crs chamber and a positive bias
voltage is applied at the opposite chamber. Therefore, the molecules
are forced by the electric field to move to the frans chamber. From
the small pore size comparable to the cross—section diameter of DNA,
the charged biomolecules can only translocate through the nanopore
one molecule at a time. The ionic flow through the nanopore is
temporarily and partly blocked by the translocating DNA. This
situation is detected as a current drop peak in the current (/) —time
() recordings of the nanopore ionic current.

Information on a translocation peak signal, the magnitude (AJ))
and the duration (dwell time or f#3) of the current drop, implies the
physical characteristics of the translocating molecule. A/ is directly
related to the volume fraction that the molecule occupies in the
nanopore during translocation. As in Figure 3, the relationship
between the molecular size and A/ can be modeled using Ohm’ s law
and assuming that the nanopore and the translocating molecule are a
cylindrical resistor and a hard cylinder, respectively. The baseline
ionic current (open pore current, ) and A/are expressed as Equation
1-1 and Equation 1—2:



and

-1
A1=10—Va(i+ 1) (1-2)

2
Tdgge  deff

where 1V is the applied voltage, o is the ionic conductivity of the
electrolyte, L and d are the length and the diameter of the nanopore,

and d. 1s the effective diameter of the nanopore during translocation,

defr = /dz —d?,, with molecular cross—section diameter dy,.'” The

1/d terms in the equations represent the access resistance of the
nanopore entrance and the exit.'> '® The relationship between da
and A/is clear from Equation 1—2: A/ increases with d,,. Based on
this principle, the ultimate goal of the nanopore detection has been
set as high—throughput DNA next—generation sequencing (NGS)
ever since the emergence of the research field. Conceptually, the
DNA bases, adenine (A), thymine (T), guanine (G), and cytosine (C),
could produce signals of different characteristic A/ from the small
differences in their molecular structures. Therefore, the information
of the DNA sequence could be deciphered by reading the 1onic
current signal of a translocating DNA molecule.* !”

Influencing factors for ¢ include the chain length,'®
conformation,'¥ and the effective electrical charge®® of the
translocating polymer. Experimental factors such as the interaction

21, 22 electrolyte

between the biomolecule and the nanopore surface,
viscosity,?® and nanopore diameter?* also affect #. Specific effects of
each contribution are very complex; for instance, only an empirical
power law could be identified for the chain length effect on #.%

For the detection of the biomolecule translocation signals
using nanopores, a measurement system such as the flow cell
assembly in Figure 1—4 is utilized.” Electrolyte, usually buffered 1 M
potassium chloride (KCl) solution for the DNA detection, is filled in
the flow cells to create an ionic channel through the solid—state

nanopore. On each side of the solid—state nanopore device, a
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polydimethylsiloxane (PDMS) block with a ~3 mm diameter hole in
its center is inserted between the cell. The roles of the elastomer
blocks are to define cis and frans chambers and prevent leakage of
the electrolyte. A pair of silver/silver chloride (Ag/AgCl) electrodes

is immersed in each chamber to connect the cell to a current amplifier.
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Figure 1—2 Principle of biomolecule detection using nanopores. (a)

in the open pore stage, an ionic current is measured across the

nanopore by the ionic transport according to the bias voltage. The

/= Vcurve is generally in a linear form. (b) as charged biomolecules

are inserted, the molecule passes the nanopore one by one,

temporarily blocking the nanopore and generating a peak signal. 6/

(A7in the text), 4, and 8¢ represent the size, duration, and interval

of the translocation peak, respectively. Figure was adapted with

permission from ref. %, Copyright 2012 Elsevier B.V. All rights

reserved.
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Figure 1—3 Cylindrical resistor model of the solid—state nanopore.
(a) a cross—section view of the open pore state, where gray bars
represent the nanopore membrane. (b) a conceptual snapshot of a
biomolecule translocation. The image at the top right is the top view
of a molecule passing through the nanopore. The ionic current trace

f_ZG _

in (b) was from re Adapted by permission of the Royal Society

of Chemistry.
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Figure 1—4 Solid—state nanopore experiment setup. (a) a schematic
of a flow cell and solid—state nanopore device assembly. Each part
1s labeled in the figure with the arrow indicating the direction of
DNA translocation. (b) an actual assembly of the setup connected
to the current amplifier via Ag/AgCl electrodes. (a) was adapted
with permission from ref.’. Copyright 2018 WILEY—-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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1.3 Conventional Fabrication Technique of the Solid—

State Nanopore Device

The fabrication procedure of the solid—state nanopore device was
originated from the semiconductor fabrication technique, including
film deposition, photolithography, and film etching. The process of
fabricating a conventional Si/SiNy nanopore device is presented in
Figure 1—-5(a).! Low—stress SiN, thin film is deposited using a low—
pressure chemical vapor deposition (LPCVD) method on a double—
side polished Si wafer. On one side of the wafer, the freestanding
nanopore membrane area is photolithographed, followed by SiN, dry
etching and Si anisotropic wet etching to expose the membrane.

The most important step in the nanopore device fabrication is
the pore formation. Since its introduction in 2003, TEM nanoporing
has been set as the standard process to create nanopores (Figure 1—
5(b)).'? This method is advantageous for controlling the shape and
size of nanopores, capable of sculpting nanopores as small as 2 nm.
However, the poring process can only be done one sample by one
sample. In addition, the microscope is a heavy and expensive utility,
and the accessibility to a TEM machine could depend on laboratories
and institutions.

As an alternative, a controlled dielectric breakdown (CDB)
method has been reported in 2014.%7 In this protocol, a high electric
field of ~100 MV/m was applied to induce mechanical breakdown
across the closed membrane.”” *® The current measured across the
membrane 1s continuously monitored, and if it reaches a preset
threshold determined using Equation 1—1, the electrical power
source is shut down (Figure 1-5(c)).”” CDB technique can overcome
the accessibility issue of the TEM—based method, but the protocol is
incapable of locating and shaping a nanopore.

Glass nanopipette is another noteworthy form of the
fabricated solid—state nanopore (Figure 1—5(d), Figure 1-5(e)). To
create the nanopipettes, a ~um—thick glass nanowire is pulled upon

heating by a glass puller machine.?? ! 2 pipettes are fabricated at

3 y 1 |
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once, having a needle—like structure as it approaches the heated end.
The glass pulling is the most efficient method of solid—state nanopore
fabrication in terms of time and cost required. Nevertheless, the glass
nanopipettes are relatively large nanopores of ~10—nm diameter, in
which the size and the effective length of the nanopores are difficult
to be controlled during the pulling process.

Apart from the fabrication strategies, various materials have
been applied in creating the solid—state nanopore devices. Oxides
including silicon dioxide (Si0,),?* aluminum oxide (Al;05),** and
hafnium oxide (HfO,)** have been used as the substrate, additional
supporting layer, or the nanopore membrane, respectively. Other
classes of materials, namely metals,® 2—dimensional (2D)

materials,* ®® and polymers,* *° are utilized in nanopore devices for
enhanced sensitivity and functionality, which will be discussed in the

next 3 chapters.
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Figure 1—5 Solid—state nanopore fabrication methods. (a) the
conventional fabrication process of SiN,/Si nanopore chip. (b)
schematics of solid—state nanopore fabrication using TEM. (c)
time—current and time—voltage recordings during a CDB nanopore
formation. (d) schematics of DNA detection using glass
nanopipette. (e) image of the fabricated glass nanopipettes. The
scale bar indicates 1 mm. Figures were adapted with permission

£.2" under

from (b) ref.!. Copyright 2007, Springer Nature; (c) re
the terms of the Creative Commons Attribution License (CC—BY).
Copyright 2014 Kwok et al; (d) ref.’. Copyright 2015 Royal
Society of Chemistry; (e) ref.** under the terms of the Creative
Commons Attribution License (CC—BY). Copyright 2016 Bafna,

Soni.
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1.4 Basic Characterizations of the Solid—State

Nanopore Device

A solid—state nanopore device fabricated using the previously
described process is usually characterized electrically before moving
onto biomolecule translocation experiments. To perform the basic
electrical characterizations, the flow cell assembly in section 1.2 is
connected to a pair of Ag/AgCl electrodes, and the external voltage
is applied through the electrodes, without injecting biomolecules in
the flow cell

The characteristics to analyze are ionic conductance and
electrical noise of the nanopore, as graphically presented in Figure
1—-6. In measuring nanopore ionic conductance, the applied voltage is
swept and the slope of the /—V graph represents the conductance
value. As assumed in section 1.2, a stable nanopore normally follows
Ohm’ s law, exhibiting a linear /— V curve. Therefore, if the nanopore
dimension 1s ambiguous, it can be electrically determined using the
measured ionic conductance value and Equation 1—1.

The electrical noise 1s obtained from an /—¢ recording at a
fixed voltage. Fast Fourier Transformation (FFT) is performed on
the recording, and a frequency (#) —noise power spectrum density
(PSD) graph can be constructed for the device and the applied
voltage.

An example PSD graph is shown in Figure 1—7. The graph
can be decomposed into 4 components, flicker, thermal, dielectric,
and amplifier noises, respectively. The total noise Siora and its 4 noise
components, Stickers Sthermal, Sdiclectric, and Samprisier are mathematically

expressed as in Equation 1—3 to Equation 1—7:

Stotal = Sflicker + Sthermal + Sdielectric + Samplifier (1 - 3)
12 a (I?
Sﬂicker =A (f_ﬁ) = (N_c) (f_ﬁ’) (1 _4)

7 g 2
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Sthermal = 7 (1-5)
Sdielectric = 4kTCpDp(21f) (1-6)

and
Sampiifier = (27f (Cp + Cw + Ca)vy)? (1-7)

where A is flicker noise power, fis a fitting parameter of ~1, a is the
Hooge parameter of the membrane material, M. is the number of
charge carriers inside the nanopore, k& is the Boltzmann constant, 7
is the absolute temperature, R, is the nanopore resistance, (p and Dy
are the capacitance and the dielectric loss of the nanopore device, Gy
and C, are the electrode wiring and the amplifier capacitances, and
v, is the input—referred voltage noise density of the amplifier (V Hz~
12 nit) 543

Shicker 1S @ dominant component in the frequency range of <100
Hz. This term is related to the nanopore dimensions (determining /)
and the material characteristic of the membrane. For flicker noise,
several sources related to the membrane surface state were
suggested: inhomogeneous surface charge,** carbon
contaminations,*® or imperfect hydrophilicity in the SiN, surface.” *°
Sthermal 1S the noise offset also dependent on the nanopore dimensions
(pore resistance R,) and irrelevant of the frequency. Syelectric and
Sampliier are strongly dependent on the capacitances of the nanopore
device and the current amplifier. Particularly, Sgcectric 1S the major
noise component among the 4 factors, dominating the PSD curve in
the wide frequency range of 1—100 kHz. On the other hand, Simpiifier
is active above 100 kHz, which is the frequency range usually higher
than the bandwidths of the lowpass filters (10—100 kHz) applied in
the current signal processing in common nanopore experiments.’

Therefore, Sgieectric has been the main target to reduce for a
low—noise and a high—throughput biomolecule detection platform.

The strategies to reduce the dielectric noise in materials and
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fabrication aspects are summarized in Figure 1—8. Accordingly,
silicon oxide (SiOy), with lower Cj and D, than Si, was inserted
between the Si substrate and the SiNy membrane to lower the total
device capacitance (Figure 1-8(a)).?* ** The most effective
improvements in reducing the dielectric noise were reported with
replacing the Si substrate to dielectric materials including PDMS and
Si0,.*" %% Notably, the glass substrate exhibited 20—times lower
Sdiclectric compared to the conventional Si substrate, still with a
compatibility with the semiconductor fabrication technique in creating
such devices (Figure 1—8(b), Figure 1—8(c)). As a result, the
glass—based nanopore devices showed 1 order of magnitude lower
root—mean—square (rms) noise level than the conventional
nanopore.*® Here, the rms noise level .. was calculated according to
Equation 1—8:*

Lrms = \/fStotal df . (1-8)

With the significant improvement in the noise characteristic,

48, 50

elaborate tasks such as DNA base discrimination, protein—

751 gand protein sequencing®® could be

protein interaction analysis,
successfully demonstrated using the glass substrate nanopores. In
the next section, the other issues still remaining in the solid—state
nanopore field will be introduced, which are targets of this thesis to

be discussed in the next chapters.
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Figure 1—6 Electrical characterization of solid—state nanopore
device. (a) voltage sweep current measurement (left) and
corresponding /— V plot (right). The red line indicates the current
measured at O mV. (b) continuous current measurement at O mV

(left) and corresponding noise PSD curve after FFT (right).
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Figure 1—7 Noise in the solid—state nanopore. On the model PSD
curve of Si—substrate nanopore, the contributions of each noise
component, Stickers Sthermal, Sdielectric; aNd Sampiifier, are labeled. Figure

was adapted with permission from ref.’. Copyright 2018 WILEY —
VCH Verlag GmbH & Co. KGaA, Weinheim.

18 S B8 i)



10'
il (c) SiN,/Si
Membrane 0t SiNy/Quartz
. 100 pm 3
Glass e el i .

(b) transferred SiN,

nanopore

107 10°

( \" N
micropore
insulating substrate

Figure 1—8 Dielectric noise improvements in the solid—state
nanopore. (a) —(b) schematics (left) and membrane image (right)
of (a) SiO, layer inserted nanopore and (b) quartz substrate
nanopore. (c) PSD plots of a SiN,/Si nanopore device (red) and a
SiN,/quartz nanopore device (blue). The dashed lines denote the
dielectric noise fitting to each PSD curve. Figures were reproduced
with permission from (a) ref.’>. Copyright 2014 American Chemical
Society; (b) ref.*® under the terms of the Creative Commons
Attribution License (CC—BY). Copyright 2014 Springer Nature. (c)

£.*% under the terms of the

was adapted with permission from re
Creative Commons Attribution License (CC—BY). Copyright 2014

Springer Nature.
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1.5 Current Issues in Solid—State Nanopore
(Outline of this thesis)

The 3 major issues currently being researched in the solid—state
nanopore field are (1) increasing the detection sensitivity, (2)
strengthening the device reliability, and (3) extending the application
of the platform in other fields of biotechnology (Figure 1—9).

There have been mainly 3 approaches to improve the
detection sensitivity of the nanopore: increasing the signal—to—noise
ratio (SNR), the spatial sensitivity, and the temporal sensitivity of
the translocating molecule.” The reduction in the electrical noise of
the devices was also favorable for achieving high SNR. The spatial
sensitivity of nanopore detection is about how small the device can
resolve or distinguish. It 1s necessary to fabricate the nanopore
membrane as thin as possible to detect or resolve a small feature in
a molecule.”® °* °° For the high temporal sensitivity of the nanopore,
methods to slow down the biomolecule translocations have been
studied. Currently, DNA or protein translocation speeds are too fast
for stable detection of the translocation signals.? The excessively fast
passages can be ignored if the data acquisition speed of the amplifier
1s lower than the translocation speed. Even if not, when the
translocation time is comparable to the inverse of the filter bandwidth
frequency, the acquired translocation signals can be distorted from
the raw data.*® °® Therefore, retarding the biomolecule translocation
1s essential to achieve stable detections and high temporal sensitivity.

Secondly, the device reliability issue is originated from
nonspecific adsorptions of biomolecules onto the membrane surfaces
frequently occurring during the nanopore experiments. The
unwanted adherence often induces temporary or permanent damage
to the device, physically blocking a nanopore and further
translocations of other free molecules.”” To prevent the nonspecific
adsorptions, surface functionalization using antifouling materials such

as poly (ethylene glycol) (PEG) have been reported.”® °Y Thirdly,

y s e
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there have been attempts to extend the application of the solid—state
nanopore devices from the originally intended electrical DNA
sequencing.?? %0762

In this thesis, the 3 issues in the solid—state nanopore
research will be explained in detail. The target molecule in this thesis
is focused on nucleic acids, which are biomolecules commonly
detected and analyzed in solid—state nanopore research. Previous
reports on each theme will be summarized, and electrokinetics based
analysis will be presented with the experimental results and
discussions based on the result.

The approaches taken in this thesis are physical and
structural, focusing on the electrokinetics surrounding the nanopore
and translocating DNA. In detail, chapter 2 will discuss the sensitivity
issue in both aspects of the SNR and slow DNA translocations. The
electrokinetic environment in the nanopore region was physically
modeled, and structural modification to enhance the DNA sensitivity
was designed. Enhancement in the reliability of the nanopore device
will be presented in chapter 3. Here, a gas—phase PEG deposition
method, plasma polymerization, on the nanopore membrane was
utilized instead of self—assembly previously used in the nanopore
field. In addition, the anti—adsorption properties of the PEG deposited
surface were evaluated relative to the bare SiNy membrane. Chapter
4 will present a new application of a nanoporous membrane device on
nucleic acid preparation. Particularly, the expansion of the solid—
state nanopore application field has been focusing on the multiplexing
of the nanopore structure to increase operation throughput. Following
the same research direction, in this work, the structure and
fabrication of nanofilter membrane device were derived from solid—
state nanopore device structure and its fabrication method. Similar to
the nanopore experiments, an electric potential was applied across
the nanofilter membrane to facilitate the transport of charged
biomolecules in a sample. The concept and feasibility of the
electrophoretic nucleic acid preparation will be discussed, and the
performance of the new preparation system will be evaluated by

comparing it to that of the conventional protocol.
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Figure 1—9 Summary of the current issues in the solid—state
nanopore. Figures were adapted with permission from ref.%.
Copyright 2013 Garaj et al; ref.’*. Copyright 2011 American
Chemical Society (sensitivity); ref.”®. Copyright 2014 WILEY -
VCH Verlag GmbH & Co. KGaA, Weinheim (device reliability);
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Chapter 2

Enhancement of DNA Detection Sensitivity
in Solid—State Nanopore
by Structural Modification

— Based on the publication K. Lee,” H. Lee', et al, Enhancing the
sensitivity of DNA detection by structurally modified solid—
state nanopore, Nanoscale 2017, 9 (45), 18012—18021.}
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2.1 Introduction

As discussed in the previous chapter, enhancing the SNR, spatial
sensitivity, and temporal sensitivity are 3 major approaches to
resolve the sensitivity issue of the solid—state nanopore. Among the
3 subjects, the spatial sensitivity is mainly determined by the
thickness of the nanopore membrane. Ideally, a nanopore as thin as
the spatial interval between nucleobases in DNA, 0.34 nm, is needed
for the discrimination of the bases and for DNA sequencing.? Similarly,
a thin nanopore is also advantageous for detecting small molecules
such as single nucleobases® and short peptides. The membrane,
however, has an inherent limitation: high level of the electrical noise
induced by mechanical fluctuation and structural defects of the thin
membrane.” °

Discussions on the other 2 topics, the SNR and the temporal
sensitivity, are more complex than the simple and geometry—
dependent spatial sensitivity i1ssue. The SNR and the DNA
translocation time are affected by the experimental conditions
external forces, and the electrokinetic environment surrounding the
translocating DNA, as well as the nanopore dimensions.” !°
Therefore, the goal of this chapter is to present a physical and
systematic analysis of the DNA sensitivity of the solid—state
nanopore and to suggest a structural approach to enhance the
sensitivity based on the analysis. This chapter will begin with a
summary of the previous works on improving device performance,
which began with simple and evident approaches to deal with the

issues.
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2.1.1 Previous Studies on the Signal Magnitude Enhancement of the

Solid—State Nanopore

The means to increase the SNR in the solid—state nanopore is 1) to
increase the signal magnitude and 2) to decrease the electrical noise
of the device. The electrical noise was discussed in detail in chapter
1, so only the methods to increase the signal magnitude will be
presented in this section.

The simplest physical interpretation of the signal magnitude
was based on the resistor model in section 1.2. In Equation 1—2, A/
was explained using the nanopore dimensions, the applied voltage,
the ionic conductivity of the electrolyte, and the size of the
translocating molecule. With the fixed target molecule (dsDNA), the
electrolyte concentration and the voltage dependences of A/ were
experimentally confirmed.” !

Figure 2—1 explains the nanopore dimension dependence of
A/ calculated using Equation 1—2. In the calculation, nanopore length
L or nanopore diameter d were fixed to 20 nm and 5 nm respectively,
which were selected from the conventional structure of a solid—state
nanopore. Likewise, the applied voltage and the electrolyte were set
to 200 mV and 1 M KCl to reflect the typical experimental conditions
for DNA detection using the solid—state nanopore. When J was
changed from 20 nm to 2.2 nm (dyo for dsDNA), A/ increased by a
factor of 2.41 (Figure 2—1(a)). The effect of Z was more dramatic;
in Figure 2—1(b), A/ from a 1—nm long nanopore was 7.47 times
larger than that from a nanopore in a 20—nm thick membrane.

From this analysis, the previous works to achieve large SNR
in nanopore detection focused on fabricating thin membranes for
nanopores. The reports are summarized in Figure 2—2. Meanwhile,
thinning the membrane was the same methodology taken to enhance
the spatial sensitivity of nanopores. To fabricate a thin membrane,
the SiNy membrane was locally thinned down to ~1 nm using a
scanning tunneling electron microscope (STEM) (Figure 2—2(a)).'*
More recently, nanopore devices with 3—nm thin SiNy membrane
were created by applying poly—Si/SiO, sacrificial layers to protect
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the film during the etch process (Figure 2—2(b)).'* 1

In another sense, 2—dimensional (2D) materials were utilized
as the membrane to fabricate thin nanopores (Figure 2—3). Namely,
graphene (Figure 2—3(a)),'” ' ' hexagonal boron nitride (A—BN)
(Figure 2—3(b)),> "% and molybdenum disulfide (MoS,) (Figure 2—
3(c))* 1% are representative 2D materials used in the solid—state
nanopore fabrication. The listed materials have a sub—nanometer
thickness, approaching to the distance between DNA nucleotides. As
a result, the 2D membranes could produce DNA translocation signals
with ~2 times the magnitude of those from the 20—nm thick SiNy

210 and discriminate single nucleotides.? Furthermore, the

nanopores,
effect of the nanopore diameter to A/ was examined in the graphene
nanopore to obtain even larger DNA translocation signals (Figure 2—
3(a)).

In summary, the theoretic influence of experimental and
geometrical parameters to A/ was confirmed experimentally; high
voltage, high electrolyte strength, small nanopore diameter, and short
nanopore thickness were favorable for large A/ However,
particularly, the thin membranes inherently possess the high
electrical noise limitation as mentioned above. In addition, the
previous works were based on a simple analysis without considering
the complex nature of DNA translocation. Therefore, a more realistic
approach is required to understand A/ and to improve the nanopore

signal magnitude of DNA translocation.
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Figure 2—1 Relationship between A/ and nanopore dimensions.
Calculated A/using Equation 1—2, assuming 6=15.0 S/m (1 M KCl),
/=200 mV, dyu=2.2 nm (for dsDNA), with (a) varying d at L=20
nm and (b) varying L at d=5 nm.
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Figure 2—2 Thinning of SiNy membrane to increase AL (a) locally
thinned SiNy membrane by STEM thinning and the nanopore signals
obtained from the ~1 nm—short nanopore. (b) ~3 nm—thick SiNy
membrane for nanopore using poly—Si/SiOs sacrificial layer.
Figures were adapted with permission from (a) ref.'?. Copyright
2015 American Chemical Society; (b) ref.'* under the terms of the
Creative Commons Attribution License (CC—BY). Copyright 2015

Springer Nature.
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Figure 2—3 2D membrane solid—state nanopore. (a) graphene
nanopore schematics and TEM image of a nanopore formed on
graphene (top), DNA translocation signals and their magnitudes
with the respective nanopore dimensions (bottom). (b) diagram
of A—BN nanopore with a TEM image (top), concatenated DNA
translocation signals obtained from A—BN nanopore (bottom). (c)
MoSs nanopore schematics with a TEM image (top), translocation
signals of poly adenine (Asg), thymine (Tsg), cytosine (Csp) and
guanine (Gsp) detected by the MoS, nanopore (bottom). Figures
were reproduced with permission from (a) ref.!’. Copyright 2013
Garaj et al; inset of (a) ref.'®. Copyright 2010 American Chemical
Society; (b) ref.'®. Copyright 2013 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim and ref.”. Copyright 2016 Royal Society of
Chemistry; (¢) ref.'”. Copyright 2014 American Chemical Society
and ref.’. Copyright 2015 Springer Nature; inset of (c) ref.’.
Copyright 2015 Springer Nature.
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2.1.2. Previous Studies on Slowing Down DNA Translocations in the

Solid—State Nanopore

Figure 2—4 summarizes the 3 main approaches to reduce the DNA
translocation speed through the solid—state nanopore. Firstly,
studies on DNA translocation speed have heavily relied on empirical
relations of the experimental parameters and the translocation speed
(Figure 2—4(a)) because the movement of the flexible and long
polymer is a very complicated phenomenon to model. Therefore,
earlier works on slowing down the DNA translocation speed first
controlled the applied voltage and the electrolyte viscosity.” *
Obviously, low applied voltage and high electrolyte viscosity induced
slow DNA translocations through the nanopore. In addition, DNA
translocations in lithium chloride (LiCl) electrolyte were slower than
those in KCI. This effect was originated from more effective shielding
of the DNA electrical charge by Li" ions than by K* ions, resulting in
a lower effective charge of DNA in LiCl than in KC1.?' To summarize,
the experimental approaches were effective in slowing down DNA
translocations and easy to apply. Nevertheless, the window of the
parameter control was very narrow, for instance, the lowest voltage
to promote DNA translocation was ~100 mV,” only about 2—fold
lower than the general experimental conditions. Moreover, a
reduction in SNR was an inevitable tradeoff in decreasing the applied
voltage.

Secondly, extra external dragging forces other than the
applied voltage was introduced to the translocating DNA (Figure 2—
4(b)). Mechanical forces were exerted on the DNA via optical,
magnetic, and molecular tweezers?> ?* to individually pull the DNA
against the electrical translocation direction. This method directly
slowed down the DNA movements, but dragging the DNA molecule
one—by—one was inappropriate for practical uses. Another extra
force applicable was the positive gate voltage, with the gate electrode
embedded in the nanopore to electrically drag the negatively charged
biomolecule from quickly passing through.?® This was an effective

and fundamental approach to slow down DNA translocations,l but
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fabricating the nanopore device with the gate electrode was difficult,
showing a low yield.

The last track to achieve slow DNA translocation in the solid—
state nanopore was inducing strong molecular interactions between
the nanopore surface and DNA (Figure 2—3(c)). For instance,
graphene and HfO, membranes strongly interacted with DNA
molecules and produce long—lasting DNA translocation signals than
the conventional SiN, nanopores.?® 27 In addition, other interactive
materials such as agarose gel were coated on the SiN, membrane to
obstruct smooth DNA movements to and through the nanopore.?® #
Nevertheless, the interaction between the nanopore surface and DNA
was difficult to control, so was the degree of retardation of DNA
translocation through the modified nanopores.

To summarize, the previous works were successful in slowing
down the DNA translocations in the solid—state nanopore, but they
lacked systematic analysis on the translocation speed. Therefore, a
physical analysis of DNA translocation speed is still required for its
effective control. In the next section, velocities related to the
electrokinetic environment near a translocating DNA molecule will be
explained. Based on the physical factors, a new solid—state nanopore
structure to effectively control the DNA translocation speed as well

as to enhance the translocation signal magnitude will be suggested.
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Figure 2—4 Slowing down DNA translocations in the solid—state
nanopore. (a) DNA translocation signals (left) and time histograms
(right) in different electrolytes: KCI (black), NaCl (red), and LiCl
(blue). (b) illustration of optical tweezer pulling of DNA during
nanopore translocation. (¢) DNA dragging by interaction with
nanofiber gel mesh. Figures were reproduced with permission from
(a) ref.?!. Copyright 2012 American Chemical Society; (b) ref.*’.
Copyright 2006 Springer Nature; (c) ref.*®. Copyright 2013
American Chemical Society.
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2.2 Design and Fabrication of the Guide—Inserted

Nanopore Device

2.2.1 Physical Interpretation of DNA Translocation through the

Nanopore

Under the electric field generated by the applied voltage, a
translocating DNA molecule is affected by electrophoresis and
electroosmosis as illustrated in Figure 2—5. The major driving force
of DNA translocation is electrophoresis, where the electrophoretic
velocity of DNA vgpy is physically described with the electrophoretic
mobility of DNA upna and the electric field £ as Equation 2—1:

Vgpu = UpNaE. 2-1)

The electric field generates not only electrophoresis but also
electroosmosis inside the nanopore. Electroosmosis is a fluid motion
induced by the movement of counterions accumulated near the
surface of a channel.?! In a typical nanopore experimental condition
of pH 7-8, the SiN, surface has a negative surface charge.’®
Therefore, positive counterions are placed in the electrical double
layer near the surface and are forced to move in the opposite
direction to the DNA translocation by the same electric field inside
the nanopore. Electroosmosis is an essential principle to consider
especially in the nanopore experiments, where the narrow pore
dimension becomes comparable to that of the electrical double
layer.?®> The electroosmotic velocity wsor can also be physically

interpreted, which is shown in Equation 2—2:
UE0F=—;—cE (2_2)

where ¢ is the permittivity of the medium (water), ¢ is the zeta
potential of the channel surface, and 7 is the dynamic viscosity of the

medium.®! Therefore, a DNA molecule inside the nanopore is affected
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by both vipy and veor, and the net DNA velocity vona at pH 8 can be
described as Equation 2—3 and Equation 2—4, considering the

directions of each velocity components:

UpNA = VEpH + VEOF (2-3)

and

lvpnal = [vepn| — VEOE]. (2—4)

During translocation, the remaining segments of a
translocating DNA molecule reside just outside the nanopore (in the
cis chamber). The residual parts are under a relatively weak
influence of electrophoresis and electroosmosis from the weak
electric field in the exterior of the nanopore resistor compared to its
interior. In addition, the exterior of a nanopore is free of surface that
can generate electroosmotic flow. Therefore, these segments can be
an additional target of drag to reduce the DNA translocation speed; if
an additional channel is placed at the nanopore exterior, the extra
electroosmotic flow could be built inside the new channel, acting as
another drag for the translocating DNA. Other than the DNA
translocation speed, the segments near the nanopore could provide
an extra hindrance to the ionic flow through the nanopore when the
parts were placed near the nanopore entrance.’*

In the next section, a structural modification of the solid—
state nanopore will be introduced to utilize the remaining segment of
a translocating molecule in enhancing the sensitivity of the nanopore

detection.
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Figure 2-5 Electrophoretic (blue arrow) and electroosmotic
(orange arrow) contributions to DNA translocation velocity (gray
arrow). The orange area beneath the nanopore indicates the region
for potential additional drag on the remaining segments of
translocating DNA in the cis chamber. Figure was adapted with

permission from ref.?®. Copyright 2009 Springer Nature.
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2.2.2 Design of the Guide—Inserted Nanopore Device

To induce the additional drag and the ionic current hindrance on the
DNA segments in the cis chamber, an effective way would be placing

an extra channel underneath the nanopore. A solid—state nanopore

device with such a channel, named as ‘guide structure’ in this work,

is schematically presented in Figure 2—6 with the structure of a
conventional nanopore device. Both devices had the SiN, sensing
layer in 20—nm thickness, in which a nanopore was individually
perforated in ~5—nm diameter. The guide structure was designed to
be larger than the sensing nanopore because it should hold the
translocating molecules and its electrical resistance should be
negligible to that of the sensing nanopore. If the guide structure were
formed in a similar dimension to that of the sensing nanopore, the
effective voltage drop across the sensing nanopore would be reduced,
and so would A/

Specifically, the molecular dimension of DNA was considered
in determining the dimensions of the guide structure. 1 kilobase pair
(kbp) dsDNA was selected as the target biomolecule in this work,
which is a type of biomolecule frequently used in the solid—state
nanopore experiments. Since the chain length of 1 kbp dsDNA (340
nm) is larger than the persistence length of dsDNA (~50 nm),*® the
molecule is expected to be in a random conformation in the aqueous
environment. Here, the radius of gyration (&,) of a polymer is the
estimated distance between the two ends of the polymer chain when
it has a random conformation. Therefore, a free 1 kbp dsDNA
molecule can be assumed as a sphere having a radius A, which is
known to be ~70 nm.*® In contrast, when it is fully stretched, its
length would be 340 nm, same as the chain length Zcpain.

The guide structure was designed in order that a 1 kbp dsDNA
molecule could be fully inserted inside the new channel in any
conformation. In conclusion, the length of the guide structure was set

as 500 nm, and the width of the channel was targeted to be ~150 nm.
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Figure 2—6 Design of guide—inserted nanopore device. The

schematics of the guide—inserted and the conventional devices

(left, not in scale) with the real scale image of the guide structure

and 1 kbp dsDNA molecule (right). Figure was from ref.! - Adapted

by permission of the Royal Society of Chemistry.
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2.2.3 Fabrication Procedure of the Guide—Inserted Nanopore Device

The fabrication process of the guide—inserted nanopore device 1is
illustrated in Figure 2—7. The protocol was set up basically following
the standard process to create the conventional Si—substrate
nanopore chip. Firstly, 500—nm thick low—stress SiN, was deposited
on the double—side polished 4—inch Si wafer. This film will serve as
the guide layer in the completed device. Then, a nanopore chip with
a 50 um x 50 um freestanding membrane was created using the same
process described in section 1.3. The guide structure was formed
using a focused ion beam (FIB). Although FIB is an expensive and
heavy facility with low accessibility, it was an effective way to
pattern a ~150—nm large and straight channel penetrating the 500—
nm thick layer. Using gallium ion FIB, it required only ~10 s to form
a guide structure per chip.

After forming the guide structure, the additional SiNy sensing
layer was prepared using a process called ‘transfer’ ."*?" For the
transfer method, 2 mm x 2 mm SiNy membrane (100—nm thick) was
prepared separately using the same protocol to pattern and expose
the freestanding membrane.* Inside a bath of deionized water, a
membrane chip was put over a target chip (device with the guide
structure formed) so that the 100—nm thick membrane and the guide
layer would touch each other. The membranes were strongly adhered
after fully drying the moisture between the two membranes. As the
last step, the Si substrate of the membrane chip could be removed by
slightly twisting it from the nanopore chip. The thickness of the
membrane chip, 100 nm, was selected to ensure the mechanical
stability of the membrane during the transfer process. Therefore, a
partial etch process to thin down the sensing layer to ~20 nm was
required before perforating the sensing nanopore. In this step, the
etch stop was easily controllable by using a mild condition for the dry
etch of SiNy (detailed process will be presented in section 2.3.1).
Conventional nanopore devices were fabricated using the protocol
explained in section 1.3, starting from the deposition of 20 —nm thick
low—stress SiNy film.
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Figure 2—8 displays the photograph of the fabricated guide—
inserted nanopore device and the TEM images of the guide structure
and the sensing nanopore. From the figure, it can be concluded that
the guide structure of ~150 nm diameter and the nanopore of 5—7
nm diameter were successfully formed. Likewise, a nanopore of ~5
nm diameter was perforated in each conventional nanopore chip. The
completed nanopore devices were examined for their electrical
characteristics and DNA detection sensitivities in terms of the signal

magnitude and duration in the following sections.
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Figure 2—7 Guide—inserted nanopore fabrication process. The

detailed process is explained in the text. Images are not in scale.
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Figure 2—8 Fabricated guide—inserted nanopore device. (a)
photograph of the device with the transferred sensing layer in the
center of the chip. (b) TEM images of the guide structure with the
sensing nanopore in the dashed circle (left) and a close—up TEM
image of the sensing nanopore (right). (b) was from ref.! -

Adapted by permission of the Royal Society of Chemistry.
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2.3 Experimental Details

2.3.1 Experimental Details

In the fabrication of the guide—inserted nanopore device, the LPCVD
of low—stress SiN, (500 nm, 100 nm, 20 nm thickness) was
conducted by National Nanofab Center (NNFC). Photolithography
was performed in hard contact mode for 14 s exposure using MA6
mask aligner (Karl Suss, Garching, Germany) after spin coating
hexamethyldisilazane (HMDS, 500 rpm, 10 s — 2000 rpm, 20 s) and
AZ5214 photoresist (700 rpm, 10 s — 3800 rpm, 40 s). The pattern
was developed using AZ300 developer for 50 s. After thorough
rinsing in deionized water and drying, the membrane pattern was
etched using Oxford 80Plus Reactive Ion Etcher (Oxford Instruments,
Abingdon, UK) under 30 mTorr of tetrafluoromethane (CF,) gas and
100 W (etch rate: 40—60 nm/min) to expose Si. The remaining
photoresist was removed using acetone and the patterned wafer was
immersed in 6 M potassium hydroxide (KOH) solution at 78°C
temperature for 10 hours to create the freestanding SiN, membrane.

The guide structure was perforated using Helios NanolLab
650 (FEI Company, Hillsboro, USA), with the target size set as 120
nm. In the FIB setup used in this work, slightly large patterns were
created than the target pattern drawn in the program. The exact size
of the guide structure was checked by TEM imaging before
proceeding to the next fabrication step. The transfer process of the
sensing layer was performed as explained in section 2.2.3. The
transferred layer was partially etched to the final thickness of 20 nm,
using dry etch condition with 30 mTorr CF4 and a mild power of 40
W (etch rate: ~15 nm/min) for better thickness controllability. The
sensing nanopore was fabricated using a JEOL 2010F transmission
electron microscope (JEOL, Tokyo, Japan).

After fabrication, the nanopore devices were assembled with
the custom—made Teflon® flow cells and connected to Axon

Axopatch 200B Microelectrode Amplifier (Molecular Devices, San
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Jose, USA) as described in section 1.2 and Figure 1—4. 1 M KClI
(Bioneer, Daejeon, Korea) buffered using 1X Tris—HCI EDTA (TE,
pH 8.0, Sigma Aldrich, St. Louis, USA) was inserted in the flow cell
to form an ionic circuit through the nanopore. The sampling frequency
of the current amplifier was 250 kHz and 10 kHz bandwidth lowpass
Bessel filter was digitally applied to process the recorded signals.
For the electrical noise characterization of the devices, 0 mV and 100
mV were applied to each device and the ionic current was recorded
for 10 s in each run. To convert the ionic current trace to a PSD
curve, FFT of the ionic current recording was performed using
Clampfit® software provided by the manufacturer of the current
amplifier. The applied voltage was swept from —100 mV to +100 mV
to measure the ionic conductance of the devices.

For the DNA translocation experiment, 1 nM of 1 kbp DNA in
the buffered 1 M KCI solution (pH 8.0) was injected in the cis
chamber. 150, 250, 300, and 400 mV was applied in the direction that
the DNA molecules would pass through the guide structure before
entering the sensing nanopore. The DNA translocation signals were
collected and analyzed using Clampfit®. The threshold A/ for
translocation was determined based on the geometrical analysis by
Carlsen et al®* Here, the event peak magnitudes formed several
Gaussian distributions, and only the Gaussians with the center
magnitude larger than the threshold were approved as the real
translocation events. This process was conducted to eliminate the
signals from bouncing, which is a group of false events without

relocation of DNA molecules to the frans chamber.**
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2.3.2 Finite Element Method Simulation of the Electrokinetic
Environment Surrounding the Nanopore
(simulations conducted by Professor Hyomin Lee and Professor Sung

Jae Kim, Department of Electrical and Computer Engineering, SNU)

In order to analyze the electrokinetic environment near the nanopore,
the guide structure, and the translocating DNA molecule, finite
element method (FEM) simulations were conducted using COMSOL
Multiphysics® 4.3 software. In a cylindrical coordinate system, the
geometry was built as the same as the structures of the actual guide—
inserted nanopore device and the conventional nanopore device, as
depicted in Figure 2-—9. Governing equations for the 3 physical
models (electrostatics, transport of the diluted species, creeping flow)

and the continuity equation are listed below:

—eV2YP = F(c, —c) (2-5)
-V- (—DiVCi $ %Civw + Ciu) = 0 (2_6)
—Vp+nV2u—F(c, —c )V =0 2-7

and
V-u=0 (2—-8)

where y is the electric potential, /'is the Faraday constant, ¢y and c-
are concentrations of the cation and the anion, D+ is the diffusivity
of each ionic species, R is the gas constant, 7" is the absolute
temperature, u is the flow field, and p is the hydrodynamic gauge
pressure. The equations are Poisson equation (2—5), Nernst—Planck
equation (2—6), Stokes equation (2—7) and the continuity equation
(2—8). The boundary conditions on the SiN, nanopore surface were
modeled as described in Equation 2—9, Equation 2—10, and Equation
2-11:

7 " Rl
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—n- eV =g (2-9)

n- (—DiVCi i%civ#] + CiU) =0 (2_10)

and
nu=t-u=0 (2—-11)

where n is the outward normal vector on the surface, gs is the surface
charge density of the nanopore at pH 8 (=5 mC/m?),*? and t is the
tangential vector on the surface. Each equation represents the
surface charge density of the SiNy surface (2—9), no penetration of
ionic species (2—10) and no slip condition for fluid flow (2—11). The
reservoir boundary conditions on each chamber are explained in
Equation 2—12, Equation 2—13, and Equation 2—14:

Y = Vapp (2-12)

c4 = Co (2-13)
and

p=0 (2—14)

where V,,, 1s the applied voltage and ¢ is the bulk ionic concentration.

The remaining segment of a translocating 1 kbp dsDNA
molecule was modeled as a hard sphere of 70 nm radius inside the
guide structure (guide—inserted device) or outside the sensing
nanopore (conventional device). The geometry of the model including
the DNA molecule is graphically presented in Figure 2—9(b) and
Figure 2—9 (d).
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Figure 2—9 Geometrical setup of FEM simulation in the nanopore
region. (a) —(b) cross—section images of the modeled guide—
inserted nanopore device (a) without and (b) with a 1 kbp dsDNA
molecule inserted (gray circle). The solid layers indicate the
sensing membrane, where the layers with a color gradient denote
the guide layer. (c)—(d) the cross—section images of the
conventional nanopore device are shown (c) without and (d) with
the DNA molecule. Figures were from ref.! - Adapted by

permission of the Royal Society of Chemistry.
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2.3.3 Physical Analysis of the DNA Translocation Time Data

To physically figure out the DNA translocation velocity from the #
data, it should be fitted to a translocation probability function of time
t. The derivation of this function starts from the assumption of 1
dimensional (1—D) biased diffusion, where the thermal diffusion and
the external bias (applied voltage in nanopore experiments)
simultaneously affect the movement of a particle.” *® The partial
differential equation explaining this condition is shown in Equation 2—
15 (Fokker—Planck equation):

aP(xt) _ . 02P(x,t) . 0P(xt)

ot 0x2 ox (2-15)

where P(x,#) is the probability of DNA at position x and time ¢ and D
and v are the diffusion constant and the drift velocity of the DNA
inside the pore, respectively.®®

Figure 2—10 illustrates the 1—D DNA translocation situation
in this model. DNA starts to translocate from the nanopore positioned
at x=0, and a DNA translocation is complete when the DNA reaches
x=/1,where Lis the chain length of the translocating DNA. Therefore,

the boundary conditions of Equation 2—15 can be described as below:
P(x,0) = 8(x) (2—16)

and
P(L,t) = 0. (2-17)

This form of Fokker—Planck equation was solved by Schrédinger, and

the solution is presented in Equation 2—18:

1 —(x—vt)? _ —(x—2L-vt)? _
P(x,t) = m{exp Y Aexp— _—— } (2—18)

where 4 = e(%L).38
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Meanwhile, 1—f_Loo P(x,t)dx is the probability of DNA that
would have finished translocation until time ¢ Therefore, (¢, the

translocation probability function at time ¢ can be explained as
Equation 2—19:%

exp m a2 (2—-19)

__d L L
F@©) = dt f—oop(x’ t)dx = VarD¢e3 4Dt

By fitting F(#) to the translocation time histogram with a known L,
the unknown parameters v and D can be extracted. D is an indicator
of the fluctuations in the velocity during translocations, but it is only
occasionally studied in nanopore research. The key factor here is the
translocation velocity v, which will be extracted from the

experimental data and discussed in section 2.4.4.
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P(x,0) = 6(x)

_ I ]
x=0 4\
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P(L,t) =

Figure 2—10 1—D biased diffusion model with the nanopore at x=0
and the absorbing boundary at x=71, where L is the DNA chain
length. The boundary conditions at (x,0=(x,0) and (L,0 are

indicated.
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2.4 Result and Discussion

2.4.1 Electrical Characteristics of the Guide—Inserted Nanopore
Device

Before analyzing the effect of the guide structure to DNA
translocation signals, the electrical characteristics of the guide—
inserted nanopore device were examined. Figure 2—11 summarizes
the /— Vrelationship and the electrical noise PSD curve of the guide—
inserted and the conventional nanopore devices. Both devices
exhibited a linear /— V curve following Ohm’ s law (Figure 2—11(a)).
From Equation 1—1, the nanopore diameter could be calculated from
the slope of the /— V' graph: 5.5 nm for the guide —inserted nanopore
and 4.9 nm for the conventional nanopore. The calculated diameters
corresponded to the physical diameters of 5 nm imaged using TEM
right after perforation. In addition, the presence of the guide
structure was ineffective in reducing the ionic conductance of the
sensing nanopore, agreeing to the design factor discussed in section
2.2.2.

Figure 2—11(b) shows the electrical noise powers of the
guide—inserted and the conventional nanopore devices as functions
of frequency. The characteristics were similar to the typical
electrical noise of the Si—substrate nanopore device. The measured
Lus of the devices in this work were 25—30 pA (guide—inserted) and
40—-50 pA (conventional) with a 10 kHz lowpass filter applied. The
reduction of /[, In the guide—inserted device would have been
originated from the enhanced mechanical stability of the thick
membrane. Therefore, the presence of the guide structure in the
nanopore device was beneficial for high SNR of DNA detection in

terms of the noise.
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Figure 2—11 Electrical characteristics of the guide—inserted and the

conventional nanopore devices.

(@) [-V curve of the guide—

inserted (red dots and line) and the conventional (gray triangles

and line) nanopore. Nanopore diameters calculated with Equation
1—1 are marked in the legend. (b) noise PSD curves of the guide—
inserted (black: O mV, red: 100 mV) and the conventional (blue: 0O

mV, green: 100 mV) nanopore device. Figures were from ref.!-

Reproduced by permission of the Royal Society of Chemistry.
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2.4.2 DNA Translocation Results in the Guide—Inserted and the

Conventional Solid—State Nanopore Devices

Figure 2—12 summarizes the 1 kbp dsDNA translocation results from
the guide—inserted and the conventional nanopore devices. In the raw
[—t signals, the guide —inserted nanopore device showed a narrower
baseline current band (low electrical noise, as discussed in section
2.4.1) and larger peak signal depth than the conventional device. The

information of each peak, signal magnitude AG and duration &, were
Al

collected and analyzed to construct the scatter plots. Here, AG = "

indicated signal magnitude normalized to the applied voltage. The
numbers of DNA translocations detected in each condition were 660,
1309, 607, and 557 (150, 250, 300, and 400 mV) in the guide—
inserted device and 587, 1117, 942, and 438 (150, 250, 300, and 400
mV) in the conventional device.

From the scatter plots in Figure 2—12(c), Figure 2—12(d),
and Figure 2—12(e), larger AG and & in the guide—inserted device
than in the conventional device were identifiable as expected.
However, this difference was indistinguishable under 400 mV (Figure
2—12(f)). In the next sections, the improvements will be statistically
and quantitatively discussed with the physical interpretations of the

guide structure effect on the translocation signals.
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Figure 2—12 DNA translocation results in the guide—inserted and
conventional nanopore. (a) raw ionic current traces of DNA
translocations detected in the guide—inserted (left) and the
conventional (right) devices. (b) a model DNA translocation signal
with a signal magnitude AG and a duration ¢. (¢) —(f) scatter plots
of the translocation events through the guide—inserted (red dots)
and the conventional (gray triangles) nanopores observed at (c)
150, (d) 250, (e) 300, and (f) 400 mV. Figures were from ref." -
Reproduced by permission of the Royal Society of Chemistry.
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2.4.3 SNR Enhancement Effect in the Guide—Inserted Nanopore

Device

To analyze the effect of the guide structure to SNR in detail, the AG
information in Figure 2—12 was reconstructed in histograms as in
Figure 2—13. Since the numbers of data points were different in all
conditions, the histogram bar heights were normalized so that the
maximum count would be 1. As briefly presented in the scatter plots
in Figure 2—12, the guide—inserted device produced translocation
signals with a larger AG than the conventional devices at 150—300
mV. The large signals formed extra distributions centered at 4—5 nS,
positioned at 2—3 nS higher AG than that from the conventional
device. Meanwhile, the expected AG calculated geometrically from
the same assumption in section 1—2 was ~2.5 nS,* corresponding to
the distributions from the conventional device centered at 2—2.5 nS
at all voltages.

FEM simulation explained in section 2.3.2 was conducted to
investigate the origin of the AG increase in the guide—inserted
nanopore device. Figure 2-—14 illustrates the electric field
distributions near the nanopore with and without the guide structure
(Figure 2—14(a)) and with a 1 kbp dsDNA molecule placed near the
sensing nanopore of both devices (Figure 2—14(b)). This sphere
represented the remaining segment of DNA in the cis chamber during
translocation, assuming it had a random conformation inside the guide
structure larger than its size (guide—inserted) and in free space
(conventional). In the simulation results, the magnitude of the electric
field was diminished as the distance from the nanopore resistor
increased. Nevertheless, when the extra guide layer was present, the
relatively strong electric field of 10*=10° V/m was maintained inside
the guide structure. Therefore, the translocating DNA molecule
would be under a stronger electric field inside the guide structure
than when it approaches the nanopore in the conventional device.

Based on this simulation, the distance of the DNA molecule to
the sensing layer was changed from 100 nm to O nm, assuming the

situation when a DNA molecule moved nearer to the sensing
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nanopore for translocation. The calculated AG as a function of the
distance in both device structures are presented in Figure 2—15(a).
From the simulation, AG from the guide—inserted device was higher
than that from the conventional device in all distances. Particularly,
the guide structure produced excess AG of 1.3 nS even when a DNA
molecule was placed at the 100 nm position from the sensing
nanopore. This implied that the guide structure acted as geometrical
confinement not only for DNA but also for ions when DNA approached
to the sensing nanopore.

The geometrical hindrance effect of the guide structure also
could be found in the DNA translocation experiment in the guide—
inserted nanopore using 10 kbp dsDNA. 10 kbp dsDNA has an A, of
~190 nm and a chain length of 3400 nm. Therefore, this molecule
could enter to the guide structure only if it was partly or fully
unthreaded. Comparing Figure 2—15(b) and Figure 2—13(c) obtained
using the same guide —inserted device under 150 mV, the fraction of
the large signals of 4—6 nS AG was smaller in 10 kbp dsDNA than in
1 kbp dsDNA. In other words, the geometrical confinement or
hindrance effect was reduced in the larger, unthreaded molecule; thus,
the guide structure was less effective in increasing the SNR in overall
for the large target.

To summarize, AG was increased from the extra ionic current
hindrance by the DNA segments inside the guide structure, where
the width of the confinement was comparable to the size of the DNA
random coil. However, this effect (~1.3 nS increase) partly explained
the total AG increase (2—3 nS) in the guide—inserted nanopore.
Additionally, the unraveling process of DNA in the nanopore entrance
should be considered with the analysis of the remaining DNA segment
to fully explain this phenomenon. In spite of the disagreement in the
numbers, the electrokinetic analysis with the rigid sphere modeling
of DNA was the key to understand the essential effect of the guide

structure on the translocation signal magnitude.
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Figure 2—13 Translocation AG in the guide—inserted and the

conventional nanopore device. AG histograms obtained at (a) 150
mV, (b) 250 mV, (c) 300 mV, and (d) 400 mV from the guide—

inserted (red bars) and the conventional (gray bars) devices.

Figures were from ref.! - Adapted by permission of the Royal

Society of Chemistry.
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Figure 2—14 Electric field simulation results in the nanopore region
using FEM. Electric field contour map (a) without and (b) with 1
kbp dsDNA molecule modeled as a hard sphere (gray circle) in the
guide—inserted (left) and the conventional (right) nanopore
devices. The electric field strength color scale is marked at the
bottom. Figures were from ref.! - Reproduced by permission of the

Royal Society of Chemistry.
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Figure 2—15 Effect of the guide structure to AG. (a) calculated AG
as a function of the distance between the sensing nanopore and the
1 kbp dsDNA molecule in the guide—inserted (red dots and line)
and the conventional (gray triangle and line) devices. (b) histogram
of AG of 10 kbp dsDNA detected at 150 mV in the guide —inserted
(red bars) and the conventional (gray bars) nanopore devices.
Figures were from ref.! - Adapted by permission of the Royal

Society of Chemistry.
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2.4.4 DNA Retardation Effect in the Guide—Inserted Nanopore Device

The scatter plots in Figure 2—12 were rearranged to the
translocation time histograms in Figure 2—16. Here, the histogram
count normalization was conducted for the curve fitting explained in
section 2.3.3, to make the total area of the histogram in each condition
to be 1.

Like in the previous section, the flow fields near the nanopore
were simulated in the guide—inserted device and the conventional
device as in Figure 2—17. The flow field distribution was similar to
the electric field distribution in Figure 2—14; the field magnitude
diminished with the distance from the nanopore, and a moderate level
of the field was maintained inside the guide structure. By principle,
the trend of the electric field and the flow field distributions should
be similar because the electroosmotic velocity is proportional to the
electric field (Equation 2—2). It is clear from the flow field map that
the guide structure was successful in generating the intrinsic
electroosmotic flow near the sensing nanopore, which would act as
an additional drag exerted to a translocating DNA molecule

Therefore, to quantitatively figure out the extra
electroosmotic flow effect, the net translocation velocity ratio in the
guide—inserted and the conventional devices was calculated. The
velocity terms exerted on the remaining segment of a translocating
DNA are graphically described in Figure 2—18. Here, electrophoresis
(VepH guide) and electroosmosis (Viorguide) Were taken into account in
calculating the net DNA velocity in the guide structure, Vet guide,
whereas only electrophoresis (Vipycony) Was considered in the net

translocation velocity in the conventional device, Vaet.conv

Vnet,guide __ VEPH,guide “VEOF,guide (2_ 20)

Vnet,conv VEPH,conv

Using Equation 2—1, Equation 2—2, and the electric field and the flow
field from the FEM simulations, Equation 2—20 could be calculated.

The calculated —2%€4 yalue was 0.79, which well corresponded to

Vnet,conv
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the experimental value determined from the curve fitting of 7(f).
Therefore, the retardation of DNA translocation in the guide—
inserted device originated from the extra vgor guide, Which was exerted
on the remaining DNA segment during translocation.

In conclusion, the strong intrinsic electroosmotic flow inside
the guide structure could effectively reduce the DNA translocation
speed by 21% compared to the conventional nanopore device.
However, at 400 mV, the effect of the guide structure to increase AG
and reduce v was unidentified in the experimental results. This
observation would be due to the conformation change of the DNA
molecule at high voltage; as the electric field gets stronger, the
charged DNA molecules are more likely to be in its unthreaded shape
than in a random conformation.?® Therefore, the real situation at 400
mV would be out of the rigid sphere model of DNA taken in this
analysis. Still, the model well explained the ion confinement and the
electroosmosis effects in enhancing nanopore sensitivities under the

normal voltage conditions of DNA analysis.
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Figure 2—16 Translocation #; in the guide—inserted and the
conventional nanopore device. ¢ histograms obtained at (a) 150
mV, (b) 250 mV, (c) 300 mV, and (d) 400 mV from the guide—
inserted (red bars) and the conventional (gray bars) devices.

Figures were from ref.!
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Figure 2—17 Flow field simulation results in the nanopore region
using FEM. Flow field map in the guide—inserted (left) and the
conventional (right) nanopore device with the blue arrows
indicating the direction and the relative magnitudes of the flow.
The flow field strength color scale is marked at the bottom.
Figures were from ref."! - Reproduced by permission of the Royal

Society of Chemistry.
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Figure 2—18 Velocity contributions to a translocating DNA in the
nanopores. The velocity terms explained in the text and their
directions are marked on 1 kbp dsDNA molecules (gray circles)
approaching the sensing layer in the guide —inserted (left) and the
conventional (right) nanopore devices. The images are not in scale.
Figures were from ref.! - Adapted by permission of the Royal

Society of Chemistry.
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2.5 Conclusion

In this chapter, a structural modification was introduced in the
conventional Si—substrate nanopore to increase the DNA detection
sensitivity in terms of the signal magnitude and the translocation
velocity. A 500—nm thick and 150—nm wide guide structure was
designed to generate extra confinement to the ions and an additional
drag force to translocating DNA molecules. The objective was
experimentally and numerically proved from the DNA translocation
results and the FEM simulations. In summary, the guide structure
induced 1ionic transport hindrance when a DNA molecule of
comparable size to the guide structure translocated, and the
electroosmotic flow built inside the guide structure acted as a drag
to a translocating DNA molecule.

The major significance of this work corresponded to the
major goal of this thesis; the detection sensitivity issue was
examined in a view of the electrokinetics and the device structure.
The design and the analysis of the guide structure effect were
successfully conducted with the considerations on electrophoresis
and electroosmosis principles. Furthermore, this work provided the
first experimental evidence that the segments of a translocating DNA
remaining in the czs chamber can be a target of the fluid drag to slow
down the DNA translocations. The effect of the drag in the cis
chamber had been indefinitely mentioned as a possible factor for
controlling DNA translocation speed or numerically studied using
Langevin dynamics.*® The results in this chapter suggested that
controlling the drag in cis chamber could be powerful in reducing the
DNA translocation speed, and the speed could be further reduced
using more delicate control on the fluid drag exerted on these

segments.
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Chapter 3

Surface Modification of Solid—State Nanopore
by Plasma—Polymerized Chemical Vapor
Deposition of Poly (ethylene glycol)

for Stable Device Operation

— Based on the work by Lee, K. et a/, Surface Modification of
Solid—State Nanopore by Plasma—Polymerized Chemical Vapor
Deposition of Poly (ethylene glycol) for Stable Device Operation.
Nanotechnology, 2020, accepted.!
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3.1 Introduction

3.1.1 Non-—specific DNA Adsorptions on the Nanopore Membrane
during Solid—State Nanopore Experiments

As introduced in the previous chapters, the electrical noise and the
detection sensitivity issues of the solid—state nanopore have been
actively studied and well understood. However, among the issues in
the solid—state nanopore, the device reliability still remains as the
most critical problem that needs further intensive research.
Non—specific adsorption of biomolecules onto the nanopore
membrane is the major factor that degrades the reliability and the
performance of the solid—state nanopore device. Figure 3-1
illustrates the typical situations where the adsorptions adversely
affect the detection during the nanopore experiments. Adsorption of
DNA near the nanopore surface is reflected in the ionic current trace
as a stepwise decrease in the baseline current level and increase in
its noise (width of the baseline current band).?”® If adsorption is
detected, the applied voltage is set to undergo a series of short zaps
to a high voltage (~1000 mV) or is released to 0. The voltage
manipulations are either to electrically tear off the adsorbed DNA
from the surface or to let it naturally be free from the surface during
the thermal fluctuation of the molecule.” The baseline current level
and its noise return to the original level when the adsorbed molecule
1s cleared away. Nevertheless, the actions are sometimes ineffective;
in this case, the nanopore is permanently damaged or clogged by the
adsorbed DNA molecules, and the device eventually faces its failure.
In addition, DNA adsorptions on the nanopore surface can
degrade the reliability of the nanopore detection as well as the
reliability of the device itself. In the case in Figure 3—1(b), DNA
translocations could be detected even after a clogging was observed.’
This is a plausible situation when the adhered DNA molecule only
partially block the nanopore so that a sufficient volume in the

nanopore is allowed for other free DNA molecules to pass through.
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Nevertheless, the attached DNA molecule may interact with the
translocating DNA molecule, producing longer—lasting signals than in
the free state. In other words, the information of the translocation
peak signals can change in the presence of surface—adsorbed DNA,
as if the nanopore device was changed.

Another signal change induced by adsorption is a motion of
the adhered biomolecule inside the nanopore called vibration.? This
mode is frequently identifiable especially in protein detections using
nanopores. As one end of a biomolecule is anchored on the nanopore
surface, another end can freely move and sometimes a molecular
fluctuation inside the nanopore can occur (Figure 3—2). The
molecular position in the nanopore moves back and forth, so two ionic
current levels indicating the situations in Figure 3—2(a) and Figure
3—2(b) are recorded repeatedly. This sign of vibration can be
misunderstood as real events especially when the current level
difference between the two states is similar to the expected A7 of the
translocation.

In summary, DNA adsorptions on the nanopore surface are of
negative influence to the lifetime of the device and the reliability in
detection. Consequently, unwanted adherence has been targeted to
prevent as much as possible during the biomolecule detections using

solid—state nanopores.

79 A H_, ‘_]l



@
4

b
@ (b)

—~
2
-y open state
8 e
&8 |
S
°
g o \
2 52.5) smooth blocked |
< c
c e
= 3
= o 50
@ 80 85 90 95 100
g time (s)
o
L2
£ i
S a |-
£ 3s}
@ ‘
D 3t
@ [ a
"é zs‘ 8
S
R
s |:
o 14*
3 .|
2 os}
8 |
© ol
]

500 1000_ 1500
event duration (us)

Figure 3—1 Signal changes caused by DNA adsorption during solid—
state nanopore experiment. (a) DNA adsorption (red arrow) and
voltage manipulations (red dots) to release the adhered molecule.
The blue arrow points the time when the voltage (=200 mV) was
applied initially. Insets are TEM images of the initial (left, top) and
the clogged nanopore (right, bottom). (b) DNA translocation signal
distortions in the partly blocked nanopore. Figures were adapted
with permission from (a) ref.!. Copyright 2013 Springer Nature;
(b) ref.”. Copyright 2015 Royal Society of Chemistry.
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Figure 3—2 Ionic current signals reflecting the nanopore surface
adsorptions of proteins. Schematic images (top) and ionic current
traces (bottom) of (a) simple or quiet adsorption and (b)
fluctuation or vibration of a protein (bovine serum albumin, BSA)
molecule inside a nanopore. Figures were reproduced with

permission from ref.?. Copyright 2010 American Chemical Society.
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3.1.2 Previous Research on Preventing DNA Adsorptions on the

Solid—State Nanopore Surfaces

The prevention of DNA adsorptions on the solid—state nanopore
surfaces has been approached in a molecular and materials aspect.
Namely, poly (ethylene glycol) (PEG), a class of molecule renowned
for its anti—biofouling property, was coated on the nanopore surface
to reduce the chances of DNA adsorption.* ©°® 2 mechanisms have
been proposed for the antifouling behavior of PEG: steric hindrance
provided by the brushlike conformation of the polymer molecule and
blocking of the surface by the hydration layer formed in the polymeric
layer.” In both ways, biomolecules approaching the surface are
physically blocked that they can barely interact with the surface to
adhere. In contrast, hydrophobic interaction between the nanopore
surface and the hydrophobic functional group in DNA or proteins is
suggested as the mechanism of DNA adsorption in nanopore
experiments.? % 1°

There have been several results where the device operation
times were prolonged after PEG coating on the nanopore membrane.
2 representative results are summarized in Figure 3—3. Tang et al.
coated PEGgg on a pre—pored nanopore device using the polymer
self—assembly method (Figure 3—3(a)).° As a result, sticky ssDNA
molecules could smoothly translocate through the functionalized
nanopore for hours, whereas ssDNA adsorbed onto the uncoated
surface only a few 10—seconds after the voltage was applied.
Similarly, in Schneider et al, pyrene ethylene glycol was self—
assembled on graphene against severe DNA damage on the
hydrophobic surface (Figure 3—-3(b)).! Likewise, stable ssDNA
detections were demonstrated using the polymer—coated graphene
nanopore, and the cleanness of the functionalized surface after the
experiment was imaged using atomic force microscopy (AFM).
Following these reports, a few other articles using PEG or related
material to promote stable detections and to enhance the device
reliability were published.® !

The effective passivation of the SiNy or the graphene surface
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against biomolecule adsorption was provided by the self—assembly
method. Self—assembly is a simple polymer preparation method
performed in the liquid phase without heavy instruments required.
However, the protocol has inherent limitations such as low scalability,
controllability, reproducibility, and efficiency.® In addition, the
published works mentioned the PEG coating effect on nanopore only
by listing the maximum operation times of the polymer functionalized
devices. The reports also lack physical or detailed explanations on
the anti—biofouling function of the layer compared to the bare SiNy
or graphene surface.

Therefore, in this chapter, the gas—phase deposition of the
PEG layer (plasma—polymerization of PEGY“ ') will be applied
instead of the self—assembly method in fabricating the polymer—
coated solid—state nanopore device. The replacement was for the
enhanced efficiency of fabrication in terms of the processing time and
the number of devices that can be operated at once. The antifouling
performance of the plasma—polymerized PEG (PP—PEG) compared
to the SiN, surface will be examined with the surface interaction
effect on the DNA translocation, from a perspective of electrokinetics

in DNA translocations.
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Figure 3—3 Reported PEG coating results on solid—state nanopore.
(a) model diagram of PEG—coated solid—state nanopore using the
self—assembly method. The nanopore diameter in the inset is 6 nm,
and the scale bar denotes 10 nm. (b) ionic current trace during
ssDNA detection using the uncoated (top) and the PEG-—coated
(bottom) nanopore devices. Inserted are the AFM images of the
uncoated (top) and the coated (bottom) nanopore surface after
ssDNA detection experiment, with the scale bars indicating 200 nm.
Figures were reproduced with permission from (a), (b) ref.’
Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim;
inset of (b) ref.* Copyright 2013 Springer Nature.
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3.2 Fabrication of the PP—PEG Deposited Solid—State

Nanopore Device

(PP—PEG deposition conducted by Dr. Jisoo Park and Dr. Tae Geol
Lee, Korea Research Institute of Standards and Science (KRISS))

Figure 3—4 illustrates the outline of the PP—PEG deposited nanopore
fabrication. First, SiN,/Si conventional nanopore devices were
created using a similar method as in chapter 2. Here, the fabrication
started from 100 nm-—thick low—stress SiNy LPCVD, so the SiNy
membrane should be etched down to ~20 nm before PEG deposition.
The membrane was etched from the bottom side of the nanopore chip,
using the same RIE protocol in section 2.3.1. This was to minimize
the possible damage caused by the plasma on the membrane surface
on which PP—PEG would be deposited.

PP—-PEG deposition followed the reported protocol using the
facilities setup at KRISS.'*"!'* The deposition conditions were 100
mTorr Ar carrier gas pressure with vaporized PEGyg () (canister
temperature 105°C, line temperature 140°C), 2 W, 20 min. To
facilitate the deposition, the top SiNy surface of the SiN,/Si device
was hydrophilized under 30 mTorr of Oy, 30 W, and for 10 min before
the main process. In this process, the plasma—polymerized film could
be deposited on the nanopore surface under a weak power of 2 W.'%
15 The weak plasma power was suitable for preparing a PP—PEG film
with high chemical similarity to pure PEGigoo when examined using
x—ray photoelectron spectroscopy (XPS). In addition, the anti—
adhesiveness of the PP—PEG film has been confirmed in blood plasma
and tissue compatibility tests.'?

After the PP—PEG deposition, a nanopore was perforated
using TEM, which penetrated the PP—PEG film and the SiNy film
simultaneously. The PP—PEG layer was unable to be used without
the supporting layer because of its weak mechanical stability.
Nevertheless, this bilayer nanopore structure was suitable for the
direct comparison of the surface effect on DNA adsorptions, from

that the surfaces shared the nanopore of the same dimension.
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Figure 3—4 Fabrication of the PP—PEG deposited solid—state
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nanopore device. The image is not in scale. (b) PP—PEG deposition

system schematics. (a) was reproduced with permission from ref.}.
Copyright 2020 IOP Publishing.
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3.3 Experimental Details

3.3.1 Experimental Details

The PP—PEG/SiN, nanopore fabrication was conducted as explained
in section 3.2 and 2.3. The low—stress SiNy film deposition method
and SiNy partial etch condition to control the membrane thickness in
chapter 2 were also used here. The PP—-PEG deposition was
performed in the custom-—built plasma chemical vapor deposition
facility setup and KRISS. The nanopores of 5—8.5 mn diameter were
fabricated using JEOL—-2010F TEM.

In the optical observation, Olympus® BX60M microscope and
Nikon® Eclipse 90i fluorescence microscope were used. The

fluorescence detection was performed to optically compare the

antifouling property of the PP—PEG surface and the bare SiN, surface.

In this experiment, YOYO—dye tagged A—DNA (20 pl, 500 ng/ul) was
dropped on each surface and incubated for 10 min to allow enough
time to adhere to the surface. After 10 min, a piece of cover glass
was placed on the solution and the fluorescence signals were
observed. The contact angle was measured using a custom contact
angle imaging system.

The nanopore characterization and experiments with DNA
were performed in the same setup as in section 2.3. First, to
electrically characterize the nanopore devices, the PP—PEG/SiNy
nanopore and SiNy nanopore were each assembled with the custom
Teflon® flow cell and connected to the current amplifier. 1 M KCl
solution buffered with TE buffer at pH 8.0 was filled in the flow cells
to assess the electrical noise and the ionic conductance of each
nanopore. For the DNA adsorption test and translocation experiment,
1 nM of 1 kbp dsDNA diluted in the buffered KCI solution was injected
in both chambers. Here, 7 PP—PEG/SiNy nanopores of 5—8.5 nm
diameter were used. The detailed experimental sequence of the
antifouling property evaluation during the nanopore experiment will

be explained in the next section.
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3.3.2 Experimental Sequence to Evaluate the Surface Reliabilities of

the Nanopore Membrane Surfaces against DNA Adsorption

The model experimental sequence of DNA adsorption test is
presented in Figure 3—5. The key feature is the control of the DNA
translocation direction by switching the sign of the applied voltage
without changing the setup or the nanopore device. For instance, in
the inset of Figure 3—5, a DNA molecule would translocate the
nanopore from the PP—PEG side under the positive voltage, when
another molecule would start the translocation from the SiNy side
under the negative voltage.

In this sequence, DNA molecules in either chamber were
driven to translocate the nanopore until adsorption occurred (labeled
as ‘=500 mV’ and ‘500 mV’ in Figure 3—5). After a current
drop lasting longer than one second (red asterisks in Figure 3—5),
which was recognized as adsorption in this work, the applied voltage
was set as O for ~20 s to release the adsorbed DNA to the free space
(labeled as ‘O mV’ in Figure 3—5). Then, the voltage of the same
magnitude but the opposite sign was applied to pull the DNA from the
opposite side. This was repeated several times until the adsorption
was too strong that setting the voltage at O was ineffective in clearing
the molecule off the surface. The time criterion of adsorption, 1 s,
was determined based on the translocation results of 1 kbp dsDNA
obtained in chapter 2; all DNA translocation times were shorter than
1 s. Therefore, it is reasonable to regard a current drop lasting longer
than 1 s would be less likely to be spontaneously recovered to the
baseline current. Although only one cycle beginning from the SiNy
side was illustrated in the figure, the cycles also were performed the
other way around, beginning from applying the positive voltage to
draw DNA from the PP—PEG side first. 2150 mV, £300 mV, and
+500 mV were applied to compare the antifouling properties of the
PP—PEG and the SiNy surface under different bias voltages.

There were 3 terms that could be analyzed from the
experiment described above. First, times to adsorption on the PP—

PEG surface (fp-prg) or on the SiNy surface (f5y) were the time
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allowed in each surface for smooth DNA translocations before
adsorption occurred (blue double—headed arrows in Figure 3—5).
Therefore, the time to adsorption was an experimental meter of the
nanopore surface stability against the unwanted DNA adsorptions:
the longer the time to adsorption, the more stable and DNA —resistant
the surface would be. As the surface adsorptions are based on the
molecular interaction between the surface and DNA, the time to
adsorption also would be a statistical term. Therefore, the statistical
time to adsorption was a more suitable representation of the
antifouling performance of a nanopore surface than simply presenting
the longest operation time of the device without adsorption. Although
1t was a less representative term, the operation time before the
failure of each surface was also presented in this chapter for practical
comparison. This was a measure of the total time allowed until the
surface was severely damaged by the biomolecule so that the
reliability of the device itself or of the detected signal could no longer
be guaranteed. Thirdly, DNA translocation signals during the
adsorption test were collected to check if the different DNA —surface
interactions induced any change in the signal (AG, 4) and DNA

translocation behaviors.
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Figure 3—5 Model experimental sequence for evaluating the anti—
adsorption property of the surfaces during the nanopore experiment.
The inset informs the direction of DNA translocation by the sign of
the applied voltage. The labels are explained in the text. Figure was
adapted with permission from ref.'. Copyright 2020 IOP Publishing.
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3.4 Result and Discussion

3.4.1 Optical Characteristics of the Deposited PP—PEG Surface

The optical observations of the PP—PEG surface deposited compared
to the bare SiNy surface are displayed in Figure 3—6. From the optical
microscope imaging, the PP—PEG and the SiN, surfaces were
indistinguishable to each other due to the high transparency of PEG
(Figure 3—6(a)).'° Therefore, additional examinations, contact angle
measurement and fluorescence imaging of the adsorbed DNA, were
conducted.

From the hydrophilic nature of PP—PEG, the surface contact
angle of a water droplet would decrease after the deposition. The
experimental result corresponded to the expectation, where the
average contact angles were 45° and 15° on the PP—PEG surface and
on the SiNy surface, respectively (Figure 3—6(b)). The purpose of
the fluorescence imaging was to visually check if the nanopore
membrane surface was successfully passivated by the antifouling
material. As a result, the fluorescent signals from the adhered A—
DNA were barely noticeable on the PP—PEG surface, whereas the
bright signals were detected all over the SiN, surface indicating the
severe DNA adsorptions on the uncoated surface.

In conclusion, from the contact angle measurement and the
fluorescence microscope 1imaging, the successful deposition of a

hydrophilic and antifouling layer was identified
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() Bare SiN, (c) S

(b) PP-PEG

Figure 3—6 Optical characterization of the PP—PEG deposited

Bare SiN,

nanopore surface. (a) optical micrograph of the PP—PEG deposited
membrane (left) and the bare SiN; (right), with the scale bar
indicating 50 pm. (b) contact angle measurement of the PP—PEG
deposited surface (top) and the bare SiNx surface (bottom). A 200
um scale bar is marked in the figure. (¢) fluorescence microscopy
image after 10—min incubation of YOYO—dye labeled A—DNA on
the deposited PP—PEG (top) and the bare SiN, (bottom) surface.
The scale bar indicates 20 um. Figures were adapted with
permission from ref.!. Copyright 2020 IOP Publishing.
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3.4.2 Electrical Characteristics of the PP—PEG/SiN, Nanopore Device

Before moving to the main analysis in this chapter, the electrical
characteristics of the PP—PEG/SIN, nanopore were briefly
investigated. The results are presented in Figure 3—7.

In the /= V curve measured in 1 M KCI of pH 8.0, the PP—
PEG/SiN, nanopore exhibited a constant ionic conductance over the
voltage, as in typical nanopores (Figure 3—7(a)). Using the measured
conductance value and the known nanopore size from the TEM image,
the thickness of the PP—PEG/SiN, nanopore could be computed.
From G=24.5 nS and d=8.5 nm, the length of the nanopore in
Equation 1.1 was 27.9 nm. Therefore, the thickness of the PP—PEG
layer on the 20 nm—thick SiN, was 7.9 nm, which corresponded to
the measured value using the cross—section SEM image.!?

The electrical noise PSD curves of the PP—PEG/SIN;
nanopore at 0 mV and 100 mV were presented in Figure 3—7 (b), with
the curves measured using the conventional SiNy nanopore device
with a similar nanopore diameter (9 nm). The noise power levels and
the outline of the curves were in correspondence with the general
results in the Si—substrate nanopores.'” '* Namely, the flicker noise
was distinguished below 100 Hz and the dielectric noise acted as the
dominant noise source above 100 Hz.

A notable feature of the noise characteristic was the
increased flicker noise in the PP—PEG deposited nanopore than in the
conventional nanopore. For the PSD curves at 100 mV, <100 Hz
frequency region is zoomed—in Figure 3—7(c) for a clearer
comparison. To quantitatively figure out the degree of increase, the
PSD curves in the low frequency range were fitted to the flicker noise
power equation (Equation 1—4). As a result, App-ppc Was 6.3 times
larger than Asing. The increase in the material parameter implied that
the polymeric layer deposition adversely affected the electrical noise
property of the nanopore device.

The large flicker noise observed in the PP—-PEG/SiNy
nanopore can be attributed to the brushlike molecular conformation
of PEG. With one end of the polymer chain anchored tojl t_lhe PP—
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PEG/SiN; interface, another end would be continuously fluctuating in
solution. Particularly, the molecules near the nanopore are possible
sources of the inconsistency in the ionic current, which would be
directly related to the flicker noise of the nanopore. The increase in
the flicker noise was a frequently observed trend also in other
polymer functionalized nanopores.'?"?? Nevertheless, the influence
range of the flicker noise was only limited to frequencies below 100
Hz, which was only a small fraction of the total frequency domain of
<10 kHz. Therefore, in spite of the raised flicker noise, the rms noise
level of the PP—PEG/SiN, nanopore was only slightly larger than that
of the SiNy nanopore, 58.6 pA and 54.2 pA, respectively.

In conclusion, the PP—PEG/SiN, nanopore was successfully
characterized as in the conventional SiNy nanopore. Although the
flicker noise was increased after the PP—PEG layer deposition due
to the molecular nature of the polymer, the total rms noise was
minimally affected. Accordingly, the antifouling properties of the PP—
PEG surface could be further evaluated without a substantial

reduction in the detection sensitivity.
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Figure 3—7 Electrical characterization of the PP—PEG deposited
nanopore device. (a) /—V curve of the 8.5 nm-—diameter PP—
PEG/SiN, nanopore in the inset (scale bar: 5 nm). (b) noise PSD
curves of the PP—PEG/SiN, nanopore (O mV: pink, 100 mV: red)
and the bare SiNy nanopore (0 mV: gray, 100mV: black). (¢) a
close—up view of the 100 mV noise curves of the PP—PEG/SiN,
nanopore (red) and the bare SiN, nanopore (black) ina 1—100 Hz
frequency range. Figures (a)—(c) were reproduced with
permission from ref.!. Copyright 2020 IOP Publishing.
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3.4.3 Reliability against DNA Adsorptions on the PP—PEG and SiN,

Surfaces

Using the sequence explained in section 3.3.2 and Figure 3—5, the
times to adsorption to the PP—PEG surface and the SiNy surface were
collected under 150, 300, and 500 mV. The result is summarized in
Figure 3—8, where the numbers of data n = 8, 23, 32 (150, 300, 500
mV) for the PP—PEG and 8, 14, 17 (150, 300, 500 mV) for the SiN,.

As expected from the good antifouling performance of PP—
PEG (Figure 3—6(c)), the time to adsorption on the polymeric
surface was longer than that on the bare SiN, surface at all voltages.
In detail, the mean time allowed for smooth translocations were
extended by 56.9% (150 mV), 117% (300 mV), and 24.8% (500 mV)
on the deposited film.

Apparently, the PP—PEG surface was unable to perfectly
prevent DNA adsorptions during nanopore experiment. This was
against the observation in Figure 3—6(c), where the fluorescence
signal was absent on the PP—PEG surface indicating the surface was
completely passivated from any DNA adsorptions. The disagreement
would have been originated from the device structure and high
sensitivity of the nanopore detection. The fabrication strategy in this
work inevitably exposed the SiN, surface in the pore interior, which
can provide possible adsorption sites by attractively interacting with
the translocating DNA molecules. In addition, the nanopore detection
has single—molecular sensitivity, thus more DNA adsorptions could
be recognized by the nanopore than by the optical microscope.

Additionally, in Figure 3—8, the relationship between the time
to adsorption and the applied voltage was clear: shorter time is
allowed for smooth DNA translocation under higher applied voltages.
The applied voltage can affect the chance of DNA adsorption by
electrical drawing of DNA near the nanopore region. The drawing
situation can be understood physically, using the DNA capture theory
in the solid—state nanopore. The DNA capture situation is graphically
presented in Figure 3—9, with the electrical driving force and the

surface interaction forces are marked as arrows. The specific
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relationship between the capture rate and the applied voltage is

shown in Equation 3—1:

R. = cpNa2nDT* = cpya ndzf:lDNA /4 (3-1)
where F. is the capture rate, cpna 1s the bulk DNA concentration, D
is the diffusivity of DNA, r is the radius of the capture region, upna
is the electrophoretic mobility of DNA, and Vis the applied voltage.?*
24 The derivation of R. was based on an assumption that a DNA
molecule cannot escape from the nanopore if it reaches the point
where the electrical driving energy becomes equal to the thermal
energy. The capture region is the hemisphere where the electrical
energy 1s higher than the thermal energy of DNA to escape to the
free space.”> ?* Experimentally, the times to adsorption in both the
PP—PEG and the SiN, surface were proportional to 1/V (Figure 3—
8), corresponding to the relationship in Equation 3—1. Therefore, the
experimental result suggested that the voltage—driven capture
directly influenced the DNA adsorptions.
Meanwhile, the DNA capture rate, or interaction frequency of
DNA and surface, should be the identical at the same voltage
regardless of the surface according to Equation 3—1. The
experimental difference in the time to adsorption on the PP—PEG and
the SiN, surface should be attributed to the different surface
interaction modes. The repulsive nature of the PP—PEG surface
would have discouraged the DNA adsorptions, whereas the attractive
SiNy surface would have been favorable for such changes.
Quantitatively, according to the coefficients of the 1/V fittings, the
PP—-PEG surface exhibited 63% enhanced antifouling property than
the bare SiNy surface.
In conclusion, the anti—adsorption performances of the PP—
PEG deposited and the bare SiNy surfaces were compared by the time
to adsorption. As a result, the surface stability against the unwanted
DNA adsorptions was enhanced on the modified surface than on the

bare surface at all voltage conditions. The voltage dependence of the

97 A H_, ‘_]l



time to adsorption was analogous to that of the DNA capture rate by
nanopore, suggesting that the electrical drawing of DNA was mainly
responsible for the adsorption probabilities. The DNA-—surface
interaction modes also contributed to the time to adsorptions,
resulting in 63% improvement in antifouling property on the PP—PEG
surface. Before closing this discussion, the device operation time
until failure should be mentioned for each membrane surface. The
PP—PEG surface could be used in the experiment for 48 min on
average before severe damage to the surface was observed, with the
maximum operation time of 110 min. On the other hand, the SiNy
surface suffered from severe adsorptions after 11 min on average,

with the maximum survival time of 14 min.
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Figure 3—8 Anti—adsorption characterization of the surface during
nanopore experiment. Time to adsorption plots as a function of
applied voltage are exhibited for bare SiN, (black bars) and the
PP—-PEG deposited (red bars) surfaces. Dashed lines are the fitted
curves of the PP—PEG data (red line) and the SiN, data (black line),
each proportional to 1/V. Figure was adapted with permission from
ref.l. Copyright 2020 IOP Publishing.
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Figure 3—9 Microscopic view on the DNA adsorption and capture
situations. The numbered arrows indicate @ electrophoretic
force drawing DNA near the nanopore, @ repulsion force
between PP—PEG and DNA, and @ attraction force between PP—
PEG and SiN,. The blue—shaded region and * each represent the

capture region and its radius.
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3.4.4 Surface Interaction Effect on the DNA Translocation Behaviors

Extending the discussion on the DNA—surface interaction further,
signals of DNA translocations initiated from the PP—PEG side or the
SiN, side were compared. The DNA translocation results obtained at
150, 300, and 500 mV from the two surfaces are displayed in Figure
3—10. The number of data points n=658 (150 mV, PP—PEG), 991
(150 mV, SiNy), 1894 (300 mV, PP—PEG), 360 (300 mV, SiN,), 2331
(500 mV, PP—-PEG), and 969 (500 mV, SiN,). In general, low AG and
small # are visually noticed in the events initiated on the PP—PEG
side than those from the bare SiN,(Figure 3—10(a)). The detailed
analysis of the AG and ¢ differences is discussed below according to
the translocation event information, focusing on the repulsive (PP—
PEG) and the attractive (SiNy) modes of the DNA-—surface
interaction.

As 1n the previous chapter, the AG data were reconstructed
as the histograms in Figure 3—10(b). The most distinguishable
feature in all cases was the main AG distribution centered at 2—3 nS,
corresponding to the geometrically calculated AG of DNA ~2.5 nS.?°
In the translocations starting from the SiN, side, events with AG at
4—6 nS were also found in a noticeable portion. Particularly at 300
mV, the large events even formed an additional Gaussian distribution.
As the translocation signal magnitude reflects the occupied volume
of the translocating molecule inside the nanopore, large signals
represent the passage of DNA in its folded conformation.?® Therefore,
the high portion of deep signals suggested that DNA would have been
more likely to pass through the nanopore in a folded form when it
approached from the SiN; side, whereas the PP—PEG side was more
favorable for fully stretched translocations. This is a reasonable
explanation considering the interaction modes of the PP—PEG and
DNA as the repulsion would have made the DNA difficult to enter the
nanopore in the folded conformations. However, at 500 mV, the 2
histograms were less distinguishable from each other because the
strong driving force unthreaded the translocating DNA regardless of
the surface interaction.
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Figure 3—10(c) is the summary of the # of the translocations
starting from the PP—PEG or the SiN, surface. Similar to the
discussion in chapter 2, it was difficult to compare # on the 2 surfaces
directly from the histogram. The normalized histograms were fitted
to Equation 2—19 to figure out the translocation velocity at each
condition. vppa/vsin was calculated to evaluate the relative velocity
of the DNA translocations, where vprg and vsy represent the fitted
velocities measured at each surface. As a result, the ratio vprae/vein at
150, 300, and 500 mV were 1.92, 3.39, and 3.89, respectively. The
vere/ Vsin > 1 suggested that the DNA translocations started from the
PP—PEG surface were faster than those from the SiNy surface under
all conditions. This could be also understood considering the surface
interaction with DNA, in that DNA —attractive nature of the surface
has been reported to reduce the translocation time.'> ?” Reversely,
the repulsive PP—PEG surface would induce faster translocations as
observed in the experiment.

In summary, the different surface interaction modes,
repulsion on the PP—PEG and attraction on the SiNy, were reflected
in the DNA translocation behaviors as well as the adsorption
resistance. The DNA—repulsive nature of the polymeric film induced
smaller signal magnitude and faster DNA translocations than the bare
SiNy surface and the observed changes corresponded to the results

from the previous works.
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Figure 3—10 DNA translocation data in the PP—PEG/SiNy
nanopore. (a) AG—t; scatter plots of DNA translocation signals
initiated from the bare SiN, side (black dots) and the PP—PEG
side (red triangles) detected at 150 mV (left), 300 mV (middle),
and 500 mV (right). (b) —(c) (b) AG and (c) f; histograms of the
events in (a) under 150 mV (top), 300 mV (middle), and 500 mV
(bottom) . Black bars and red bars represent the translocation data
from the SiN, surface and the PP—PEG surface, respectively.
Figures were adapted with permission from ref.!. Copyright 2020
IOP Publishing.
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3.5 Conclusion

In this chapter, the plasma—polymerized poly (ethylene glycol) film
was deposited on the solid—state nanopore to enhance the device
reliability against DNA surface adsorptions. The polymeric material
has been frequently used in previous efforts to prevent the surface
adsorptions, but only by the liquid—phase self—assembly preparation
method. Here, the polymer film was prepared using the gas—phase
deposition technique, which was advantageous over the self—
assembly method in terms of reproducibility, controllability, and
process efficiency. The successful deposition of hydrophilic and
antifouling layer on SiN,/Si nanopore device was confirmed from the
contact angle measurement and the fluorescence observation of the
surface adhered DNA.

To assess the anti—adsorption property of the PP—PEG
surface, time to adsorption concept was introduced, which explained
the time allowed for smooth DNA translocations until mild adsorption
occurred. The PP—PEG surface showed 1.25—2 times longer time to
adsorption compared to SiNy, proving its enhanced surface stability
over the untreated surface. From the physical analysis of the
nanopore capture theory and the force calculation, the voltage—
driven DNA drawing dominantly affected to the surface adsorption
probability, while the repulsive nature of PP—PEG still provided more
chances of translocation without adhering to the surface. The DNA—
surface interaction also affected to the DNA translocation behaviors,
where the repulsive PP—PEG surface promoted more stretched and
faster DNA translocations than the attractive SiNy surface.

The significance of this work was that the realistic meter of
surface adsorption property on the nanopore membrane (time to
adsorption) was suggested with the new fabrication method of the
polymer functionalized nanopores (plasma polymerization). On the
other hand, the previous works only presented the maximum time
until the first adsorption occurred as the antifouling performance of

the functionalized membrane. In the fabrication aspect, the PP—PEG
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deposition was particularly beneficial in enhancing the fabrication
throughput. Since the feasibility of the PP—PEG film as an antifouling
coating was confirmed in this work, the deposited film quality and
property would be worth and necessary to be fine—tuned for better
electrical noise and for even more enhanced anti—adsorption

properties.
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Chapter 4

Development and Clinical Application of
Electrophoretic Nucleic Acid Preparation
System using Nanofilter Membrane Device

— Based on the publication Lee, K. et al, Direct Electrophoretic
microRNA Preparation from Clinical Samples using Nanofilter

Membrane. Nano Convergence 2020, accepted.’
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4.1 Introduction

4.1.1 Multi—Nanopore Devices and Applications

As the improvements of the solid—state nanopore performances were
achieved (ie. low electrical noise, high sensitivity, and enhanced
device reliability), the interest in the solid—state nanopore research
greatly shifted to its applications. Detection of various biomolecules
including proteins, short peptides, DNA—protein complexes, and
protein—protein complexes using nanopore is a major part of the
application.? With the wide variety of the target molecule, the solid—
state nanopore has demonstrated its ability of protein sequencing,®
single nucleotide polymorphism discrimination,* protein—protein
interaction analysis, and drug screening.” °

In the device aspect, fabricating and utilizing multi—nanopore
structure is still of a huge interest to increase the throughput and the
accuracy of the biological sensing. To achieve the multi—nanopore
structure, semiconductor fabrication technologies such as electron
beam (e—beam) lithography and atomic layer deposition (ALD) were
suitable for formation and opening size control of the nanopore array
(Figure 4—1).77% Nevertheless, there still remains a long way to
reach to the DNA sequencing using the solid—state multi—nanopore
device. The major hurdle is fabricating uniform nanopores in the size
of a few nm; this is crucial in increasing the detection accuracy, but
it 1s difficult to achieve with the current fabrication technology.

Still, the nanopore array is an appealing structure that the
throughput of detection, analysis, or any operation in the nanopores
can be greatly enhanced. Therefore, the solid—state nanopore
society has begun to seek for applications other than the electrical
detection of biomolecule using the nanopore array. For instance,
Wanunu group designed nanopore zero—mode waveguide (ZMW)

10712 a9 illustrated in Figure 4—2. The

DNA sequencing device,
original ZMW consists of multiple nanowells having ~100 nm width

and length. Inside each well, biotin is anchored on the wall so that it
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could immobilize a DNA —streptavidin complex. Fluorescent dyes are
attached to the DNA sequence of interest so that the sequence
information could be gathered by fluorescence detection.!! In the
nanopore ZMW, the DNA capture rate inside the waveguides was
increased by integrating the nanopore to the ZMW structure (final
structure similar to the guide—inserted device designed in chapter 2)
and electrically dragging DNA to the nanopore. In contrast, DNA
capture to the original ZMW relied only on diffusion, thus it had
fundamental limitations on the detection efficiency.

As demonstrated in the above example, the recent strategy in
the solid—state nanopore and related system is to propose a new
application where controlling the nanopore size or fabricating small—
sized nanopore 1s less i1mportant. In addition, the fabrication
efficiency 1s becoming more significant as the degree of nanopore
multiplexing increases. In that sense, nanopore ZMW still required
individual nanoporing inside each ZMW well, which greatly reduced
the fabrication throughput and practical applicability of such device.'!

In this chapter, a new application of a multiple nanopore array,
nucleic acid preparation by electrical particle transport, will be
proposed. In the fabrication of the nanoporous structure, the
nanoimprint technique was employed for the high—throughput
process of creating an ordered array of uniform nanopores. The
discussions on the application will cover from the operation principle
in the next section to the practical demonstration using a clinical

biosample.
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Figure 4—1 Multi—nanopore platform. TEM images of a multi solid—

state nanopore array (left) and a diameter—controlled array using

ALD (right). Figures were adapted with permission from ref.’,
Copyright 2009 American Chemical Society.
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Figure 4—2 Application of multiplexed solid—state nanopore
structure; nanopore zero—mode waveguide (NZMW). (a) conceptual
image of NZMW DNA sequencing. (b) SEM micrograph of the
fabricated NZMW array with a closed—up TEM image of single
NZMW. (c) voltage—driven captures to the NZMW. Figures were
adapted with permission from ref.''. Copyright 2017 Springer
Nature.
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4.1.2 Electrophoretic Biomolecule Transport Principle using Multi—

Nanopore Device

Naturally, a nanoporous membrane is a good molecular sieve, as such
structures have been actively utilized as molecular filters and

13715 Here, applying an electric field across the

separators.
nanoporous membrane can add functionality in molecular separation.
The most popular example of the electrical separation using a porous
structure 1is gel electrophoresis, where biomolecules of different
sizes and charges are discriminated inside a microporous gel mesh
upon the electric field.

Similarly, the electric field across a nanoporous membrane
can discriminate biomolecules by size and charge. In the schematic
image of Figure 4—3, negatively charged molecules in the chamber
on the left are driven to the opposite chamber by the positive voltage
applied at the right end. In contrast, positively charged molecules and
particles of a size larger than the pores would be unable to transport
to the chamber at the right.

The size and electrical charge are the evident principles of
the electrical separation of biomolecules. The third principle is based
on the electrophoretic mobility of the biomolecules. As discussed in
chapter 2, electrophoresis is the major driving force in the electrical
transport of DNA. Electrophoretic velocity vipy here also can be
explained by Equation 2—1, and the molecular flux induced by

electrophoresis J can be described as Equation 4—1:
J = cvgpn = cugpuE (4-1)

where ¢ is the molecular concentration of transporting species, ggpn
is the electrophoretic mobility of the molecule, and £'is the electric
field. Therefore, not only the transport velocity but also the amount
transported during a given time 1is directly related to the
electrophoretic mobility of the biomolecule.

Table 4—1 summarizes ugpy of biomolecules that are easily
found in biosamples.’”™"® szpy of DNA is constant regardless of the
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chain length of the charged polymer.!® ¥ Albumin and hemoglobin are
blood proteins, and lysozyme is contained in a large amount in egg
white. At pH 8, DNA has 2—10 times larger ugpy than the selected
proteins. Therefore, in the same condition and with the same initial
concentration, DNA is expected to transport across the nanoporous
membrane in a larger amount than the other biomolecules.

An application field where DNA transport and separation can
be applied is nucleic acid preparation from biosamples.?” ?! Nucleic
acids in biosamples should be isolated from the other materials
coexisting in the mixture such as proteins, cell debris, antigens, and
wastes.?? In the following sections, the designed setup and the
feasibility of the electrophoretic nucleic acid preparation will be
examined in detail. Before the confirmation, conventional nucleic acid

preparation methods will be reviewed.
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Figure 4—3 Electrophoretic biomolecule transport principle using a
nanoporous structure. Signs of voltage applied on the electrode and
net charges of the molecules are indicated. The images of the
protein molecules were adapted with permission from ref.?® under
the terms of the Creative Commons Attribution License (CC—BY).

f,24

Copyright 2012 Arpino et al; ref.. Copyright 2014 Springer

Nature.
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DNA Albumin Hemoglobin Lysozyme

| Py

e 35-4 18 ~0.7 ~0.4
(107" cm?/Vs)

Table 4—1 Electrophoretic mobility magnitudes (at pH 8) of selected

biomolecules commonly found in biosamples.® **
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4.2 Nucleic Acid Preparation Systems

4.2.1 Conventional Nucleic Acid Preparation Systems

Nucleic acid preparation is a biosample pre—treatment step
performed before the actual genetic analysis. The quality of nucleic
acid prepared affects the quality of the final result, so producing a
clean and stable nucleic acid sample from the sample is important for
its reliable analysis.?’

A chemistry—based nucleic acid preparation protocol is well
established in the laboratories and the market, and it is perceived as
a conventional and standard pre—treatment method. Figure 4—4
graphically summarizes a phenol/chloroform extraction protocol,
which can be divided into lysis, separation, binding and washing, and
elution stages.?" 2°7%7 Lysis is the first stage conducted to bring out
the nucleic acid from cells, where the cell membrane is broken
chemically, mechanically, or thermally.?® The cell contents are of
diverse molecules including DNA, RNA, miRNA, and proteins.
Therefore, after lysis, a primary separation stage is incorporated
which employs like—dissolves—like principle.?® ?® ?° The aqueous
sample with the lysed cell (Iysate) is aggressively mixed with an
organic solvent, phenol/chloroform in this case. When the mixture is
centrifuged, the polar (water) and the nonpolar (phenol/chloroform)
solvents are separated in the tube. By principle, polar molecules such
as nucleic acid and hydrophilic proteins stay in the aqueous layer,
whereas less polar substances like lipids and other less hydrophilic
proteins are dissolved in the organic solvent. Consequently, only the
aqueous phase is collected to move on to the next steps.

Next, the primarily separated nucleic acid is attached to the
binding media, silica membrane or magnetic beads in general. The
DNA binding to the silica surface is promoted by chaotropic salt,
which acts as a positive ionic bridge between the negatively charged
silica surface and nucleic acid.?" * Nucleic acid has high linear

negative charge density, so the molecules competitively bind to the
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positively charged salt bridge. In contrast, other biomolecules lose in
the competition to be chemically attached to the silica surface and are
washed away from the binding media using alcohol—based washing
buffers. After a few washing steps, the purified nucleic acids are
detached from the binding media by switching the salt concentration
or pH of the buffer. By changing the environment, the chaotropic
cations are set free from the silica membrane, thus destroying the
interaction between the surface and nucleic acid.”® After this final
elution stage, a clean nucleic acid solution is obtained and proceeded
to further analysis.

Although it was briefly summarized above, the conventional,
chemistry—based preparation protocol is complex, consists of more
than 10 steps and takes more than an hour to complete. The process
involves the use of heavy instruments such as heater and centrifuge
and requires a skilled operator to prepare the nucleic acid in high
purity and reproducibility. In addition, toxic chemicals such as phenol
and chloroform are often used in preparing the nucleic acid.

Therefore, alternative nucleic acid protocols have been
suggested to overcome the inconveniences of the conventional
method. The biggest concerns in developing such alternative methods
were user—friendliness and efficiency of the operation, as well as its
applicability to on—site genetic analysis outside the laboratories. The
new protocols include lab—on—a—chip based nucleic acid

preparations, which will be discussed in the following section.
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Figure 4—4 Conventional phenol/chloroform nucleic acid extraction

method. The protocol is summarized with brief explanations of each

stage. Figure was adapted with permission from ref.?’. Copyright

2016 Springer Science Business Media New York.
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4.2.2 Lab—on—a—Chip Based Nucleic Acid Preparation Systems

Preliminarily and fundamentally, the lab—on—a—chip nucleic acid
preparation systems were designed to integrate the conventional
system into a single chip. One of the earliest and the simplest form
of such chips was a microfluidic channel with the binding media
inserted in the middle of the channel (Figure 4—5(a)).*" %2 Lysed
sample, washing buffer, and elution buffer were sequentially injected
in one end of the microchannel, and the waste was flown to another
channel end. Nucleic acid was bound to the silica bead in this example,
and the eluted DNA or RNA was collected in the channel outlet in the
final step.

The simple channel form was developed into more delicate
and effective systems, which shared the same principle and process
sequence with the conventional protocol.?" ** Recently and notably,
in 2018, an automatized nucleic acid preparation system was
developed by Kim et al (Figure 4-5(b)).** Here, the whole
extraction buffers and chambers were packaged in a disc—shaped
single—use utensil. The binding media in this work was silica—coated
magnetic beads. The channel openings were controlled by a
programmed magnetic pump switch integrated with a centrifuge. The
centrifuge was used in gravitational separation of the matter and
sample shaking by changing the rotation direction back and forth. All
process was completed automatically in less than 30 minutes. Using
this system, cell—free DNA was successfully extracted from human
blood serum and studied to monitor the gene mutation levels during
drug therapy of lung cancer patients.

As described above, the majority of the lab—on—a—chip
nucleic acid preparation methods were based on the same chemical
principle as the conventional protocol. Alternatively, physical
separation of nucleic acids was demonstrated, motivated by
dielectrophoresis under alternative current (AC) electric field
(Figure 4—5(c)).” % The chip used in this method was a flat device
with platinum (Pt) electrodes embedded in a repeating pattern, rather

than being composed of microchannels. First, a biosamplelwas
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dropped onto the device, and a spatially nonuniform AC field was
applied via the Pt electrodes. From the spatial electric field gradient
and the differences in the electric polarizability between the media
(blood) and the biomolecules, each particle experienced different
dielectrophoretic field on the chip.?” For instance, nucleic acids with
high charge polarity were strongly attracted to the electrodes,
whereas less polar molecules were pushed out to the area in between

6 Therefore, after washing the weakly bound

the electrodes.”
molecules out, only the nucleic acid could be collected in time as short
as 10 min for further genetic analysis. This physical principle
proposed a simple process, where nucleic acids could be separated
from the impurities by just applying the electric voltage to a
fabricated chip.

To summarize, the lab—on—a—chip based nucleic acid
preparation strategies all succeeded in developing simpler and faster
protocols than the conventional method. In addition, by using a small
chip and microchannels, the volumes of the sample and the buffer
used in the processes were significantly reduced, increasing the
economic efficiency of the extractions. However, despite the
simplicity and efficiency were enhanced, the alternative systems still
required heavy apparatus, namely liquid injector, centrifuge, or AC
power supply, to complete the process. Hence, there still have been
needs for a new nucleic acid preparation method with a more compact

setup and high operation throughput.
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Figure 4—5 Lab—on—a—chip nucleic acid preparation methods. (a)
microfluidic channel—based preparation chip with the image of
silica beads (~30 pm diameter) in the inset. (b) automated cell—
free DNA preparation system with a centrifuge (left) and a disc
utensil (right). (c) dielectrophoretic direct separation of cell—free
DNA protocol (left), mapping of the voltage signs applied (right,
top) and the simulated dielectrophoretic force field on the
separation chip (right, bottom). Figures were adapted with
permission from (a) ref.*'. Copyright 2008 American Chemical
Society; (b) ref.**. Copyright 2018 Royal Society of Chemistry; (c)
ref.®. Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim (left); ref.*”. Copyright 2013 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim (right).
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4.3 Design and Setup of the Electrophoretic Nucleic
Acid Preparation System

4.3.1 Design of the Electrophoretic Nucleic Acid Preparation System

The electrophoretic nucleic acid preparation system was developed
with a focus on the simplicity and ease in the construction and
operation of the system as well as the system stability. In
establishing the new preparation system, 3 factors were mainly
considered. The first design component was the chambers. In the
chambers, especially in the reservoir chamber, the electric field
should be generated evenly throughout the whole area so that the
negatively charged nucleic acids could be smoothly driven to the
separation layer. The electrical consideration was useful in
determining the shape of the chambers, in that the electric field
distribution could be predicted using the FEM simulation. Here, only
the electrostatics physics was employed to map the electric field
magnitude inside the chambers for simplicity. In a set of square—
shaped chambers, there were blind areas of the electric field at the
chamber edges (Figure 4—6). In contrast, the electric field built in
trapezoidal—shaped chambers was relatively uniform, which would
be more favorable for the smooth and even transport of the charged
molecules. The dimensions of the chambers were decided based on
the sample volumes used in the conventional protocol, ~100 ul of the
biosample and 10—50 ul of the elution buffer.?®

The second factor to consider was the electrode. In this
system, Pt electrodes were used to eliminate electrochemical
reactions that can occur on the electrodes and ensure the chemical
stability of the collected nucleic acid as much as possible. Pt is well
known as an electrochemically inert electrode, only acting as a
catalyst in water electrolysis reaction above 1.23 V in the standard
state (1 M, 25°C, 1 atm).* In addition, the Pt electrode is a familiar
tool in the biological process, from that the electrode is used in gel

electrophoresis experiments. On the other hand, electrochemical
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reactions occurring at Ag/AgCl electrodes produce AgCl salt

% as experimentally observed at 0.5—2 V

precipitate at the anode,’
(Figure 4—6(b)). After electrophoretic collection of nucleic acid
using Ag/AgCl electrodes, the genetic analysis of the prepared
sample was impossible. This was possibly because the enzymes or
nucleic acids in the sample aggregated to the AgCl seed instead of
participating in gene amplifications.

The third and the most important feature in the
electrophoretic preparation system was the separating porous layer,

which will be described in detail in the following section.
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Figure 4—6 Chamber structure and electrode material design of the
electrophoretic nucleic acid preparation system. (a) dimensions and
electric field mapping of the rectangular—shaped chamber (top) and
the trapezoidal—shaped chamber (bottom). Dashed circles indicate
the blind area of the electric field at the chamber edges. The
electric field strength color scale is presented below. (b) AgCl
precipitates formed after applying 0.5—2.0 V to the electrophoretic

system for ~10 minutes. (b) is in courtesy of Jaehyun Kang, SNU.
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4.3.2 Fabrication of the Nanofilter Membrane Device
(nanoimprint lithography conducted by Dr. Junhyoung Ahn and Dr.
JaeJong Lee, Korea Institute of Machinery & Materials (KIMM))

In designing the nanoporous separation layer, 3 factors were taken
into account: high molecular transport rate, capability to exclude
large debris or cells, and reliability in fabrication. The layer should
be able to prevent the mixing of the buffers in the two chambers and
act as an effective path of mass transport at the same time. In this
aspect, commercially available molecular filter membranes were
inappropriate for the electrophoretic preparation in this work due to
their pm—10 pm order thickness.™

Therefore, creating a thin, robust, and porous membrane was
crucial in establishing the electrophoretic nucleic acid preparation
system. SiNy was the excellent choice for the membrane material,
given that it has been a standard membrane material for the solid—
state nanopore with its high robustness and processability. In addition,
the semiconductor fabrication technique including lithography and
etch is effective in forming a multi—nanopore structure with a highly
aligned network of uniform pores.

Figure 4-—7 presents the fabrication procedure of the
nanoporous SiNy membrane based on nanoimprint lithography
technique.®”™*! In this work, the chip containing the membrane was
named ‘nanofilter membrane device’ . Among the semiconductor
fabrication technique, nanoimprint lithography had superior simplicity
and efficiency of the process, where a reusable nanoimprint mold was
simply stamped onto the resist to create the desired pattern. Similar
to the solid—state nanopore fabrication, the process started from
low—stress SiNy LPCVD to 500 nm thickness on a double—side
polished Si wafer. On one side of the SiN,/Si/SiN, wafer,
poly (urethane acrylate (PUA) nanoimprint resist was spin—coated to
250 nm thickness. The resist was cured using an ultraviolet (UV)
ramp to create the nanoporous pattern (Figure 4—7(b))."" After the
nanoimprint process, the patterned SiNy was trenched by inductively
coupled plasma (ICP) etching (Figure 4—7(c)). Since the SiN, film
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should also act as the mask for Si wet etch, the porous structure
should be partially etched. From the low etch selectivity of SiNy to
PUA, the resist layer was completely removed during the partial etch
process. Next, the free—standing membrane was created using the
same method as in solid—state nanopore fabrications (section 1.3).
The trenched pattern was further etched from the backside of the
membrane to form the fully perforated nanopore paths.

The photograph and the SEM micrograph of the completed
nanofilter membrane device are shown in Figure 4—8(a), with those
of the commercially available membrane filter for comparison (Figure
4—-8(b)). In Figure 4—8(a), the nanofilter membrane of a 1 mm width
was formed at the center of a 1 cm—wide Si chip. The width of the
membrane was decided upon the mechanical stability of the porous
membrane; larger membrane would be favorable for high molecular
transport rate but would be more physically vulnerable during
handling and the operation. The thickness of the membrane was
determined by the same reasoning; thinner membrane would allow
faster transport but would be difficult to handle.

The most important design factor for the nanofilter membrane
device was the size of the nanopores. In this work, the nanopore
diameter was set as 200 nm based on the reliability in fabrication and
ability to exclude large impurities in the biosamples during nucleic
acid preparation. The minimum feature size that could be reliably
patterned using nanoimprint was >100 nm, following that of e—beam
lithography used in creating the PDMS mold. Considering the typical
sizes of biological cells, ~um, the 200 nm—sized nanopores would be
effective in eliminating the transport of large particles across the
nanofilter membrane. In the completed device, the pore density of the
nanofilter membrane was 7.22x10° cm ™ (Figure 4—8(a), bottom).

As presented in Figure 4—8 and Table 4—2, the properties of
the fabricated nanofilter membrane were clearly distinguished from
those of the commercially available membrane filter. The most
critical feature was the membrane thickness, where the nanofilter
membrane was thinner than the membrane filters by at least an order

of magnitude. The nanopores fabricated in this work were evenly
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distributed throughout the whole membrane, straightly perforated,
and arranged as a high porosity network. In contrast, the membrane
filter had a nonuniform and relatively sparse arrangement of skewed
channels. Furthermore, the SiNy nanofilter membrane showed
excellent chemical stability compared to the polymer—based
membrane filters.

In summary, the nanofilter membrane device was designed to
facilitate a high rate of molecular transport across the nanopores and
ensure the mechanical stability of the membrane during the nucleic
acid preparation. As a result, the device was successfully fabricated
by incorporating the nanoimprint fabrication technique. The nanofilter
membrane of sub—micron thickness and an ordered network of
uniform 200 nm-—sized nanopores effectively allowed the molecular
transport as compared to the thick membrane filter, where the

molecular transport was hardly detected through the thick membrane.
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Figure 4—7 Fabrication of the nanofilter membrane device. (a) the
fabrication process of the nanofilter membrane device. The image
is not in scale. (b) —(c) cross—section SEM micrograph after (b)
nanoimprint step and (c) pore patterning step in (a). Each part is
labeled in the figure with 500 nm scale bars. (a) was adapted with
permission from ref.! under the terms of the Creative Commons
Attribution License (CC—BY). Copyright 2020 Lee et al. (b) and
(c) are in courtesy of Jaehyun Kang, SNU.
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Figure 4—8 Fabricated nanofilter membrane device and commercial
membrane filter. Device or filter images (top) and SEM micrograph
of the porous structure (bottom) of the (a) nanofilter membrane
and (b) commercial membrane filter (Isopore®). Figures were
reproduced with permission from (a) ref.! under the terms of the
Creative Commons Attribution License (CC—BY). Copyright 2020
Lee et al.
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Nanofilter Commercial

membrane membrane filter
Thickness 100 nm > um

Pore size 200 nm 100 nm—10 um
Pore distribution Uniform Random
Pore alignment Straight Skewed
Porosity High Moderate
Membrane width 1 mm 1-10 cm
Polymer

Material SiN,/Si (polycarbonate,

nitrocellulose)

Chemical stability Excellent Moderate—Low

Molecular transport Detectable Below detection limit

Table 4—2 Comparison of the nanofilter membrane fabricated in this
work and the commercially available membrane filters.
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4.3.3 Electrophoretic Nucleic Acid Preparation Setup

The finalized electrophoretic nucleic acid preparation setup is shown
in Figure 4—9. The system was basically an assembly of a pair of
chamber cells, a nanofilter membrane device, 2 PDMS blocks to
prevent the sample leakage, and a pair of electrodes. The components
were put together simply by tightening the screws through the holes
in the chamber cells. In the system, the chamber where the biosample
was injected was named a reservoir chamber, and the compartment
where the nucleic acid was collected by the electric field was named
a collection chamber. The positive direct current (DC) voltage was
applied to the collection chamber via the electrodes, each immersed

in the biosample and the collection buffer.
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4.4 Experimental Details

4.4.1 Experimental Details

The detailed fabrication method of the nanofilter membrane device
generally followed that of solid—state nanopore fabrication in
sections 1.3, 2.3.1, and 3.3.1. Nanoimprint lithography was conducted
as previously reported and explained in the above section.?*™*! The
electrophoretic nucleic acid system was assembled as presented in
section 4.3.3. The cell compartments were formed using Teflon® for
repeated use after hot piranha solution cleaning. The PDMS blocks
were formed in 1 cm width, and a 3 mm—diameter center hole was
punched on each block. A pair of Pt electrodes (ALS, Tokyo, Japan)
was bent in L—shape to cover the chamber width and immersed in
the chambers, as displayed in Figure 4—9.

The target nucleic acid molecule of transport was microRNA
(miRNA), specifically human miRNA hsa—mir—93—5p (miR93—-5p).
miRNAs are ~20 nucleotides (nt) —long single—strand noncoding
RNAs participating in the post—transcriptional regulation of the gene
expression.*” ** Some miRNAs including miR93 are closely related to
tumor growth and cell survival, and the abnormal proliferation or
depletion of the genes in the body can be cancer biomarkers.** 45
Meanwhile, miRNAs of 20—22 nucleotides are very short molecules
in a biofluid, having ~6 nm chain length. The small molecules thus are
difficult to isolate from the biofluids even using the conventional pre—
treatment protocol.?® Therefore, if the electrophoretic miRNA
preparation was successful from biofluids such as blood, it could be
of a high impact on easy and simple cancer diagnosis.

In the proof—of—concept experiment, the electrophoretic
transport principle was confirmed using miR93—5p. Here, the
reservoir and the collection chambers were each filled with 150 ul of
100 pg/ul miR93—5p mimic in 1X TE buffer and 75 pl of pure 1X TE
buffer, respectively. miR93—5p mimic was synthesized by and
purchased from Genolution (Seoul, Korea). 1X TE buffer (pH 8.0,
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RNase— and DNase—free) was purchased from Sigma—Aldrich (St.
Louis, USA). The concentration of miR93—5p mimic was decided
based on the typical cell—free nucleic acid concentrations in the blood
of cancer patients.*” *® The reservoir volume was determined from
the starting biosample volume of the conventional preparation method,
but the collection buffer volume was larger than the suggested elution
volume of the chemical protocol (10—20 ul) .28 In the electrophoretic
method, ~20 ul collection buffer significantly dried during the
experiment. Therefore, for the stability of the buffer, the sufficient
collection buffer volume of 75 ul was selected. 1—10 V was applied
to the collection chamber for 30 minutes using Keithley® 237
instrument (Keithley Instrument, Washington D.C., USA), where the
time was also set based on the conventional method, to be less than
a half of the operation time of the chemical pre—treatment kit (1—-1.5
hr).?% 2% 7 runs for each voltage condition (1, 2, 5, 10 V) were
performed electrophoretically, and 3 runs at O V were also conducted
to check the diffusive contribution to the molecular transport across
the nanofilter membrane.

In the experiment with the clinical biosample, human blood
serum samples donated by hepatocellular carcinoma (HCC) patients
and healthy individuals were used. miRNA preparation from the
serum samples was performed upon approval by the institutional
review board (IRB) of Seoul National University (SNU), IRB No.
E1804/003—-004, 2018—-04—16. The serum samples were provided
by the Biobank of Chungnam National University Hospital (healthy
group) and the Biobank of Keimyung University Dongsan Hospital
(cancer patients), members of the National Biobank of Korea. miRNA
was electrophoretically transported from 150 ul of blood serum
(reservoir chamber) to 75 ul of pure 1X TE buffer (collection
chamber), under 2 V for 30 min. The reasoning for setting 2 V as the
operating voltage will be explained in sections 4.5.1 and 4.5.2. To
assess the effectivity and the efficiency of the electrophoretic
protocol, the same serum samples of the same volume (150 ul each)
were chemically processed using miRNeasy® serum/plasma kit

(Qiagen, Hilden, Germany). To reduce the variance which could be
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caused by the difference in the elution volume, miRNA bound to the
silica membrane was collected using 75 ul elution buffer instead of
~14 pl suggested by the kit manufacturer. Other than the final elution
volume, the chemical process was completed following the
manufacturer’ s protocol. The electrophoretic experiment was
conducted 3 times, while the conventional extraction was only
performed once for each serum sample. The small numbers of
repetitions were due to the limited amount of serum provided (600—
700 pl for each donor).

After each 30—min electrophoretic run and also after the
conventional extractions, the collected miRNA was processed via
reverse transcription (RT) reaction, followed by quantitative
polymerase chain reaction (qPCR). To confirm the molecular stability
and integrity of the amplified product, melting curve analysis or gel
electrophoresis was conducted after qPCR. In section 4.5.4, the
electrophoretically and the chemically prepared miRNA from the
human blood serum were analyzed using ultraviolet—visible (UV—Vis)
spectrophotometry to identify the chemical species in each extract.
The detailed experimental procedures of the biological and

biochemical analysis will be explained in the following section.
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4.4.2 Analytical Methods and Protocols

4.4.2.1 Reverse Transcription—Quantification Polymerase Chain
Reaction (RT—qPCR)
(biological process setup supported by Mr. Wan—Jin Jeon and Dr.

Jae—Hoon Lee, Heimbiotek Inc.)

RT—qPCR of the collected miRNA was performed in two steps, RT
and gPCR. The RT reaction was performed no later than a day after
the preparation of each miRNA sample. In the RT step, miScript II
RT Kit (Qiagen) and 2720 Thermal Cycler (Applied Biosystems,
Waltham, USA) were used. The recipe and the protocol are presented
in Table 4—3. After the reaction was complete, the synthesized
complementary DNA (cDNA) was stored at —20°C before proceeding
to qPCR.

To ensure the reliability in data, triplicates of each cDNA
were processed in the qPCR stage. In addition, a reference cDNA
synthesized using the miRNA mimic of a known concentration (1
ng/ul) was amplified in every qPCR amplification run as a standard
sample. Table 4—4 shows the recipe and the thermal protocol
followed for qPCR amplification. miScript SYBR Green PCR Kit and
miScript Primer Assay (hsa—miR—93—5p primers), both purchased
from Qiagen, and CFX384 Touch™ Real-Time PCR Detection
System (Bio—Rad, Hercules, USA) were used in the qPCR process.
The qPCR machine detected the fluorescence signal of SYBR Green
dye, which acted as a quantitative indicator of the amplified DNA by
emitting fluorescence when adhered to dsDNA.

Figure 4—10 describes data processing after the gPCR
amplification. Raw gPCR results were obtained as the fluorescence
intensities of individual wells after each thermal cycle. The

amplification curve in Figure 4—10(a) was the primary result of gPCR.

Here, the threshold cycle (C,) value of each well was the intersection
of the amplification curve and threshold fluorescence level. After C,,
the signal intensity was beyond the background noise of the detector,
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indicating the presence of the amplicons. The curves were processed
using CFX Manager™ software to figure out the C, of each sample.
A derivative Investigation using the fluorescence
amplification signal is melting curve analysis, in which the
temperature is gradually increased to measure the dissociation of the
DNA strands. The fluorescence intensity (F) decreases as dsDNA
dissociates into ssDNA at higher temperatures (T), and the
differential decrease with the temperature (—dF/dT) can be plotted
as a melting curve (Figure 4—10(b)). The temperature at the
maximum —dF/dT is the characteristic temperature for the certain
amplified gene, which is conventionally called a melting temperature.
In this work, the melting curve analysis was used to check the
specificity of amplification by comparing the melting property of the
unknown sample to that of the reference sample (pure target gene of
a known concentration). If the same melting results were obtained in
the reference and the unknown samples, the gene amplification result
of the unknown sample would be confirmed as specific and valid.
For quantification of the target gene in unknown samples, a
standard amplification curve as a function of the miRNA concentration
was constructed as Figure 4—11. miR93—5p mimic solutions of
known concentrations (1 ng/pl to 0.1 pg/ul, 10—fold dilution) in 1X
TE buffer were processed through the RT—qPCR protocol. The
standard curve was plotted based on the C, values with the initial
miRNA concentrations of the corresponding samples. As a result, the
empirical relationship between the miRNA concentration and the C;

was formulated as Equation 4—2:*7

Cc=Co—slogx (4-2)

where Co (=32.1) is the C, value detected in 1 pg/ul miRNA solution,
s (=3.19) is the slope of the standard curve, and x is the miRNA
concentration in pg/ul. Using the above equation and the detected C,
values, the miRNA concentrations in the extracted samples were

computed.
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Component Volume per reaction

5X buffer 2 ul
10X nucleics mix 1 ul
RNase—free water 5ul
Reverse transcriptase mix 1 ul
Template miRNA 1wl
Total volume 10 ul
Step Temperature Time
Reverse transcription 37°C 60 min
Enzyme inactivation 95°C 5 min

Table 4—3 RT reaction components and recipe (top) and thermal
protocol (bottom), following the instruction provided by the kit

manufacturer.
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Component Volume per reaction

2X PCR mastermix 5ul
10X universal primer 1wl
10X specific primer 1l
RNase—free water 2 ul
Template cDNA 1wl
Total volume 10 pl
Step Temperature Time
Initial activation 95°C 15 min
Denaturation 94°C 15 s
3—step )
] Annealing 55°C 30 s
cycling
Extension 70°C 30 s

Melting analysis

Table 4—4 qPCR reaction components and recipe (top) and thermal
cycling protocol (bottom), following the instruction provided by the

kit manufacturer.
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Figure 4—10 Data processing after qPCR. (a) amplification curves
obtained from multiple wells in a single run. The threshold
fluorescence level is marked as a horizontal line. (b) melt curve
analysis from the amplified products in (a). The horizontal line is a
threshold -d(RFU)/dT for melt peak recognition. -d(RFU)/dT in
the figure is the same term as -dF/dT in the text.
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Figure 4—11 miR93—5p RT—qPCR standard curve in this work. The
error bars were calculated from the results of triplicates for each

miRNA concentration. The fitted curve equation in the figure is

Equation 4—2, where x is miR93—5p concentration in pg/ul.
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4.4.2.2 Gel Electrophoresis

Gel electrophoresis was performed after RT—qPCR to confirm the
stability of the prepared miRNA. The specificity of the amplification
can be validated in the melting curve analysis, but the gel test is a
more certain method to prove the specificity with the stability and
integrity of the amplified genes. Agarose gel was prepared by melting
agarose powder in 1X tris acetate—EDTA (TAE) buffer to 2%
agarose concentration, adding SYBR Safe DNA Gel Stain (Invitrogen,
Waltham, USA) in 1 ml gel—to—1 pl stain ratio, and pouring the
mixture in the gel template. After ~25 min, the hardened gel was
immersed in 1X TAE buffer in Mupid® 2-Plus Electrophoresis
System (Advance, Tokyo, Japan). Amplified products were mixed
with 6X loading buffer (Bionics, Seoul, Korea), and was loaded into
each comb in the agarose gel. 2 pl of 25/100 bp mixed DNA ladder
was inserted in an empty comb as a reference. The electrophoresis
was run for 30 min, and the gel was imaged using Gel Doc™ XR+
system (Bio—Rad, Hercules, USA). Figure 4—12 is a demonstration
of the gel electrophoresis experiment and gel imaging. Unless
indicated, the chemicals were purchased from Bioneer (Daejeon,

Korea).
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(@) (b)

Figure 4—12 Gel electrophoresis experiments. (a) a picture of the
actual gel electrophoresis setup and the processed gels. (b) an

example DNA band image after a gel electrophoresis experiment.

146 " ;R:f —3 t_‘.” ﬂ .



4.4.2.3 Ultraviolet—Visible (UV—Vis) Spectrophotometry

To identify the chemical species in the electrophoretically and
conventionally prepared miRNA samples from the blood serum, UV —
Vis spectrophotometry analysis was performed. Here, Nanodrop®
2000 (Thermo Fisher Scientific, Waltham, USA) instrument was
used, which was capable of detecting the absorbances of samples as
few as ~1 ul

Using UV—Vis spectrophotometry, the presence of chemicals
and their concentrations can be analyzed. Each chemical species has
a characteristic absorbance plot as a function of the wavelength, as
shown in Figure 4—13(a). For instance, nucleic acids and proteins
have distinct absorbance profiles, exhibiting a peak at 260 nm and
280 nm wavelength, respectively.”® The absorbance curve of the
mixture of nucleic acid and protein would result from a summation of
the absorbances from each contributor. Consequently, the relative
purity of nucleic acid to protein in a given sample is expressed as the
ratio of absorbances at 260 nm and 280 nm, A260/280. A260/280
values of pure nucleic acid samples are 1.8 (DNA) and 2.1 (miRNA),
while pure protein samples have A260/280 of ~0.6.°" °! Therefore,
the relative DNA or RNA purity to protein in a sample increases as
its A260/280 approaches to 1.8 or 2.1.

In addition to the identification, the concentrations of the
species can be measured in UV-—Vis spectrophotometry. The
background theory for the quantification is Beer—Lambert law

presented in Equation 4—3:%°
A = ebc (4-3)

where A is the absorbance of the sample at a given wavelength, ¢is
the molar extinction coefficient (M~'cm™) at the wavelength, b is the
optical pathlength, and ¢ is the concentration of the analyte in the
sample.

The optical quantification is an important and widely used feature of

the analytical method. However, spectrophotometric quantificlation
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was out of the scope of this work; miRNA quantification was
performed using RT—qgPCR, and only the chemical identification in
the prepared samples using UV-—Vis spectrophotometry was

discussed in the following sections.
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Figure 4—13 UV—Vis spectrophotometry of a biosample. (a) a
model absorbance plot of pure RNA, pure protein, and a mixture of
RNA and protein. (b) a conceptual image of the absorbance
measurement in UV—Vis spectrophotometry. (a) was reproduced
with permission from ref.’’. Copyright 2010 Elsevier Inc. All rights

reserved.
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4.5 Result and Discussion

4.5.1 Proof—of—Concept of Electrophoretic Nucleic Acid Preparation

In the proof—of—concept experiment, it was tested if the miRNA
molecules transported across the nanofilter membrane by the applied
electric field and if the collected miRNA was compatible with the
downstream RT—qPCR process. The miRNA in the reservoir
chamber was forced by 1, 2, 5, and 10 V to move to the opposite
chamber for 30 min. Figure 4—14 is the transported amount
percentage after 7 trials under respective conditions, calculated using
the quantification method explained in section 4.4.2.1 and Equation
4—4:
__ Collected quantity

0/ — _
Transport % = =0 Tuantity x 100. (4—4)

Under all voltages, miR93—5p mimic was detected at the
collection chamber, implying that the molecules transported across
the membrane during all 30—min runs. Moreover, when O V was
applied to the same setup, less than 5% of the electrophoretically
transported miRNA quantity was detected in the collection chamber
after diffusion. Therefore, as expected, the electrophoretic driving
force induced transport of the charged nucleic acid molecules across
the nanofilter membrane, though the transported quantity was as low
as ~5% of the input quantity. The low number of transport % will be
further discussed in section 4.5.4.

After experimentally confirming the electrophoretic transport
principle, the stability and reproducibility of the transport were
checked. In the gel electrophoresis result (inset of Figure 4—14), the
gel band positions from the 1-10 V samples corresponded to that of
the reference band. The reproducibility of transport data was
maximized at 2 V, compared to the data points under 1, 5, and 10 V.

In conclusion, the electrophoretic nucleic acid preparation

principle was proven valid in the model experiments using the miRNA
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mimic solution. The validity and stability of the collected miRNA
molecules were confirmed in gel electrophoresis, proving the
compatibility of the electrophoretic preparation with the conventional
downstream applications such as qPCR. In addition, 2 V was selected

as the best voltage condition in terms of the reproducibility of data.
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Figure 4-—14 Electrophoretic transport proof—of—concept.
Transport % detected as a function of applied voltage in all
electrophoretic transport experiments under 1—10 V. Inset is a gel
band image of the transported miRNA, where the numbers
represent the applied voltage to collect the miRNA and ‘Ref’
indicates the pure gene for reference. Figure was reproduced with
permission from ref.! under the terms of the Creative Commons
Attribution License (CC—BY). Copyright 2020 Lee et al..
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4.5.2 Stability of the Electrophoretic Nucleic Acid Preparation System

Along with the collected miRNA stability and the data reproducibility,
the stability of the system during and after the electrophoretic
preparation was evaluated. Here, the system stability included ionic
current stability and electrochemical stability of the buffers. The
results are summarized in Figure 4—15.

At 1—2 V, the ionic current steadily decreased to a saturated
current after several minutes. In contrast, the current continuously
or abruptly dropped under 5—10 V, reflecting the electrical instability
of the system in these conditions.

Similarly, the electrophoretic preparation system was also
unstable at 5—10 V in the electrochemical aspect. The system,
particularly the collection buffer, suffered from severe drying and
fluid migration during the experiment under these conditions.
Although hardly noticeable in the figure, 20—30% of the collection
buffer migrated to the reservoir chamber at 5 V for 30 minutes.
Under 10 V, a significant amount of the collection buffer migrated to
the opposite chamber, as visible in Figure 4—15. The direction of
fluid transport, from the collection chamber to the reservoir chamber,
corresponded to the direction of osmosis and electroosmosis that
could exist in the given system. The osmotic flow could be generated
in the direction towards a highly concentrated solution, which was
the reservoir sample with miRNA in this case. Following the same
principle as chapter 2, electroosmotic flow generated by the electric
field and the negatively charged SiNy surface would be in the opposite
direction to the miRNA transport. On the contrary, at 1 and 2 V, the
volumes of each buffer stayed the same as the input after the
experiments.

In addition to the instability in buffer volumes, the pH of the
buffers was subject to change during the electrophoretic preparations
at high voltages. The standard potential (at 1 M, 25°C, 1 atm) of water
electrolysis reaction on Pt electrodes is 1.23 V, so above this voltage,

the electrochemical reaction shown below can take place:
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(cathode) 4H,0 + 4e~ — 2H, + 40H™ (pH increase)
(anode) 40H— — O, + H,O + 4e” (pH decrease)

where the pH changes following the half—reactions are marked
respectively.®® Although the electrolysis could occur at 2 V, the pH
differences before and after the experiment were minimal. However,
at 5 V and 10 V, the products of severe electrochemical reactions
were beyond the buffering capability, as in Figure 4—15(c). With the
pH changes, air bubbles were generated in both chambers under
these conditions as a byproduct of the electrochemical reactions. It
should be noted that the buffer migration, air bubble generation, and
pH changes in the buffers were always observed in the
electrophoretic experiments at 5 and 10 V. These unwanted events
all would have adversely affected to the stability of the
electrophoretic preparation system, thus would have been resulted
as the low reproducibility of the transport % (Figure 4—14).

To conclude, considering the electrical and electrochemical
stabilities during the electrophoretic preparation as well as the data
reproducibility in the previous section, 2 V was selected as the
optimum voltage to collect miRNA. Hereafter, all electrophoretic

miRNA collections were conducted at 2 V for 30 min.
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Figure 4—15 Electrical and electrochemical stabilities during the
electrophoretic miRNA preparation. (a) ionic current during 30
minutes, (b) buffers in the chambers and (c¢) their pH changes after
the 30—min runs at 2 V (left), 5 V (middle), and 10 V (right).
Figures were reproduced with permission from ref.! under the

terms of the Creative Commons Attribution License (CC—-BY).
Copyright 2020 Lee et al..
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4.5.3 Demonstration of Liquid Biopsy using the Electrophoretic

Nucleic Acid Preparation System

After the electrophoretic preparation principle and the stability of the
system were confirmed, the same setup was applied to clinical
samples. Here, human blood serum was selected as the clinical
sample to demonstrate liquid biopsy process.

Before moving on to the experimental demonstrations, liquid
biopsy process and its significance should be discussed. Current
biopsy method is mainly performed by taking off a part of the target
tissue of analysis®® using a large needle and optically analyzing the
cells for cancerous evidence.”® Even though the method is widely
practiced, it is highly invasive, painful, difficult, expensive, and takes
at least a few days to get the result. To overcome these
disadvantages of the current biopsy process, liquid biopsy performed
only with a small amount of blood was designed. As a cell faces
apoptosis or necrosis, a part of the cell contents flows into the blood
vessel. The cell contents include a small amount of nucleic acid,
which exist in the blood as cell—free nucleic acid (cf{NA) and migrate
the whole body before it degrades.’® If a certain ¢cfNA was originated
from a cancer cell, the nucleic acid would carry the genetic
information related to the tumor. Furthermore, cell growth and death
are abnormally active in cancer tissues, so that the level of cfNA
could be aberrated in the blood of cancer patients than that sampled
from healthy individuals.’® Therefore, by detecting the content and
the level of cfNA in blood, information about the disease — presence,
type, stage, recurrence, et cetera — can be diagnosed or monitored.**
46,52, 53

In practice, liquid biopsy is performed mainly in 3 steps:
sample collection, nucleic acid preparation, and genetic analysis.”
The sample used in liquid biopsy is typically blood plasma or blood
serum to eliminate possible interference and contamination from the
blood cell DNA. This work used stored human blood serum samples
provided by the National Biobank of Korea, which have been collected
from anonymous HCC patients and healthy people. The Sequ_llenEe of
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liquid biopsy demonstration in this work is displayed in Figure 4—16.
Nucleic acid from the serum samples was collected using the
electrophoretic system and the commercial kit to assess the
efficiency of the electrophoretic protocol relative to the conventional
method. The target gene was miR93—5p as in the previous section.
miR93—5p was amplified using RT—gPCR of the collected samples,
and the C,; values were compared. In published reports, this gene was
found to be upregulated in the blood of cancer patients, including HCC
patients, compared to the samples from the control group.** 654756

The quantification results are summarized in Figure 4—17.
The cell—free miRNA levels in blood serum could be different by the
individual, so the C, should be compared in the same sample. In each
sample ID, the C;s from the chemically prepared sample and from the
electrophoretically collected miRNA were at comparable levels,
suggesting that the electrophoretic miRNA preparation was as
effective as the conventional extraction method. Statistically, the
average C;s detected from serum samples of the patients were 32.38
(chemical extraction) and 32.69 (electrophoretic preparation), when
the values from the control samples were 33.83 (chemical) and 34.06
(electrophoretic). The C, numbers from the cancer patients and the
healthy group were similar, with only a slight decrease identified with
the presence of HCC. One possible origin of the similarity would be
the small number of samples tested, with n=5 for the patient group
and the control group respectively.

The effectiveness of the new method should gain more
significance as the protocol required the time that was only half of
that needed to complete the commercial kit protocol. Further, the
validities of the 2 miRNA collection methods were confirmed in gel
electrophoresis and melting curve analysis (Figure 4—17(b) and
Figure 4—17(c)). The gel band positions and the melting curves of
the amplified miRNAs matched to each other and those from the pure
miRNA.

In conclusion, liquid biopsy from the human blood serum using
the electrophoretic nucleic acid preparation system was successfully

demonstrated. The RT—qPCR results of the electrically prepared
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sample were comparable to the values from the chemically extracted
miRNA. Considering the short process time and enhanced simplicity
of the electrophoretic method, the newly developed process has

verified its high efficiency as compared to the conventional protocol.
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Figure 4—16 Experimental scheme of liquid biopsy demonstration in
this work. After electrophoretic preparation (left, top) and
commercial kit preparation (left, bottom), RT—qPCR was

performed to compare the performances of the 2 methods.
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Figure 4—17 RT—gPCR results of the prepared miRNA from clinical
serum samples. In sample ID, P denotes the HCC patient samples
and C represents the samples from healthy controls. Kit extraction
could be performed once for each sample and the error bars in the
electrophoretic preparation data were calculated from three
repeated experiments for the same sample. Figure was reproduced
with permission from ref.! under the terms of the Creative
Commons Attribution License (CC—BY). Copyright 2020 Lee et al..
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Figure 4—18 Validity check of the collected miRNA following RT—
qPCR. (a) gel electrophoresis and (b) melting curve analysis of the
miRNA collected using electrical preparation ( ‘filter’ in (a)) and
kit extraction. Gel band of the pure miRNA amplicons is labeled

‘Ref’ in (a). (a) was adapted with permission from ref.! under
the terms of the Creative Commons Attribution License (CC—BY).
Copyright 2020 Lee et al..
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4.5.4 Yield and Purity Issues in the Electrophoretically Prepared
miRNA from the Clinical Sample

4.5.4.1 Origin of the Low Electrophoretic Nucleic Acid Transport
Yield

As the final discussion on the electrophoretic nucleic acid preparation
method using the nanofilter membrane, the issues in yield and purity
of the prepared miRNA should be examined. The yield and purity are
current limitations of the electrophoretic preparation protocol, which
should be studied and are being studied to improve the quality of the
nucleic acid preparation.

In Figure 4—14, the transported amount of miRNA in 30
minutes was only ~5% of the input quantity. To find the origin of this
low yield, the electrophoretic system was reconstructed as a circuit
in Figure 4—19. Here, Res, Reo, and Ryore indicate the resistances of
the reservoir chamber, the collection chamber, and the nanofilter
membrane, respectively. The electrode, specifically the electrical
double layer (EDL) on the electrode surface, was modeled as a
parallel alignment of a resistive term (&gp.) and a capacitive
component (Cgpr). The magnitudes of each electrical component
could be calculated with the known dimensions and electrolyte
conditions (s, R0, and R,oe) Or measuring the saturated ionic
current. The time—dependent ionic current /() and the saturated

current /() are expressed as Equation 4—5 and Equation 4—6:>7

1 1
1= {I(O) - I(OO)} P {_ (REDLCEDL ’ (Rres + Reol + Rpore)CEDL> t} ()
(4-5)
I(oo) = V/(REDL + Ryes + Reol + Rpore)' (4-6)
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From resistance calculations and fitting the above equations to the
ionic current measured at 2 V, Rep.=1.13x10° Q, Rrest Roq=1.23x10*
Q, and Rpore=39.8 Q.

Therefore, at 2 V, Rgp. was the most dominant resistance in
the total system, responsible for 90.2% of the total resistance.
Accordingly, 90.2% of the electric voltage drop across the electrodes
occurred at the EDL region, significantly reducing the effective
driving force in the chambers and the nanofilter membrane. The
electric field strength in the chambers and the nanofilter membrane
was estimated by dividing the voltage drop at the resistance (1) to
the length of the resistor (/): E=V/L As a result, the electric field
magnitude inside the nanoporous structure was 6.35x10° V/m, which
was In a comparable electric field strength level to that of a
conventional gel electrophoresis system (=100 V/10 cm). However,
Einside the chambers was in a noticeably weak level, ~10 V/m, thus
this weak £ would have been the bottleneck for the miRNA transport
to the collection chamber. The distance of electrophoretic travel

during 30 min (/&ppsomin) can be estimated as in Equation 4—7:
lgpH30min = Vepnt = UpnaE (1800 s) (4=7)

where ¢ is the time of travel (30 min=1800 s). According to the
calculation and the chamber geometry (Figure 4—6(a)), the % of
miRNA in the reservoir chamber that can reach the nanofilter
membrane during 30 min was 6.2% at 2 V, close to the experimentally
collected miRNA quantities in Figure 4—14.

From the simple electric circuit analysis, the source of the
low transport yield in the electrophoretic system was identified as
the large parasitic Agp.. Pt electrode was favorable in the
electrochemical aspect with its inertness, but at the same time, it was
disadvantageous in promoting the miRNA transport to the collection
chamber. Conversely, Ag/AgCl electrode is well known for its low
parasitic resistance at EDL, but it reacts in the solution actively so
that AgCl precipitates are formed during the experiment (section

4.3.1). inz
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Figure 4—19 Electrical circuit model of the electrophoretic nucleic
acid preparation system. Each electrical component is explained
in the text. Figure was reproduced with permission from ref.!
under the terms of the Creative Commons Attribution License
(CC—=BY). Copyright 2020 Lee et al.
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4.5.4.2 Low Optical Purity of the Electrophoretically Prepared

Nucleic Acid from Protein Co—Migration

In UV —Vis spectrophotometry analysis, the absorbance plots of the
electrophoretically and chemically prepared miRNA samples from the
blood serum were obtained (Figure 4—20). The electrically collected
solution exhibited an absorbance peak at 280 nm, representing the
presence of protein in the buffer. In contrast, there was a peak at 270
nm in the absorbance profile of the conventionally prepared miRNA,
indicating that phenol inserted in the serum during the conventional
extraction process was incompletely washed out. °® Phenol is a well—
known PCR inhibitor,”” so the residual phenol could have adversely
affected RT—qPCR of the conventionally prepared miRNA in the
previous section. Nevertheless, a peak at 260 nm indicating the
nucleic acids was absent in both profiles presumably because the
initial nucleic acid level in the serum was below the detection limit.
A260/280 values, expressing relative nucleic acid purity to protein
were 0.594 (electrophoretic preparation) and 1.72 (kit extraction).
From the absorbance analysis, it was experimentally proved
that the electrophoretic nucleic acid preparation system was
imperfect in eliminating proteins from the collected miRNA. Since the
electrophoretic transport mechanism was universally applied to all
charged particles in the sample, negatively charged proteins in blood
serum were also driven across the nanofilter membrane in the same
direction with miRNA. To completely separate the proteins with
miRNA, reducing the size of the nanopores would be physically
effective. In the array of small—sized nanopores, only nucleic acid
molecules are allowed through the membrane by unthreading while
the proteins would remain in the reservoir chamber. However, this is
unpractical from the small difference in molecular dimensions of
proteins and DNA or RNA strands; most proteins in blood serum are
<10 nm in the diameter and the cross—section diameters of DNA or
RNA strands are 1—2 nm.°® ®" If the nanopores were to geometrically
block the protein transport across the membrane, the pore size

should be ~5 nm. Returning to the start point of this chapter,
r
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fabricating a multiple nanopore array with a uniform size of ~5 nm is
extremely difficult in the current technology. Therefore, the
geometrical idea to prevent the protein co—migration with miRNA is
invalid.

To summarize, the electrophoretic nucleic acid preparation
technique currently has limitations of the low transport yield and the
low purity of the collected nucleic acid in its current form.
Nevertheless, in spite of the drawbacks, the effectivity of the
electrophoretic preparation was still valid, as confirmed in the RT—

gPCR and gel electrophoresis analysis from the previous sections.
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Figure 4—20 UV—Vis absorbance spectra of the electrophoretically
prepared miRNA (top, red line) and the conventionally prepared
miRNA (bottom, black line) from the blood serum. Figure was
reproduced with permission from ref.! under the terms of the
Creative Commons Attribution License (CC—BY). Copyright 2020

Lee et al.
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4.6 Conclusion

As an extension of the application of the fabricated nanoporous
structure, the electrophoretic nucleic acid preparation system was
designed and its operation was demonstrated using the clinical human
blood serum. In the electrophoretic transport principle, the negatively
charged nucleic acids were driven across the nanoporous structure,
which served as a sieving media and paths of molecular transport.
The principle was realized as a system incorporating chamber
compartments, platinum electrodes, a DC electrical power supply, and
the nanofilter membrane device. The device was fabricated based on
the conventional solid—state nanopore fabrication technique and
nanoimprint lithography technology to create a highly ordered
network of uniform nanopores with ~100 nm membrane thickness.

The feasibility of the electrophoretic collection was studied
in the proof—of—concept experiment, where miRNA mimic was
successfully driven across the nanofilter membrane by the applied
voltage. From data reproducibility and system stabilities, 2 V was
selected as the optimized voltage condition for the electrical
preparation. The same system was also successful and efficient in
preparing miRNA from the human blood serum, demonstrating itself
as a simple and effective sample pre—treatment process.

The significance of the electrophoretic nucleic acid
preparation system can be found in its superior efficiency and
simplicity in operation to the conventional, column—based method.
The comparison of the electrophoretic method and the conventional
protocol is summarized in Table 4—5. By simply plugging in electrical
voltage to the chambers, the biosample pre—treatment can be
completed in only half an hour with minimal operations. In addition,
the new method can be further simplified by replacing the DC power
supply with household batteries. Therefore, the physics—based
protocol has potential as easy access, on—site nucleic acid
preparation protocol, bringing out the laboratory procedure to the

real world.
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Commercial Electrophoretic

kit preparation
3
10+ Steps
(setup—run—collect)
1-1.5 hr Operation time 0.5 hr
Centrifuge, column, DC power supply,
phenol, chloroform, Device, reagent device, flow cell,
washing buffers electrode
Comparable Performance Comparable
Major )
Phenol . Protein
contaminant
Well—established )
Advantage Simple step and setup
method
Complex,

) Disadvantage Low yield and purity
chemically hazardous

Table 4—5 Comparison of the conventional nucleic acid extraction
method using commercial kits and the electrophoretic preparation
method.
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In this work, sensitivity and device reliability issues in the solid—
state nanopore platform were discussed with a new application of
nanopores and nanopore-—related devices, all in relation to
electrokinetics in DNA transport. Although the subjects have
continuously been studied in the nanopore research field, the
previous works were reported based on simple and empirical ideas
that a more systematic and physical approach was still in need.

To enhance the DNA sensitivity of solid—state nanopore, a
structural modification of the guide structure was introduced to the
device. From the experiment, AG and ¢; of DNA translocation signals
through the guide —inserted nanopore device increased from those in
the conventional nanopore device. Explaining the experimental result,
the role of the guide structure was successfully identified in the
electrokinetics simulations using FEM. The guide structure provided
an extra geometric hindrance to the ion movement by the DNA
segments inside the guide structure, increasing AG. A strong
electroosmotic flow generated inside the guide structure acted as an
extra drag on the remaining DNA parts to slow down its translocation.

In improving the reliability of the nanopore device against
nonspecific DNA surface adsorptions, the plasma polymerization
strategy was adopted to deposit PEG on the nanopore membrane. The
gas—phase deposition was advantageous in terms of fabrication
efficiency, controllability, and reproducibility over the self—assembly
method conventionally used to create polymer—functionalized
nanopores. The time to adsorption concept was introduced, which
better reflected the real nanopore experiment situations in evaluating
the reliability of the device than the maximum device operation times
discussed in the previous reports. The polymer—coated surface was
~2 times more resistant to DNA adsorptions during nanopore
detections owing to the repulsive nature of PP—PEG against DNA.
Furthermore, surface interaction modes of PP—PEG and SiNy with
DNA were taken into consideration in the physical study of the DNA
adsorptions near a nanopore and in the analysis of DNA translocation

behavior on the different surfaces.
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Following the nanopore multiplexing trend in the application
field of the solid—state nanopore platform, the electrophoretic nucleic
acid preparation system using the nanofilter membrane device was
proposed. The goal of the system was to electrically enrich nucleic
acid from a biosample, suppressing the transport of other particles
having positive charges or sizes larger than the nanoporous structure.
The principle and the stability of the electrophoretic enrichment
system were validated experimentally using short miR93—5p. Lastly,
its applicability to clinical blood serum samples and compatibility to
gPCR were confirmed in the liquid biopsy demonstration using the
electrophoretic nucleic acid preparation system.

This thesis pursued to maintain physical and electrokinetic
point of view as best as possible in understanding DNA translocation
in nanopores and in developing the new application of the nanoporous
structure. Undoubtedly, all three suggestions made 1in this thesis
require future works to improve and practically utilize the modified
devices and the system. For instance, more delicate design on the
electroosmotic flow in the crs chamber could be attempted for fine
control of the DNA translocation speed. Likewise, the fabrication
conditions of the PP—PEG deposited nanopore device would be fine—
tuned so that the device performances, including antifouling property
and the electrical noise, could be further enhanced. Last but not least,
the transport yield and the purity of the collected nucleic acid must
be greatly improved for the electrophoretic preparation system to be
utilized in practice. Yet, the three sets of analyses were successful
in suggesting the physical ideas and approaches, covering a wide

range in solid—state nanopore research.

178 ._,1_]|



H o =Hoes &gs /\EIO]E U3 o (solid—state nanopore,
7FAl Aol sl =elskar o]o st
15149l o] dig EeA BAS

o dA e A9 JdEHI Qe EYE AHOE
Alf-Eok= (1) DNA % 3, (2) Ak A= st
@ A4 A Ao o= dfol= ol o
g8 FokE e Aotk 99 olgrel gt 7]E9]

x2
o

bl o % e
o
Hl
)

T Z,
>
. 1o
)
N
offl
12, =

e
2
lo

>

o
ﬂJ
r_1

o m
¥ & lo
b -
Y
32
=
o
[N
=2
i
rﬂi
&E
re
o ﬂl
iih)
_VA
ln
o
e
1o
40
ol rPr

iv
&
B+
N

N
re
4
i

~
o -
O“? _04
Ol
3
— ©
do X
r

-
2 o
%1
J
> i
£ g Tl

ox mt
O e 2 Ob qf o K

o
O%OOPHJEi BN 2 o oofr rll 12 B[ Mo m

e

>,}‘l_|l
2
i
<
b

N2
o
Z
>

2
Sua
i_‘ﬁ
g
4 !
EY—
of mn i
o Lo
Lo
Lo
ool
o
)
i
124
offt A
fu
Mo
Px
>
N

-

(G

2

)
(translocatlon)oﬂ 1] 2|
5l A7) EdEA AEH oA
translocation A|Z192 A7 (AG 2 AH
st H=d, 7helE FrREo] AdE A-gele
A%tk FAA SR, DNAZF Yixols: F33d o rtolt
o ZEstE DNAS FiEE59] 01%91 =
Alzg A7177F F7FeitE 19l Al
ell= 78t A7) A% F% (electroosmosis flow)©] DNA
Ao w WAstH, o] f5o] DNAS yixol Fi Fof
©

o
o
ftlo
“
1L

ol
ol
N

o o

FIF
[o
N
B o
_OL

N
)
)
Z,
o=
o~

Y
IN ox [0 ox mE M

Wi Foro o X

(
‘_(’}1:1
X

U W LA o< b

BTt BN
e 1o o

rlr
ko
b
K
£
&
32
tlo

2, 2] AFEAdR #-de VS A dyeld EAste &
oA poly(ethylene glycoD) (PEG)e] A2l A7tz o4l

%11]-7\13]- Zzsl B]—/\]OE q_bﬁoi uﬂt]gﬂo] —"Hoﬂ %:iPQOM;}
& WA N FRRe v Ao 5&, A9 Ao 24,
o Fdeld A= 7P Asel <A %W.gﬂiﬂ
PEG(PP-PEG) ¢} Unt A2 yo]Egte] = (SiNy 3EH ] DNA
TA 5495 AA viexol A4 RS s grietr] e

mor off 2 NN @ md r
2o ooy oo A4l R A
1o



!
oy ¥E A

2
translocation A]7L

A #AE9E 1] yxexo] el D
o}

W oA Aoz 245

AR Z, DNA 7} d714 2

AZe voloAlE AAE
=

o] WAHE Wl QAR & Hato] B

o S8 AH R ol FsHA H

v
FHRG o 2 dAES gel wdHEo

Al s sk AAES mhdsh o
microRNA & AR&3st HA3gS &3
g1 3kl T Jell dafo] Ao
AAs F3l A7

£
N
2

1>

f

o2,

(1 off
%

2

N

e

%

T
o,
(i
el
v ml.)
U E{

e
o

-
o
e

ox > oo rk
1o o
=
Ll
Mo |
m|
oo

do Nooofr > IX

(&
e
©
=
£

A
feorlr 1o g% o
é{
=
2
0,

o2,
- Oﬂ_t
[
o
30
i)

)
a
1o
r

o
i
offt

180

L 1
£ 5

olo oX

>

o

o

I

s
o i lo
e
o 9

2
_0|L
32
o
£
o

o

=
= kel AskE wAY 2o
2 olFskA XeiAl dd o]
A7dEs B F29 deE
SFlal A AE1e] b EESE
BES o] &3 A e
4= Bkl
£ F%3st= DNA 9 W74
. _

fu
iy
ACH
I

&

31



	Chapter 1 Introduction
	1.1 Introduction to Solid-State Nanopore and Nanofilter Platforms
	1.2 Principle of Biomolecule Detection in Nanopore based on Electrokinetic Transport
	1.3 Conventional Fabrication Technique of the Solid-State Nanopore Device
	1.4 Basic Characterizations of the Solid-State Nanopore Device
	1.5 Current Issues in Solid-State Nanopore (Outline of this thesis)
	References

	Chapter 2 Enhancement of DNA Detection Sensitivity in Solid-State Nanopore by Structural Modification
	2.1 Introduction
	2.1.1 Previous Studies on the Signal Magnitude Enhancement of the Solid-State Nanopore
	2.1.2. Previous Studies on Slowing Down DNA Translocations in the Solid-State Nanopore

	2.2 Design and Fabrication of the Guide-Inserted Nanopore Device
	2.2.1 Physical Interpretation of DNA Translocation through the Nanopore
	2.2.2 Design of the Guide-Inserted Nanopore Device
	2.2.3 Fabrication Procedure of the Guide-Inserted Nanopore Device

	2.3 Experimental Details
	2.3.1 Experimental Details
	2.3.2 Finite Element Method Simulation of the Electrokinetic Environment Surrounding the Nanopore
	2.3.3 Physical Analysis of the DNA Translocation Time Data

	2.4 Result and Discussion
	2.4.1 Electrical Characteristics of the Guide-Inserted Nanopore Device
	2.4.2 DNA Translocation Results in the Guide-Inserted and the Conventional Solid-State Nanopore Devices
	2.4.3 SNR Enhancement Effect in the Guide-Inserted Nanopore Device
	2.4.4 DNA Retardation Effect in the Guide-Inserted Nanopore Device

	2.5 Conclusion
	References

	Chapter 3 Increased Stability of Functionalized Solid-State Nanopore Device against DNA Adsorption by Plasma-Polymerized Poly(ethylene glycol)
	3.1 Introduction
	3.1.1 Non-specific DNA Adsorptions on the Nanopore Membrane during Solid-State Nanopore Experiments
	3.1.2 Previous Research on Preventing DNA Adsorptions on the Solid-State Nanopore Surfaces

	3.2 Fabrication of the PP-PEG Deposited Solid-State Nanopore Device
	3.3 Experimental Details
	3.3.1 Experimental Details
	3.3.2 Experimental Sequence to Evaluate the Surface Reliabilities of the Nanopore Membrane Surfaces against DNA Adsorption

	3.4 Result and Discussion
	3.4.1 Optical Characteristics of the Deposited PP-PEG Surface
	3.4.2 Electrical Characteristics of the PP-PEG/SiNx Nanopore Device
	3.4.3 Reliability against DNA Adsorptions on the PP-PEG and SiNx Surfaces
	3.4.4 Surface Interaction Effect on the DNA Translocation Behaviors

	3.5 Conclusion
	References

	Chapter 4 Development and Clinical Application of Electrophoretic Nucleic Acid Preparation System using Nanofilter Membrane Device
	4.1 Introduction
	4.1.1 Multiplexed Nanopore Devices and Applications
	4.1.2 Electrophoretic Biomolecule Transport Principle using Multi-Nanopore Device

	4.2 Nucleic Acid Preparation Systems
	4.2.1 Conventional Nucleic Acid Preparation Systems
	4.2.2 Lab-on-a-Chip Based Nucleic Acid Preparation Systems

	4.3 Design and Setup of the Electrophoretic Nucleic Acid Preparation System
	4.3.1 Design of the Electrophoretic Nucleic Acid Preparation System
	4.3.2 Fabrication of the Nanofilter Membrane Device
	4.3.3 Electrophoretic Nucleic Acid Preparation Setup

	4.4 Experimental Details
	4.4.1 Experimental Details
	4.4.2 Analytical Methods and Protocols
	4.4.2.1 Reverse Transcription-Quantification Polymerase Chain Reaction (RT-qPCR)
	4.4.2.2 Gel Electrophoresis
	4.4.2.3 Ultraviolet-Visible (UV-Vis) Spectrophotometry


	4.5 Result and Discussion
	4.5.1 Proof-of-Concept of Electrophoretic Nucleic Acid Preparation
	4.5.2 Stability of the Electrophoretic Nucleic Acid Preparation System
	4.5.3 Demonstration of Liquid Biopsy using the Electrophoretic Nucleic Acid Preparation System
	4.5.4 Yield and Purity Issues in the Electrophoretically Prepared miRNA from the Clinical Sample
	4.5.4.1 Origin of the Low Electrophoretic Nucleic Acid Transport Yield
	4.5.4.2 Low Optical Purity of the Electrophoretically Prepared Nucleic Acid from Protein Co-Migration


	4.6 Conclusion
	References

	Chapter 5 Conclusion
	국 문 초 록


<startpage>22
Chapter 1 Introduction 1
 1.1 Introduction to Solid-State Nanopore and Nanofilter Platforms 2
 1.2 Principle of Biomolecule Detection in Nanopore based on Electrokinetic Transport 5
 1.3 Conventional Fabrication Technique of the Solid-State Nanopore Device 11
 1.4 Basic Characterizations of the Solid-State Nanopore Device 14
 1.5 Current Issues in Solid-State Nanopore (Outline of this thesis) 20
 References 23
Chapter 2 Enhancement of DNA Detection Sensitivity in Solid-State Nanopore by Structural Modification 30
 2.1 Introduction 31
  2.1.1 Previous Studies on the Signal Magnitude Enhancement of the Solid-State Nanopore 32
  2.1.2. Previous Studies on Slowing Down DNA Translocations in the Solid-State Nanopore 38
 2.2 Design and Fabrication of the Guide-Inserted Nanopore Device 41
  2.2.1 Physical Interpretation of DNA Translocation through the Nanopore 41
  2.2.2 Design of the Guide-Inserted Nanopore Device 44
  2.2.3 Fabrication Procedure of the Guide-Inserted Nanopore Device 46
 2.3 Experimental Details 50
  2.3.1 Experimental Details 50
  2.3.2 Finite Element Method Simulation of the Electrokinetic Environment Surrounding the Nanopore 52
  2.3.3 Physical Analysis of the DNA Translocation Time Data 55
 2.4 Result and Discussion 58
  2.4.1 Electrical Characteristics of the Guide-Inserted Nanopore Device 58
  2.4.2 DNA Translocation Results in the Guide-Inserted and the Conventional Solid-State Nanopore Devices 60
  2.4.3 SNR Enhancement Effect in the Guide-Inserted Nanopore Device 62
  2.4.4 DNA Retardation Effect in the Guide-Inserted Nanopore Device 67
 2.5 Conclusion 72
 References 73
Chapter 3 Increased Stability of Functionalized Solid-State Nanopore Device against DNA Adsorption by Plasma-Polymerized Poly(ethylene glycol) 77
 3.1 Introduction 78
  3.1.1 Non-specific DNA Adsorptions on the Nanopore Membrane during Solid-State Nanopore Experiments 78
  3.1.2 Previous Research on Preventing DNA Adsorptions on the Solid-State Nanopore Surfaces 82
 3.2 Fabrication of the PP-PEG Deposited Solid-State Nanopore Device 85
 3.3 Experimental Details 87
  3.3.1 Experimental Details 87
  3.3.2 Experimental Sequence to Evaluate the Surface Reliabilities of the Nanopore Membrane Surfaces against DNA Adsorption 88
 3.4 Result and Discussion 91
  3.4.1 Optical Characteristics of the Deposited PP-PEG Surface 91
  3.4.2 Electrical Characteristics of the PP-PEG/SiNx Nanopore Device 93
  3.4.3 Reliability against DNA Adsorptions on the PP-PEG and SiNx Surfaces 96
  3.4.4 Surface Interaction Effect on the DNA Translocation Behaviors 101
 3.5 Conclusion 105
 References 107
Chapter 4 Development and Clinical Application of Electrophoretic Nucleic Acid Preparation System using Nanofilter Membrane Device 110
 4.1 Introduction 111
  4.1.1 Multiplexed Nanopore Devices and Applications 111
  4.1.2 Electrophoretic Biomolecule Transport Principle using Multi-Nanopore Device 115
 4.2 Nucleic Acid Preparation Systems 119
  4.2.1 Conventional Nucleic Acid Preparation Systems 119
  4.2.2 Lab-on-a-Chip Based Nucleic Acid Preparation Systems 122
 4.3 Design and Setup of the Electrophoretic Nucleic Acid Preparation System 125
  4.3.1 Design of the Electrophoretic Nucleic Acid Preparation System 125
  4.3.2 Fabrication of the Nanofilter Membrane Device 128
  4.3.3 Electrophoretic Nucleic Acid Preparation Setup 134
 4.4 Experimental Details 136
  4.4.1 Experimental Details 136
  4.4.2 Analytical Methods and Protocols 139
   4.4.2.1 Reverse Transcription-Quantification Polymerase Chain Reaction (RT-qPCR) 139
   4.4.2.2 Gel Electrophoresis 145
   4.4.2.3 Ultraviolet-Visible (UV-Vis) Spectrophotometry 147
 4.5 Result and Discussion 150
  4.5.1 Proof-of-Concept of Electrophoretic Nucleic Acid Preparation 150
  4.5.2 Stability of the Electrophoretic Nucleic Acid Preparation System 153
  4.5.3 Demonstration of Liquid Biopsy using the Electrophoretic Nucleic Acid Preparation System 156
  4.5.4 Yield and Purity Issues in the Electrophoretically Prepared miRNA from the Clinical Sample 162
   4.5.4.1 Origin of the Low Electrophoretic Nucleic Acid Transport Yield 162
   4.5.4.2 Low Optical Purity of the Electrophoretically Prepared Nucleic Acid from Protein Co-Migration 165
 4.6 Conclusion 168
 References 170
Chapter 5 Conclusion 176
국 문 초 록 179
</body>

