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Abstract 

 
Electrokinetic DNA Extraction Method 

Using a Nanofilter for Molecular 

Diagnosis of Pathogens 

 
Jae-Hyun Kang 

Department of Materials Science and Engineering 

The Graduate School 

Seoul National University 

 
This dissertation covers the entire process of molecular diagnosis of 

waterborne pathogens from nucleic acid extraction (sample pretreatment) to 

a solid-state nanopore platform that detects nucleic acids at single molecule 

level. the current issues of solid-state nanopore were discussed, and analyzing 

method is introduced through an electrochemical approach when DNA passes 

through the nanopore. Specifically, sensitivity improvement is discussed 

which is one of the most important technical issues in nanopore research, 

including temporal resolution and signal to noise ratio (SNR) improvement. 

Previous research results on this technical issue are summarized in this 

dissertation, and based on these studies, a solid-state nanopore device with 
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improved sensitivity using an insulating substrate and Polydimethylsiloxane 

(PDMS) microchannel is covered. 

Based on the basic concept that negatively charged nucleic acids are 

transferred by an electric field, a single nanopore has been expanded into a 

multiple nanopore structure and attempts to use it as a separator for nucleic 

acid extraction during sample preparation were also introduced in this 

dissertation. The device was named nanofilter chip. Important factors for 

DNA extraction performance evaluation are discussed such as purity, 

recovery rate, detection limit, and the performance of each evaluation factor 

was compared with a commercial nucleic acid extraction kit. Furthermore, 

the performance of nucleic acid extraction was improved through 

electrochemical analysis of proposed nanofilter device by applying 

alternative current, and a commercial membrane filter could be used as a 

nanofilter membrane for nucleic acid extraction. 

Chapter 1 is the introductory section, which contains a brief description 

of DNA extraction of waterborne pathogens for molecular diagnosis. It 

explains the importance of obtaining pure DNA and explains the principles 

of conventional nucleic acid extraction kits. In addition, from the perspective 

of solid-state nanopore research, principles of detecting DNA using nanopore 
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based on electrokinetic transport were introduced. Also, issues of electrical 

sensitivity of nanopore devices were covered 

In chapter 2, A nanopore device was presented in which SiNx membrane 

was transferred to a PDMS microchannel. Additional adhesion force was 

induced by the hydrophobic interaction of the PDMS microchannel and DNA, 

which increased the DNA translocation time and improved detection 

sensitivity to detect DNA passing faster than the instrument's measurement 

speed. A method of fabricating a PDMS microchannel using micro-contact 

printing and a method of transferring an ultra-thin SiNx membrane to a 

microchannel were introduced. For nanopore perforation, controlled 

dielectric breakdown (CBD) method was used, not ion-beam or electron-

beam sputtering, which are widely used for nanopore formation. Owing to the 

dielectric properties of PDMS, through electrical analysis of the nanopore 

device, a low-noise of 12.6 pA was achieved under a 100 kHz low-pass filter 

condition, and an additional adhesion force was generated through the 

hydrophobic interaction of the microchannel and DNA, resulting in 51 ms of 

translocation time at 200 mV bias. 

In chapter 3, a single nanopore was expanded to a multiple nanopore 

structure, which is intended to be used as a nucleic acid extraction nanofilter 

membrane for sample preparation for molecular diagnosis of pathogens. To 
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fabricate a nanofilter chip with a 220 nm diameter nanopore array structure, 

nano-imprint method and semiconductor manufacturing processes such as 

dry etching and wet etching were used on a free-standing SiNx membrane of 

100 nm thickness and 1x1 mm2 size. Genomic DNA was directly extracted 

from the cell lysate of E. coli O157:h7 bacteria using the prepared nanofilter 

membrane. To find the optimum extraction conditions, the experiment was 

conducted at an applied voltage in the range of 1 to 4 V, and H2O2 and HOCl 

were generated by the electrochemical reaction at the electrode at a voltage 

exceeding 2 V, damaging the extracted DNA. The detection limit was found 

through a nucleic acid extraction experiment for each concentration of 

bacteria and a comparison with a commercial kit, and the PCR efficiency is 

up to 3 cycles faster than the conventional commercial kit. 

In chapter 4, the improved performance of the previously developed 

nanofilter device for nucleic acid extraction (sample preparation) was 

introduced through electrochemical analysis. The electrical double layer 

(EDL) formed at the interface between the electrode and the aqueous solution 

was analyzed as electrochemical components, and the electric field is 

consumed more than 90% in the EDL, so that a sufficient electric field is not 

applied to the chamber and filter. Using the characteristic of EDL, which acts 

like a capacitor whose impedance decreases as the applied frequency 



 

 v 

increases, the resistance of the interface is reduced by applying an AC current. 

As a result, the electric field applied to the chamber and the filter increased 

by more than 10 times, thereby improving the transport rate of DNA by more 

than 5 times. 

Through this dissertation, a total solution of molecular diagnosis for 

pathogen detection is expected, from nucleic acid extraction for sample 

preparation to detection of nucleic acids using a solid state nanopore platform. 
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Introduction 
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1.1. DNA extraction of waterborne pathogens for molecular 

diagnosis 

1.1.1 The importance of obtaining pure nucleic acids 

Waterborne organisms such as Escherichia coli, Salmonella, and 

dengue virus have been linked to the most common and leading serious 

illnesses worldwide1 and brought huge economic burden for disease 

diagnosis and treatment. To identify such pathogens, molecular 

diagnostics has attracted a lot of attention due to its high sensitivity, 

accuracy and specificity, which are crucial disease monitoring factors 

for appropriate treatment.2, 3 The current molecular diagnostics typically 

involves a nucleic acid (NA) extraction from cells, amplification of the 

isolated NAs and amplicon detection with optical, mechanical, and 

electrochemical analysis.4-6 While each step is significant, the key 

process in successful molecular diagnostics is to obtain highly pure NAs 

for downstream analysis. 
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1.1.2 Nucleic acid extraction for molecular diagnosis 

Since the first reporting of chaotropic effect on DNA separation, 

silica-based solid phase DNA extraction was invented using glass 

powder, which involves a cell decomposing process with enzymes, 

chemical lytic agents, or mechanical forces (bead milling, sonication, 

etc.) and a debris removal step through centrifugation after absorbing 

the DNA on a silica column or silica-coated magnetic beads in presence 

of chaotropic salts7-10. DNA was then recovered using an elution buffer 

that used an anti-chaotropic agent to desorb DNA from the hydrophilic 

silica matrix. While solid phase extraction has become a gold standard 

method over decades, limitations such as complex protocol, long 

running time, and necessity of user proficiency can significantly affect 

the purity or quantity of the recovered DNA. Moreover, bulky 

instruments including centrifuge and heating block make it difficult to 

create portable set-ups for on-site pathogen detection, which aims to 

minimize disease transmission.11, 12 
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1.1.3 Conventional Nucleic Acid Preparation Systems 

Sample preparation is a nucleic acid extraction step performed prior 

to actual gene analysis. Since the quality of the prepared nucleic acid 

affects the quality of the final result, it is important to generate a clean 

and stable nucleic acid sample from the sample for reliable analysis13. 

Chemical-based nucleic acid preparation protocols are well established 

in laboratories and markets and are recognized as conventional and 

standard pre-treatment methods. Figure 1-1 graphically summarizes a 

traditional nucleic acid extraction protocol that can be divided into lysis, 

binding and washing, and elution steps13-16. Lysis is the first step 

performed to extract nucleic acids from cells, where the cell membrane 

is chemically, mechanically or thermally destroyed, escaping the cell 

contents, which are composed of various molecules such as DNA, RNA, 

miRNA, and proteins13. Next, the nucleic acids in the lysate are usually 

attached to a binding medium, a silica membrane, or a silica coated 

magnetic bead. DNA that binds to the silica surface is promoted by a 

chaotropic salt that acts as a cationic bridge between the negatively 

charged silica surface and the nucleic acid.14, 17 Nucleic acids have a 

high negative charge density, so molecules compete competitively with 

positively charged salt bridges such as sodium. 
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In contrast, other biomolecules lose their competition from being 

chemically attached to the silica surface and are separated by washing 

in the binding medium using an alcohol-based wash buffer. After 

several washing steps, the salt concentration or pH of the buffer is 

switched, and the chaotropic cations are freed in the silica membrane, 

destroying the interaction between the surface and the nucleic acid, and 

eventually the nucleic acid is separated from the binding medium.13 

After this final elution step, a clean nucleic acid solution is obtained and 

downstream processing proceeds. This traditional chemistry-based 

preparation protocol is complex, consists of five or more steps, and 

takes over an hour to complete. This process requires the use of bulky 

instruments such as heaters and centrifuges and requires skilled 

operators to prepare nucleic acids with high purity and reproducibility. 

Therefore, numerous alternative nucleic acid extraction protocols 

have been proposed to overcome the inconvenience of traditional 

methods. When these alternative methods are developed, the greatest 

concern is the ease of use and efficiency of work, fast sample processing 

time, and adaptability to the field. The new protocol includes lab-on-a-

chip-based nucleic acid extraction technology, which is described in 

Chapter 3. 
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Figure 1-1. A schematic diagram of a traditional method for 

extracting nucleic acids using the column method. A complex process 

including lysis, binding, washing, and elution processes and skilled 

operators are required. 
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1.2. Brief Introduction to Solid-State Nanopore 

1.2.1 Introduction to Solid-State Nanopore 

Solid-state nanopores are one of the emerging bioinformatic technologies 

that study single-molecule biomaterials such as nucleic acids and proteins.18-

20 The basic principle of nanopores is as follows. When a direct current (DC) 

bias is applied across an ultra-thin (~20 nm) membrane, the ions are 

translocated to the nanometer sized pore by application of the electric field. 

If a molecule in the electrolyte passes through the nanopore with a high 

electric field (~106 V/cm) across the membrane, the resistance of the pore is 

increased so that the megahertz-level fast blockade current change can be 

monitored by the instrument3. Owing to its high throughput, small size, and 

the ability to measure small sample quantities, the efficacy of solid-state 

nanopores has been demonstrated in various applications, such as DNA 

sequencing21, 22, detection of protein-protein interaction23-25 microRNA 

detection26, and DNA-protein complex detection.27-29 
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1.2.2 Sensitivity Issues in Solid-State Nanopore 

Although solid-state nanopores have many advantages, they also exhibit 

a number of challenges which must be overcome, including the signal to noise 

ratio (SNR), spatial resolution, and temporal resolution. Studies to reduce 

electrical noise in solid-state nanopores have focused on lowering the well-

known flicker noise and thermal noise at low frequency (<1 kHz), and the 

dielectric and amplifier noises at high frequencies. Traditional nanopore 

devices fabricated on silicon (Si) substrates have significantly high dielectric 

noises at high frequencies (>10 kHz)30, 31. This high-frequency electrical 

noise induces spatial resolution limitations in single molecule analysis using 

nanopores, because if the electrical noise is greater than the DNA peak, the 

desired signal can be covered by noise. Owing to the recent development of 

amplifiers capable of measuring bandwidths above 1 MHz to improve the 

signal-to-noise ratio, the reduction of high frequency noise has become 

important to measure small substances like DNA homopolymers, short 

peptides, or to detect small features such as intrapeak signal differences32, 33.  

There have been a number of reports on the conversion of Si substrates 

into insulating materials to reduce this dielectric noise, which is directly 

related to the dielectric property of the substrate.22, 32, 34 Also, thick dielectric 

layer deposition underneath an active membrane helps reduce the dielectric 
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noise, and glass nanopipettes are good alternatives for Si-substrate-based 

nanopore devices for reducing dielectric noise.35-37 Attempts have also been 

made to directly exploit the insulating properties of the substrate. Jain et al38, 

transferred aluminum oxide (Al2O3) and silicon oxide (SiO2) to atomic layer 

deposition (ALD)-coated SiNx membranes with nanopores fabricated using 

focused ion beam (FIB) on PDMS microchannels to create a device with 

reduced noise from the substrate and an improved total capacitance of the 

dielectric membrane. The device achieved 14 pA root mean square (RMS) 

noise when low-pass filtered at a 100 kHz bandwidth by minimizing the width 

of the channel, while minimizing the area of contact between the aqueous 

solution and the membrane. However, this method must be preceded by the 

FIB process to form a nanopore because the nanopore cannot be formed using 

FIB after the microchannel device is fully assembled. In addition, when using 

FIB, which is a costly and time-consuming process, the pores cannot be 

smaller than several nanometers and hence ALD was introduced. 

In terms of improving temporal resolution, several studies have tried to 

increase the translocation time as the longer the DNA stays in the nanopore 

sensing zone, the more clearly each single base pair can be distinguished. A 

number of studies have tried to increase translocation time, using methods 

such as (i) reducing drift velocity using electrolytes such as LiCl, or changing 
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pH to reduce DNA effective charge39, 40, (ii) introducing a guided structure 

near the pore41, (iii) increasing the interaction time between the pore wall and 

DNA by making the pore size similar or smaller than the double helix42, 43, 

(iv) replacing the membrane with a substance that causes electrostatic 

interaction with DNA44-46, and (v) coating a polymer mesh near the pore to 

act as an electrostatic interaction ‘brake’ outside the nanopore47-49. The 5th 

method is one of the most effective methods for increasing translocation 

speed. For example, the Amit Meller group achieved 2 orders of magnitude 

increase in dsDNA translocation time by coating copolymer blends of poly 

(ε-caprolactone) and poly (glycerol monostearate-co-ε-caprolactone) onto the 

membrane, as this allows hydrophobic interactions between DNA and the 

polymer mesh49. In addition, the Dapeng et al introduced a thin layer of 

agarose gel (1% in concentration) on the nanopore surface to stretch DNA 

molecules and to move the center of mass position, resulting in an increase in 

translocation time47. 
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CHAPTER 2. 

 

Slowing DNA translocation through a solid-state 

nanopore by applying hydrophobic microchannel-

guided walls 
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2.1. Previous Studies on Slowing Down DNA Translocations in 

the Solid-State Nanopore 

 

In this study, we transferred a free-standing SiNx membrane to a PDMS 

microchannel formed by contact printing to slow down the DNA translocation 

speed using the hydrophobic interaction of DNA with PDMS. Nanopores 

were formed using controlled dielectric breakdown (CDB) technology, a 

state-of-the-art technique in which a voltage is applied across the transferred 

dielectric membrane to form a single nanopore1. Capacitive noise was 

significantly reduced owing to the dielectric properties of the PDMS 

microchannel. We compared the noise characteristics of the nanopore device 

formed by transferring onto a dielectric microchannel and the device formed 

by electron beam sputtering on Si and Pyrex substrates, which are both 

previously reported dielectric substrate devices2. Electrical translocation 

events of slowed λ-DNA could be observed from its interaction with the 

hydrophobic microchannel, resulting in DNA stretching. To ensure that the 

DNA was stretched, TOTO-1 stained λ-DNA was observed with a 

fluorescence microscope during its translocation through the nanopore. 

Optical observation was made possible by the transparent and thin (~150 µm) 

upper channel-side of the device. 
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2.2 Fabrication of the hydrophobic microchannel-guided walls 

2.2.1 Fabrication of PDMS microchannel 

Figure 2-1 shows an overview of the fabrication process of our device. 

Photolithography patterning was used to make the PDMS (Sylgard 184, Dow 

Corning) microchannel system using an SU-8 3050(MicroChem, USA) mold 

(Figure 2-1 (a)). The key advantage of PDMS is that it is easy to handle and 

manufacture molding with excellent optical properties3. In addition, it can be 

irreversibly bonded to glass or PDMS without adhesives4. According to the 

recommended program, 4 mL of SU-8 resist was dispensed on a 4-inch Si 

wafer, followed by spin coating for 10 s at 500 rpm and 30 s at 3000 rpm. 

Soft bake was performed at 95°C for 10 min using a hot plate and the wafer 

was exposed for 14 s to 365 nm (i-line) monochromatic light of MA6 aligner. 

A post-exposure bake was carried out at 95°C for 5 min using a hot plate and 

the wafer was developed for 8 min using MicroChem's SU-8 developer. The 

substrate was washed for 10 s with fresh SU-8 developer and then washed 

with isopropyl alcohol for 10 s and dried over filtered pressurized nitrogen. 

The SU-8 mold is designed to start at 300 µm wide (inlet part) and to taper 

down to 6 µm wide (membrane part) and 30 µm high [Fig. S1.]. Two PDMS 

microchannels were created, one acting as the bottom and the other as the 

upper chamber. Here, the area where the membrane contacts the aqueous 
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solution was 6 × 6 µm2. To create the bottom channel, an uncured 10:1 

mixture of PDMS base material and curing agent was poured to a thickness 

of 10 mm on a petri dish with a mold wafer. After heat treatment at 95°C for 

1 h on a hot plate, the fully heat cured PDMS was detached from the mold 

and the backside was attached to the slide glass. Because the working distance 

of the objective lens (Nikon Plan Apo (oil type) 60x) was less than 210 µm, 

the upper channel must have been less than 210 µm to observe DNA in the 

microchannel. The upper channel was made thin by spin-coating PDMS 

before heat curing on the SU-8 mold. The thickness of the spin-coated 

uncured PDMS is related to the spin-coating rate following the equation 5: 

𝑙 = 0.23𝑤!$.$& 

where 	𝑙  is the PDMS thickness in meters and 𝑤  is revolutions per 

minute when spin coated for 60 s in a 1:10 mixture. The uncured mixture was 

poured onto a mold to make 150 µm thick PDMS, and then spun at 600 rpm 

using a spin coater [Figure 2-1 (b)]. After curing at 95°C for 1 h on a hot plate, 

the slide glass and the backside of the upper channel were attached with no 

bubbles between them. To transfer SiNx membrane on the fabricated 

microchannel, 20 nm thick and 300 × 300 µm2 size SiNx membrane was 

prepared using the fabrication method of a typical free-standing nanopore 

membrane.6 
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Before transferring, the PDMS surface was locally oxidized using a 

hand-held corona discharger to chemically bond PDMS and SiNx membrane 

[Figure 2-1 (c)]. The custom-made aligner was adjusted so that the 

microchannels were on the diagonal edges of the membrane. When the Si 

piece touched the PDMS bottom channel, the SiNx membrane and PDMS are 

chemically bonded instantaneously and the SiNx membrane could be 

separated from the Si guide and only the membrane is transferred to the 

PDMS. To bond the upper and bottom channels, hand-held corona discharges 

were used to oxidize each PDMS surface3. After each side of the PDMS was 

evenly treated with 10 s of corona discharging, the upper channel was aligned 

so that the remaining diagonals of the membrane were attached to the upper 

channel using a custom-made aligner. After 10 min of treatment on a 95°C 

hotplate, the upper and bottom channels were permanently bonded to each 

other. The two PDMS microchannels with 6 µm line width and the 300 x 300 

µm2 SiNx square membrane between them are shown in Figure 2-1 (d). The 

inlet and outlet ports were formed using a 3 mm diameter punch at the end of 

each channel [Figure 2-1 (e)]. 
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Figure 2-1. Overview of the fabrication process of microchannel-integrated 

solid-state nanopores in a dielectric substrate. Schematic diagram and digital 

photographs of the fabricated bottom channel (a) and 150 μm thickness of the 

upper channel (b) by casting PDMS with an SU-8 mold. (c) Plasma treatment 

for the local oxidation process of PDMS to transfer an SiNx membrane to 

PDMS using a hand-held corona discharger. (d) Diagonally aligned 

microchannel on an SiNx membrane and brought into contact and released 

with a microchannel on a PDMS substrate using a custom-made aligner. (e) 

Fully assembled device with the upper channel assembled after the plasma 

treatment, followed by 3 mm punching to inject the solution into each port. 
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2.2.2 Conventional nanopore device fabrication for noise comparison 

To compare the noise characteristics of our PDMS microchannel-based 

nanopore devices, two previously reported individual devices were prepared. 

One is a conventional Si substrate-based nanopore device. To fabricate this, 

a 20-μm-wide, 100 nm-thick SiNx membrane was formed using the 

fabrication method of a typical nanopore membrane6. The backside of the 

SiNx membrane was etched using reactive ion etching (RIE) to form a 20 nm-

thick membrane. The Si substrate nanopore membrane was heat-treated at 

400°C for 3 h in a convection oven to reduce the stress of the membrane. The 

other is a Pyrex substrate nanopore device previously reported5. To fabricate 

a Pyrex substrate nanopore device, an amorphous Si (a-Si) aperture was 

formed after 200 nm of amorphous-Si was deposited on a 500 µm thick 

hydrofluoric acid wet-etched Pyrex wafer, followed by dry etching to make a 

20 nm thick membrane after the transfer of an SiNx membrane with 100 nm 

thickness2. A single nanopore was perforated to a size of 5-6 nm on each 

substrate device using a transmission electron microscope (TEM; JEOL JEM 

2010F). TEM images of the 5 to 6 nm size of nanopores are shown in Fig. S2. 

in supplementary information. 
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2.2.3 Nanopore perforation with controlled dielectric breakdown 

Controlled dielectric breakdown (CBD) was used for nanopore 

perforation in this work1, as once the silicon nitride (SiNx) membrane had 

been integrated into the PDMS microchannel, nanopores cannot be formed 

by FIB or TEM. The basic principles of CDB are as follows: (i) The electric 

potential between each side of the SiNx membrane causes a trans-membrane 

potential and charges the membrane interface with opposite ions. (ii) Leakage 

currents flowing through structural defects in the membrane are generated by 

a trap-assisted tunneling mechanism7. (iii) These collected charge traps 

generate each dielectric breakdown event, creating a localized conductive 

path, and (iv) these defects form a single nanopore8. In this experiment, 1 M 

potassium chloride (KCl) solution was injected into each access port and a 10 

V voltage was applied through the silver/silver chloride (Ag/AgCl) electrode 

using a 4156C parameter analyzer (Keysight Technologies, USA). The cut-

off current was set to target pore sizes of 5, 10, and 15 nm, respectively. To 

predict the nanopore size, we monitored the conductance, G, of the nanopores 

in real time according to the equation: 

𝐺 = 𝜎 4
4𝑡
𝜋𝑑' +

1
𝑑:

!$

 

where σ is the bulk conductivity of the electrolyte, 𝑡 is the effective 

thickness of the nanopore, and 𝑑 is the estimated pore diameter.9-11 
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2.3 Experimental Details 

2.3.1 Electrical characterization 

Current traces were measured with an Axopatch 200B patch clamp 

amplifier and an Axopatch 1440 digitizer (Molecular Devices). A 1 M KCl 

electrolyte was injected through the device access ports using a syringe pump. 

Ag/AgCl electrode wires were connected to each access port of the upper and 

bottom chambers. Current-to-voltage (I−V) curve measurements were taken 

by increasing the voltage from -200 mV to its positive value in 8 discrete 

steps. I−V traces were sampled at a frequency of 250 kHz and low-pass 

filtered at 10 kHz with a 6-pole Bessel filter in Axopatch 200B. The RMS 

noise values, and noise power spectral densities (PSD) were obtained by 

measuring 10 s of ionic current data, sampled at 250 kHz and low-pass filtered 

at 100 kHz with 0 mV applied voltage. Lambda DNA (48.5 kbp double-

stranded DNA) solution was injected so that its final concentration in the 

bottom chamber for measurement was 3 nM. All data were collected with 

Clampex (Molecular Devices, USA) and analyzed with Clampfit (Molecular 

Devices, USA). For all noise and DNA translocation measurements, 

Axopatch 200B Gain was used, with, β set to 1. This setting limits the 

maximum measurable current to ±20 nA, and is the lowest noise setting for 

the amplifier. 
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2.3.2 Fluorescence visualization of DNA single molecule detection using 

nanopores with the PDMS guided channel 

To confirm whether the transferred membrane was intact, 0.1 mg/mL 

fluorescein (FITC, Thermo Fisher Scientific, USA) solution was prepared in 

100 mM KCl and 0.1× Tris-borate-ethylenediaminetetraacetic (TBE) buffer. 

The solution containing the fluorescent dye was injected into the bottom inlet 

using a syringe pump, and 0.1× TBE buffer without the fluorescent dye was 

injected into the upper channel using the syringe pump. The solution was left 

in the dark for 3 h after injection of the solution to confirm that the membrane 

was not broken, or the fluorescent dye translocation was unaffected by 

diffusion. A 1 V bias was applied for 2 min to electrophoretically translocate 

the dye through the single nanopore. 

λ-DNA was stained with TOTO-1 dye for optical measurement of DNA 

translocation using a fluorescence microscope. DNA was stained at a ratio of 

1 dye molecule: 5 base pairs, and all processes were performed in the dark to 

protect the stained DNA from light. To make a DNA concentration of 650 

pg/µl, 13 µL of λ-DNA was mixed with 1 µl of 10-6 mM TOTO-1 dye, 9.7 ml 

of TBE buffer, and 300 µl of β-mercaptoethanol to prevent rapid oxidation of 

the dye, followed by incubation at room temperature for at least 60 min. Light 

from the mercury lamp was applied to the device through a fluorescence filter 
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cube with a 465-495 nm excitation filter and a 505 nm dichroic mirror. The 

device was imaged through a 515-555 nm barrier filter using a Nikon Eclipse 

90-i optical microscope, and an optiMOS Scientific CMOS Camera 

(QImaging, Canada).  
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2.4 Result and Discussion 

 

2.4.1 Electrical characterization of the nanopore device 

The current trace showing the process of nanopore formation using the 

CBD method is shown in Figure 2-2. A potential difference of 10 V was 

applied, and the current cutoff was set to 8.9 nA, which is equivalent to an 

ionic current with nanopore size of 5 nm. While a potential difference is 

applied, each ion builds up on opposite sides of the membrane, and at 47 s, a 

sudden leakage current increase is caused by a structural defect formed by a 

trap-assisted tunneling mechanism7. A pore is formed by the collection of 

these defects, which is indicated by an increase in ionic current after 47 s. The 

(I−V) curve measurements of these three pore size devices are plotted in 

Figure 2-3, and the nanopore diameters were calculated to be 5, 8, and 16 nm, 

respectively, by the measured conductance and the equation described in the 

experimental section. 
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Figure 2-2. Nanopore perforation by controlled dielectric breakdown, leakage 

current at 10 V, 1 M KCl, measured on a 20 nm thick SiNx membrane in the 

process of making nanopores of 5 nm size. 
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Figure 2-3. Current-to-voltage curves of four devices fabricated with various 

pore sizes. The measured conductance values (slope of the I–V curve) and the 

corresponding calculated diameters of the nanopores are labeled in the legend. 
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2.4.2 Development of the system noise model and noise comparison 

One of the advantages of this device is the low RMS noise, owing to the 

reduced dielectric noise. The dielectric(capacitive) noise characteristics of the 

nanopore device produced in this work were modeled, and the noise 

parameters corresponding to each kind of device were compared. The 

dielectric noise (SD) can be described by the equation:  

𝑆( = 8𝜋𝑘)𝑇𝐷*+,,𝐶-.. 

where 𝑘)  is Boltzmann’s constant, 𝑇  is the absolute temperature, 

𝐷*+,, is the loss tangent of the dielectric material which is the tangent of the 

angle between the capacitor impedance vector and the negative reactance, and 

𝐶-.. is defined as the sum of the membrane and substrate capacitance, the 

double layer capacitance formed by the Debye layer, and all other parasitic 

capacitive components.12-14 These are known to be due to leakage currents 

occurring in electrolyte-silicon-electrolyte and electrolyte-SiNx-electrolyte 

pathways13, 15. Noise caused by the first pathway can be resolved by removing 

the Si substrate, while noise induced by the second pathway can be resolved 

by limiting the area where the membrane contacts the electrolyte13, 16. In this 

work, by reducing the area of the SiNx membrane contacting the electrolyte 

to (6 × 6) µm, significant improvement in the dielectric (capacitive) noise 
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characteristics could be obtained by transferring nanopore membranes onto 

dielectric microchannel substrates. 

Figure 2-4 (a). shows the 5 to 6 nm size pore current traces of the Si-, 

Pyrex-, and PDMS microchannel-based devices measured at 0 mV. The noise 

level of the nanopore device transferred to the dielectric PDMS microchannel 

showed 12.6 pA RMS when low-pass filtered at 100 kHz, which was an order 

of magnitude lower than that of an Si-based device (137 pA RMS). Electrical 

noise was mainly suppressed due to the high dielectric nature of the 

microchannel substrate because PDMS has a lower dielectric constant (e) and 

dielectric loss (Dloss) (ε = 2.5 and Dloss = 1.0 × 10!/) than Si (ε = 11.8 and 

Dloss = 5 − 15 × 10!/)17. Figure 2-4 (b) shows the PSD curves for Si-based, 

Pyrex-based, and PDMS-based devices measured in electrolyte solution (1 M 

KCl, buffered by 10 mM Tris-HCl and 1 mM EDTA) at 0 V with 5 nm sized 

nanopores. To investigate the detailed noise characteristics, the noise 

spectrum (S) of our nanopore device at 0 mV was fitted in polynomial form 

where 𝑆 = 𝐴𝑓!$ + 𝐵 + 𝐶𝑓 + 𝐷𝑓'. Here, 𝑓 is the frequency in Hz and the 

parameters 𝐴, 𝐵, 𝐶, and 𝐷 represent Flicker, Johnson (Nyquist) combined 

with shot, dielectric, and voltage noises, respectively12. In terms of parameter 

C with respect to dielectric noise, PDMS-based devices show lower noise 

power (𝐶0(12 = 1.4 × 10!3)  than the Si- 	(𝐶24 = 8.3 × 10!5)  or Pyrex-
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based devices,(	𝐶067-8 = 2.7 × 10!3) which are consistent with previously 

reported results2, 13, 18. The noise power spectrum at 300 mV in TE buffered 1 

M KCl solution is also shown in Figure 2-4 (c), resulting in the lowest noise 

in PDMS-based devices over all frequency ranges. 

In conclusion, the capacitive (dielectric) noise could be significantly 

reduced by using a dielectric substrate and reducing the area of the membrane 

contacting the solution to (6 × 6) µm. In terms of the dielectric noise power, 

our device was 600 times better than conventional Si-based devices and twice 

as good as the previously developed Pyrex-based devices. 
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Figure 2-4. Noise characteristics of nanopore devices with different substrates. 

(a) Ionic current traces of an SiNx nanopore on Si (Φ 6 nm, G = 13 nS, red), 

Pyrex (Φ 5nm, G=9.0nS, green), PDMS microchannel (Φ 5nm, G=8.9nS, 

blue) at 0mV. (b) Power spectral density plots from Si, Pyrex, and PDMS 

microchannel-guided nanopore and polynomial fit of PDMS-based device in 

𝑆 = 𝐴𝑓!$ + 𝐵 + 𝐶𝑓 + 𝐷𝑓' measured in an electrolyte(1M KCl, buffered by 

10 mM Tris-HCl and 1 mM EDTA) at 0 V with 5 nm sized nanopores. (c) 

Power spectral density plots of corresponding devices under 300 mV, which 

indicates that the PDMS-based device shows the lowest noise power in all 

frequency ranges. 
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2.4.3 Hydrophobic effect on the long DNA translocation time 

To characterize the transport behavior of DNA through the PDMS-based 

nanopore device, λ-DNA translocations were performed through 5 nm 

nanopores in TE buffered 1 M KCl electrolyte solution (pH 8.0). The dwell 

time (tD), which is the time required for the DNA to pass through the pore, 

and the blockade current (DI), which represents the change in resistance inside 

the pore, were statistically analyzed from the current trace, and the scatter 

plots in the range of 200-400 mV applied voltage of ΔI vs tD are shown in 

Figure 2-5. The number of total events according to each voltage is 900 (200 

mV), 1,640 (250 mV), and 1,110 (400 mV). Events that displayed a folded 

DNA translocation pattern were excluded from the analysis to simplify 

interpretation of the results. The scatter plot clearly shows the increase in ΔI 

and the decrease in tD according to the applied voltage in Figure 2-5(a). In 

order to derive the average value of the blockade current, a histogram was 

fitted to the Gaussian distribution to extract the peak value, as shown in Figure 

2-5(b). The current blockade increased linearly with the applied voltage, and 

the blockade conductance (ΔG = ΔI / V) was calculated to be 2.72 nS. Using 

the geometry (pore size and thickness) of the used pore, the value of ΔG is 

estimated as  

ΔG = G(d) – G(deff) 
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where G is the calculated conductance value, d is the pore diameter d, deff 

is the effective diameter of the blocked pore, which can be calculated by 

d9:: = Nd' − d;<=' , with dDNA as the cross-sectional area of the linear DNA 

strand (dDNA = 2.2 nm for double-strand DNA and dDNA = 1.1 nm for single-

strand DNA).9, 11 Considering the pore dimensions to be d =5 nm and L = 20 

nm, the measured ΔG (2.72 nS) value was consistent with the calculated ΔG 

(2.39 nS) value. A histogram at three voltages in the range 200-400 mV of tD 

was plotted to obtain the mean dwell time, and the exponential distribution at 

each given voltage is shown in Figure 2-5(c). Fitted mean dwell time (tD) 

values were 51, 8.8, and 4.7 ms at 200, 300, and 400 mV, respectively. 

Blockade current traces by DNA translocation under each voltage condition were 

shown in the inset of Figure 2-5(c), presenting the increase in dwell time and the 

decrease in ΔI as the applied voltage decreased from 400 to 200 mV. Previous 

studies on increasing the translocation time of λ-DNA reported slowest 

translocation rates of 2 to 3 ms in 1 M KCl at 100 to 300 mV19, 20. In the 

PDMS-based device, the DNA moved an order of magnitude slower. The 

slowing of DNA translocation in microchannel-guided walls incorporated 

with nanopores is due to hydrophobic interactions between the DNA and 

PDMS wall. As the DNA passes through the microchannel, the DNA flowing 

near the wall interacts with the hydrophobic PDMS, forming an attraction 

force that stretches the DNA, resulting in an increase in the center-of-mass 
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position21. The center-of-mass position of the DNA molecule is correlated to 

the translocation time22; molecules whose initial conformations are centered 

far away from the pore take a longer time to translocate. Our observation, that 

a longer time duration is observed in hydrophobic microchannel-guided 

nanopores, is a direct experimental demonstration of this argument. To verify 

that the DNA is actually stretched, fluorescence images of TOTO-1 stained 

λ-DNA passing through the PDMS microchannel are described in the next 

section. 
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Figure 2-5. Detection of single DNA molecules in a microchannel integrated 

nano- pore device. (a) Scatter plots of the blockade current (ΔI) vs dwell time 

(tD) for λ-DNA translocation through a 5 nm PDMS microchannel-guided 

nanopore at 200mV (purple), 300mV (green), and 400mV (red). The scatter 

plots are reconstructed as the histograms of ΔI (b) and tD (c) corresponding 

to panel (a). Solid lines represent the Gaussian distribution fits for obtaining 

the mean values of ΔI and exponential distribution fits for mean dwell time, 

tD with increasing voltage. The color indices are the same as in (a). The inset 

in (c) shows the representative translocation events of λ-DNA though a 5 nm 

diameter nanopore presenting the increase in dwell time and the decrease in 

ΔI as the applied voltage decreased from 400 to 200 mV. 

  



 

 ４０ 

2.4.4 Fluorescence characterization of stretched DNA 

First, production of usable microchannels was confirmed by FITC dye to 

ensure that the membrane was not broken and that the nanopore was 

successfully formed. When the fluorescent dye was injected into the bottom 

channel, the unperforated SiNx membrane acted as a barrier so that the 

fluorescent signal could not be detected at the upper channel. The fluorescent 

signal could not be detected after standing for 3 h, as shown in Figure 2-6 (a). 

After a nanopore was formed, the translocation of fluorescent molecules to 

the upper channel through the nanopore could be clearly observed at 1 V, as 

shown in Figure 2-6 (b). 

The interaction between the DNA and the hydrophobic wall was visually 

observed through fluorescence detection. The stretching of the DNA due to 

the hydrophobic interaction of the DNA-PDMS wall is clearly shown in 

Figure 2-6 (c). When lambda DNA takes a random coiled conformation, the 

radius of gyration is estimated to be ~550 nm23. In this experiment, the length 

of stretched DNA was measured to be 6 to 7 µm; hence, the center of mass 

position from the pore entrance is shifted by 3 to 3.5 microns, which is similar 

to the result of Dapeng et al20. This fluorescence image directly indicates that 

the DNA is stretched by the DNA-PDMS hydrophobic interaction, thus 

increasing the translocation time. 



 

 ４１ 

 

 

 

 

Figure 2-6. Fluorescence observation of microfluidic channel-integrated 

nanopore devices. (a) Fluorescence image when the electrical field was not 

applied to the microchannel. No fluorescence visible in the top channel. (b) 

Fluorescence image of the FITC dye molecule passing through the nanopore 

membrane into the upper channel under a 1 V bias. (c) Fluorescence image 

of TOTO-1 stained stretched λ-DNA in interaction with the hydrophobic wall 

(red rectangle). The inset shows a 2× magnified image of the red square. The 

measured length of the DNA is about 7 μm, confirming that the center of mass 

has shifted from its tip. 
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2.5 Summary and Conclusions 

In summary, we have developed a PDMS microchannel-based nanopore 

device that can be used to visualize translocation of a single DNA molecule. 

This is due to the creation of a thin upper channel and the slowing of DNA 

translocation caused by hydrophobic interactions between the channel wall 

and the DNA. The device was fabricated using a simple contact printing 

process, in which the unperforated membrane was transferred onto oxidized 

PDMS treated with a hand-held corona discharger. PDMS has a lower 

dielectric constant and dielectric loss than Si, which could significantly 

reduce the capacitive noise of the device, which indicates it is compatible with 

the recently developed high-bandwidth measurement system24. In addition, 

thanks to the excellent optical properties of the PDMS and the thinly 

fabricated upper channel, a fluorescently stained single DNA molecule could 

be visualized in real time to verify the center-of-mass position shift of DNA 

from the pore entrance, which resulted in a translocation time increase. In this 

work, an effective method for fabricating a microchannel-guided solid-state 

nanopore device was suggested; this involved formation of a nanopore using 

the CDB method. Therefore, the proposed device and its fabrication method 

demonstrate the potential to be utilized in more complex and practical 
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microfluidics devices25 or optical detection systems26, in addition to the 

described electrical system. 
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CHAPTER 3. 

 

An electrophoretic DNA extraction device using a 

nanofilter for molecular diagnosis of pathogens 
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3.1 Introduction 

3.1.1 Previous Research on Nucleic Acid Extraction 

In order to miniaturize the nucleic acid extraction device, 

micropatterning techniques have been used to miniaturize the DNA 

extraction platform and simplify the operation process.1-3 Kamat et al.4 

introduced a polydimethylsiloxane (PDMS) microchip with chitosan-

coated magnetic particles to extract DNA in a pH-dependent manner. 

Gan et al.5 integrated a chitosan-modified filter paper in a poly(methyl 

methacrylate) microfluidic device to develop a low-cost and rapid DNA 

extraction method. Zhang et al.6 proposed a sol–gel coating on a 

polycarbonate (PC) surface with bis[3-

(trimethoxysilyl)propyl]aminosilane for purifying DNA from crude 

sample as well as one-step bonding of two PC substrates to fabricate a 

monolithic microchip. Although the microchip-based DNA separation 

is improved in terms of portability and simplicity, DNA recovery yield 

is still a limitation due to using the solid phase DNA extraction 

mechanism. 

Electrokinetic biomolecule delivery technology has been applied to 

DNA extraction with advantages of no additional step for the DNA 

purification and concentration with rapid processing time. A physical 

dielectrophoresis was introduced to extract cell-free DNA in blood by 
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Heller group.7-9 They separated the desired particles using the polarity 

difference between media and particles by generating a non-uniform 

electric field with a specially designed electrode. Kim et al.10 proposed 

an electrokinetic biomolecule separation platform incorporated with a 

nanoporous anodized aluminum oxide (AAO) membrane. 

Electrokinetic movement of single-stranded DNA (ssDNA) across the 

nanoporous membrane was affected by the pore size, DNA 

concentration, and applied voltage. However, the nanoporous AAO 

membrane device has a significant problem with their durability owing 

to the AAO membrane brittleness. 

Here, we have developed an electrophoretic DNA extraction device using 

a silicon nitride (SiNx) nanofilter, which can transport negatively charged 

DNA by applying direct current (DC) electric field through nanopores. 

Uniform 220 nm-diameter SiNx nanopore arrays were fabricated with 

conventional semiconductor manufacturing processes and used as a DNA 

separation filter. The DC electric field was applied to the DNA extraction 

device that consists of a cis-chamber filled with cell lysate, a trans-chamber 

loaded with elution buffer, and a nanofilter between the chambers. Purity and 

concentration of recovered DNA on the microdevice were evaluated using an 

ultraviolet (UV) spectrophotometer, and real-time polymerase chain reaction 

(real-time PCR) was used to verify the adaptability of extracted DNA for the 
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downstream analysis. To demonstrate the DNA extraction device portability 

for point-of-care testing, a 1.5 V alkaline battery was successfully used as a 

power source to obtain pure DNAs 
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3.1.2 Basic principle of the electrophoretic DNA extraction chip 

In bacterial cell lysate, there are cell debris, proteins, nucleic acids, 

and so on. negatively charged DNAs in the lysate are migrated across 

the nanofilter chip by the electric field. In terms of size and charge, 

components larger than the pore size like cell debris, cannot pass 

through the nanofilter. On the other hand, nucleic acids, proteins and 

ions in solution smaller than the pore size and have a negative charge 

will pass through the pores. Although unwanted impurities (in particular, 

proteins) with negative charge migrate through the pores by the electric 

field, DNA will migrate faster than proteins. Because at physiological 

pH, proteins have only 5 positive or negative charge of the 20 amino 

acids that construct themselves, but DNAs are highly negative charged 

because one negative charge is formed on each phosphate backbone.11 
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3.2 Details of the electrophoretic DNA extraction device 

3.2.1 DNA extraction device fabrication process 

The structure of the electrophoretic DNA extraction device is shown in 

Figure 3-1. The DNA extraction device is composed of a cis-chamber as a 

cell lysate container, a trans-chamber as an elution solution receptacle, and a 

SiNx nanofilter as the DNA extraction filter and a barrier to prevent the 

mixing of two solutions in the containers as shown in Figure 3-1 (a). The cis- 

and trans-chambers were fabricated with polytetrafluoroethylene (PTFE, 

Teflon) using CNC milling and the nanofilter (1 cm × 1 cm) was sandwiched 

between the Teflon gadgets in presence of two punched PDMS block on both 

sides. Next to the chambers, two screw threads were carved to fix the two 

Teflon gadgets and the nanofilter by tightening with screws to avoid reagent 

leakage. The assembled DNA extraction device (30 mm × 18 mm × 8 mm) is 

illustrated in Figure 3-1 (b) and the digital image of the fully assembled DNA 

extraction device with platinum (Pt) electrodes is shown in Figure 3-1 (c). 

  



 

 ５４ 

 

 

 

 

 

 

Figure 3-1. Schematic image of an electrophoretic DNA extraction device. (a) 

An enlarged view of the electrophoretic DNA extraction device with two 

CNC milled-Teflon gadgets, two bolts and nuts, and a SiNx nanofilter with 

two PDMS gaskets. (b) Assembled schematics of the electrophoretic DNA 

extraction device with a cis-chamber as a cell lysate container and a trans-

chamber as an elution buffer reservoir. (c) Digital image of the fully 

assembled electrophoretic DNA extraction device with Pt electrodes. 
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3.2.2 Nanofilter chip fabrication process 

The schematic illustration of the SiNx nanofilter fabrication process is 

described in Figure 6. Conventional semiconductor fabrication processes 

were utilized to manufacture the SiNx nanofilter. A 500 nm thick low-stress 

SiNx was deposited on a double-side polished 4-inch silicon wafer (DASOM 

RMS, South Korea) by low-pressure chemical vapor deposition (LPCVD) 

(Figure 3-2 (a)). SiNx was chosen as the membrane material due to its 

mechanical strength (8.5 on the Mohs scale, a scale of mineral hardness), 

inertness in both acidic and basic solutions, and well-established fabrication 

processes for manufacturing a freestanding membrane12. Nanoimprinting 

patterning was applied to develop the nanopore array on the SiNx nanofilter13, 

14. After spin-coating an UV curable imprint resin (MINS-511RM, Minuta 

Technology, South Korea) on one side of the wafer (Figure 3-2 (b)), a 200 

nm circular patterned polydimethylsiloxane (PDMS) imprint mold, which 

was fabricated using electron-beam lithography, was stamped on the spin-

coated imprinting resin as shown in Figure 3-2 (c). Following the imprint 

resist curing, the cured resin was etched using inductively coupled plasma 

(ICP) etcher (Oxford instrument, UK) with SF6 and CHF3 gas as an etchant 

to expose the SiNx surface (Figure 3-2 (d)). The nanopore pattern was then 

engraved on the exposed SiNx by ICP etcher with etchants including SF6, 

CHF3, and argon gas (Figure 3-2 (e)). Etching depth of the SiNx was limited 
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to 400 nm to prevent exfoliating the SiNx film from the Si-substrate during 

KOH wet etching. In order to perform the backside etching, photoresist 

(AZ5214, AZ electronic materials, Luxembourg) was spin-coated on the 

wafer backside (Figure 3-2 (e)) and developed. The exposed SiNx layer was 

removed using ICP etcher with SF6 and CHF3 gas (Figure 3-2 (g)). Following 

the Si etching using KOH (Figure 3-2 (f)), photoresist was removed with 

Piranha solution (H2SO4:H2O2 = 3:1; Figure 3-2 (g)). To make freestanding 

SiNx membrane, the Si-exposed wafer was immersed in 6 M KOH at 78 °C 

for 12 h. In order to perforate nanopore on the SiNx freestanding membrane, 

the back surface was dry etched with ICP etcher and 100 nm thick SiNx 

membrane with nanopore arrays were obtained as shown in Figure 3-2 (h). 
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Figure 3-2. Schematic of the SiNx nanofilter fabrication process (figures not 

in scale). (a) A 500 nm thick SiNx deposited by LPCVD on a double-sided 

polished 4-inch wafer. (b) Spin-coated UV-curable imprint resist. (c) Pattern 

of the nanopore array of a diameter of 200 nm on the imprint resin. (d) Dry 

etching of the imprint resin for exposing the SiNx layer. (e) Partial etching of 

the SiNx thin film using the ICP etcher. (f) Square backside SiNx opening. 

(g) Fabrication of a free-standing SiNx membrane with the KOH wet etching 

of Si. (h) Dry etching of the backside of the SiNx membrane to perforate the 

nanopore array. 
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3.2.3 Characterization of the SiNx nanofilter 

SEM image analysis was performed to characterize the circular shape and 

pore size on the prepared nanofilter (SUPRA 55VP, Carl Zeiss, Germany). 

To investigate the nanopore uniformity, image analysis was carried out with 

a commercial image analysis software (Image Pro Plus version 4.5, Media 

Cybernetics, Inc., USA). The morphology of the SiNx nanofilter was 

observed using a scanning electron microscope (SEM), as shown in Figure 3-

3. The circular shape of nanopores can be clearly observed in Figure 3-3 (a), 

which is an SEM image at 100 000× magnification with a hex- agonal array 

and 400 nm pitch. The SEM image of the SiNx nanofilter with a software-

analyzed nanopore size distribution histogram is shown in Figure 3-3 (b). A 

uniform array with an average diameter of 220 ± 5 nm was observed. The 

pore density was 7.2 pores per μm2 and the total number of nanopores was 

about 7.2 million, which were patterned on the 1 mm × 1 mm nano- pore area. 

The porosity of the nanopore array was 22.7% and the pores were uniformly 

fabricated over the entire SiNx membrane. 
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Figure 3-3. (a) SEM image of the SiNx nanofilter with a hexagonal nanopore 

array at 100 000× magnification (scale bar: 500 nm). (b) SEM image of the 

SiNx nanofilter at 20 000× magnification (scale bar: 2.5 μm) with a histogram 

of pore size distribution overlaid at 220 ± 5 nm. 
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3.3 Experimental Details 

3.3.1 Electrophoretic bacterial DNA extraction 

E. coli O157:H7 (ATCC 9637) was chosen as a model pathogen to 

confirm DNA extraction performance by the electrophoretic DNA extraction 

device. The pathogenic bacteria were cultured in 10 mL Luria-Bertani broth 

(LPS solution, Daejeon, Korea) at 37 °C until optical density at 600 nm was 

reached to 1.0, rinsed with 0.1 M phosphate-buffered saline (PBS) and 10-

fold serially diluted from 107 to 103 cells for downstream DNA extraction. 

The bacterial cells were lysed using the G-spin™ Genomic DNA Extraction 

Kit (iNtRON Biotechnology, Inc., Seongnam, Korea). The cell solution in the 

2 mL tube was centrifuged at 12,000 × g for 1 min at room temperature and 

the supernatant was removed. After adding 300 μL G-buffer solution (lysis 

buffer) to the pellet, it was submerged in 62 °C water bath for 15 min to obtain 

a cell lysate. 

To extract DNAs electrokinetically, 300 μL cell lysate and 30 μL 

Tris/Borate/EDTA (TBE) buffer was loaded in the cis- and the trans-chamber, 

respectively. After introducing Pt electrodes at each chamber, DC current was 

applied using a Keithley 237 High-Voltage Source-Measure Unit (Tektronix, 

USA) to transport DNAs from the cis- to the trans-chamber. To optimize the 
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applied voltage, the voltage was varied from 1 to 4 V and extraction time was 

also optimized by varying the operation time from 5 to 30 min. 
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3.3.2 PCR amplification of the stx2 gene 

To identify E. coli O157:H7 DNA in the extracted solution, the stx2 gene 

was targeted for performing the PCR. The recovered DNAs were amplified 

using SpeedSTAR™ HS DNA Polymerase (Takara Bio Inc., Shiga, Japan) in 

presence of a forward primer (5′-GGG CAG TTA TTT TGC TGT GGA -3′), 

a reverse primer (5′-TGT TGC CGT ATT AAC GAA CCC -3′), and a 

TaqMan probe (5′-FAM-CTA TCA GGC GCG TTT TGA CCA TCT TCG-

TAMRA-3′) on the mic Real-Time PCR system (Bio Molecular Systems, 

Australia)15. Total volume of RT-PCR reagent was 25 μL which consisted of 

2.5 μL 10× fast buffer I, 2.5 μL Speed STAR DNA Polymerase, 3.0 μL dNTPs, 

2 μL primers (0.15 μM/each) and the TaqMan probe (0.065 μM) mixture, 

1 μL extracted DNA, and water. The thermal cycling temperature for RT-

PCR conditions were as follows: an initial denaturation at 95 °C for 5 min 

followed by 40 cycles of 95 °C for 5 sec, 60 °C for 15 sec, and 72 °C for 10 

sec, and a final extension step at 72 °C for 3 min16. Fluorescence signals 

released during RT-PCR were measured at every extension step. To 

demonstrate the performance of the DNA extraction device, E. coli O157:H7 

cell lysate was produced from cells 10-fold serially diluted from 107 to 103. 

Following the DNA electrotranslocation in the lysate, the DNA in the trans-

chamber was used for RT-PCR to confirm the DNA extraction device 

capability. 
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To verify the portability of the system, DNA extraction was conducted 

using a 1.5 V AA battery (Energizer Holdings, USA). Cell lysates were 

prepared from 107, 106, 105, and 104 cells for confirming the extraction 

performance with various bacterial concentrations. The isolated DNA in the 

trans-chamber was applied for RT-PCR to analyze the extraction efficiency 

using the battery 
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3.4 Result and Discussion 

3.4.1 Optimization of voltage applied to the device 

To determine the optimum DC electric potential for DNA transportation 

on the electrophoretic DNA extraction chip, 1 to 4 V was applied to the 107 

E. coli O157:H7 cell lysate and the nanofiltered elution solution for 5 to 30 

min. The recovered DNA was amplified using RT-PCR and the results are 

shown in Figure 2. The y-axis represents the cycle threshold (Ct) value of RT-

PCR and the x-axis represents the voltage application time to the microchip. 

As shown in Figures 2a and b, the average Ct value constantly decreased over 

time until it reached 21.7, which was 3.5 cycles lower than that of Ct value 

using DNA extracted by the commercial kit (The yellow area in Figure 3-4 

indicates Ct value of amplification of DNA extracted from 107 E. coli 

O157:H7 cell using the commercial kit.) Figures 2c and d show the Ct values 

of RT-PCR at 3 and 4 V, respectively. Ct value from both experiments had 

optimum value around 15 to 20 min and after that point, Ct values increased. 

This result implies that the DNA could be damaged during the 

electroseparation by reactive oxidative ions generated by the electrochemical 

reaction. Especially, electrochemical products including hypochlorous acid 

(HOCl; the cell lysate contains chlorine ions) and hydrogen peroxide (H2O2) 

possibly damage NA, which were generated during electrophoretic DNA 
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extraction17. Production mechanism of HOCl and H2O2 at the anode is 

described as follows: 

H2O + Cl− → HOCl + H+ + 2e− 

2H2O → H2O2 + 2H+ + 2e− 

HOCl and H2O2 generation is proportional to the electric current quantity 

as shown by Faraday's laws of electrolysis. 

𝑛 = (
𝐼𝑡
𝐹)(

1
𝑧) 

where n, I, t, F, and z represent the amount of substance in moles, ionic 

current in ampere (A), constant current applying time in seconds, Faraday 

constant, and valency number of ions, respectively. To understand the electric 

current in our system, the average current for 250 s was measured at 1, 2, 3, 

and 4 V and the results are shown in Figure S1. The average electric current 

was detected to be 1.10 and 1.18 μA at 1 and 2 V, respectively. Surprisingly, 

the average electric current at 3 and 4 V was significantly increased to 9.9 and 

31 μA, respectively. This result indicates that about reactive oxidative agent 

production increased by several ten times at 3 and 4 V compared to those at 

1 and 2 V conditions, further implying that reactive oxidative ion generation 

exponentially grows with increase in electric current in the system18. To test 

the concentration of reactive chlorine ions (HOCl), a strip-based detection 
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was carried out and the results are shown in Figure S2. The HOCl ion 

concentration was higher than 25 mg/L at 3 and 4 V, while being rarely 

detected at 1 and 2 V. Therefore, 2 V is the optimum voltage for application 

to our proposed DNA extraction chip for minimizing DNA damages. 
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Figure 3-4. Ct values versus the voltage application time at (a) 1, (b) 2, (c) 3, 

and (d) 4 V. These results indicate that DNA is damaged during electro- 

chemical separation by HOCl or H2O2. This causes the Ct value inflec- tion 

point to be greater than 3 V. The yellow highlight indicates the Ct value of 

the DNA extracted from the 107 E. coli O157:H7 cells using the commercial 

kit. 
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3.4.2 DNA extraction performance of the electrophoretic DNA extraction 

device 

To demonstrate the performance of the DNA extraction chip, RT-PCR 

was carried out with the extracted DNA from different E. coli O157:H7 cell 

numbers. Following the 10-fold dilution of bacterial cell solution from 107 to 

103, cell lysis was performed. The cell lysate solution was loaded to the cis-

chamber while elution buffer was added to the trans-chamber. By applying 2 

V electricity through the Pt electrodes, DNA extraction was accomplished, 

and RT-PCR was performed with the recovered DNA to verify the relative 

extraction efficiency compared with that of a commercial kit. Prior to 

performing the RT-PCR, absorbance ratio (A260/A280) of the extracted 

DNAs were measured to be 1.75 ± 0.06 using a NanodropTM (Thermo Fisher 

Scientific, USA) spectrophotometer. As shown in Figure 3-5, the Ct value of 

the DNA extracted from 107 E. coli O157:H7 lysate by the proposed device 

(Ct value: 23.3) was similar to that of the DNA extracted by the commercial 

kit (Ct value: 24.0) within the error range. However, at the 104 cells 

population, PCR threshold of the DNA extracted by the electrophoretic DNA 

extraction device (Ct value: 32.5) was almost four cycles lower than that of 

the DNA extracted by the commercial kit (Ct value: 36.7). In addition, we 

were able to successfully detect the DNA extracted from 103 E. coli O157:H7 
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lysate with our device (Ct value: 33.8), while the commercial kit extracted 

DNA was below the detection limit. 
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Figure 3-5. Limit of detection test of the electrophoretic DNA extraction 

device using the real-time PCR with the DNA extracted from E. coli O157:H7. 

Ct values of the DNA extracted using both our device and the commercial kit 

were gradually increased with a decrease in the number of cells used for DNA 

extraction. However, the Ct value of the DNA extracted using the 

electrophoretic DNA extraction device under 105 cells was lower than that of 

the DNA extracted using the commercial kit. Moreover, the electrophoretic 

DNA extraction device can successfully isolate the DNA even from 103 cells, 

but the commercial kit cannot. 
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3.4.3 Electrophoretic DNA extraction using a battery 

One of the limitations of conventional DNA extraction system is the 

requirement of large operational equipment such as centrifuge that makes 

DNA extraction system miniaturization difficult for on-site genetic analysis 

for rapid pathogen identification. Since our system can be operated by DC 

power supply with low power consumption, we demonstrated how our 

devices work with simple household battery in Figure 3-6 (a). To construct a 

portable DNA extraction system, 1.5 V AA alkaline battery was used instead 

of the DC power supply and the electrophoretic DNA extraction was carried 

out with E. coli O157:H7 cell lysate. RT-PCR result using the extracted DNA 

is shown in Figure 3-6 (b). The Ct value of the DNA extracted from 107 E. 

coli O157:H7 lysate was 23.6, and gradually increased to 32.3 with decrease 

in the bacterial concentration, which showed similar DNA extraction 

performance compared with using DC power supply, especially at low cell 

population. These results show that our simple, physical, and electrical DNA 

extraction system could successfully isolate and concentrate the pathogenic 

E. coli O157:H7 DNA from crude cell lysate sample with low power 

consumption. In addition, alkaline battery powered DNA concentration 

affords a promise of developing a portable DNA extraction system for on-site 

pathogen identification. 
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Figure 3-6. Portability tests using the electrophoretic DNA extraction device 

driven by a 1.5 V AA battery. (a) A digital photograph of configuration for 

device portability testing. (b) The DNA obtained from E. coli O157:H7 using 

the portable system was used in the real-time PCR to ascertain its potential 

use for on-site DNA analysis. 
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3.5 Summary and Conclusions 

In summary, we have successfully developed an electrophoretic bacterial 

DNA extraction device with a nanofilter for detecting pathogenic bacteria 

with on-site DNA recovery capability. The use of the nanofilter membrane 

enables us to easily transport DNA from crude E. coli O157:H7 cell lysate to 

the elution solution by applying DC electric field, which simplifies the DNA 

extraction step and reduces the time consumption. The extracted DNA quality 

was verified by measuring the absorbances at 260 and 280 nm. RT-PCR was 

performed with the recovered pathogenic DNA to demonstrate the usability 

for downstream analysis and relative extraction efficiency compared to that 

of a commercial kit. RT-PCR results showed that the proposed DNA 

extraction device isolated and concentrated DNA from 105 or lower cell 

population better than the commercial kit used. DNA extraction was also 

accomplished using 1.5 V AA alkaline battery, which makes it possible to 

construct a portable DNA recovery system. Such an advanced 

electrophoretic-based portable DNA extraction system can be utilized for 

clinical diagnosis, pathogen detection, and forensic analysis. 
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CHAPTER 4. 

 

Improving Electrophoretic DNA Extraction 

Efficiency of Nanofilter System by Applying 

Alternative Current Electric Field 

 

  



 

 ７８ 

4.1 Introduction 

4.1.1 Limitations of previous results 

In the previous results, we proposed a method and device in which 

nucleic acids can be extracted quickly and easily by physical electrophoresis 

methods. we developed an electrophoretic DNA extraction device using a 

silicon nitride (SiNx) nanofilter, which can transport negatively charged DNA 

by applying a direct current (DC) electric field through nanopores. SiNx 

nanopore arrays having a uniform diameter of 220 nm were fabricated with 

conventional semiconductor manufacturing processes and used as DNA 

separation filters. The DC electric field was applied to the DNA extraction 

device that consists of a cis-chamber filled with cell lysates, a trans-chamber 

loaded with an elution buffer, and a nanofilter between the chambers. This 

method is very fast, simple, and does not affect the user's proficiency, does 

not require any bulky instruments, and can be operated with only one alkaline 

battery. Although electrophoretic DNA extraction using a nanofilter system 

has the number of the advantages, it has been found that the recovery rate of 

nucleic acids is as low as 10%. DNA that forms a negative charge in aqueous 

solution is moved by electrophoretic mobility, and thus the DNA flux 𝐽 is 

greatly influenced by the strength of the electric field	𝐸 acting on the DNA, 

which is directly related to the following equation. 
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𝐽 = 𝑐𝑣>0? = 𝑐𝜇@AB𝐸 

where 𝑐 is the bulk concentration of DNA, 𝑣>0? is the electrophoretic 

velocity of the DNA, and 𝜇@AB is the electrophoretic mobility of the DNA. 

Eventually, since the electric field strength is proportional to the speed and 

flux of DNA, sufficient electric field is not applied to the chamber and filter. 

  



 

 ８０ 

4.1.2 Interface between electrolyte and electrode 

The reason why the electric field is not sufficiently applied to the 

chamber and filter requires an understanding of the local situation occurring 

at the interface between the electrode and the electrolyte. Figure 4-1 shows a 

situation in which when ions in the electrolyte contact an electrode, ions from 

the opposite electrode accumulate on the surface charge of the electrode, 

forming a stern layer, and then the ions from the opposite electrode act as a 

diffuse layer to form an electric double layer (EDL)1. It is called EDL 

capacitance when it behaves like a capacitor and appears in an 

electrochemical circuit. 

In the nanofilter system, the impedance of the electrical double layer 

formed at the interface between the electrode and the electrolyte is so large 

that most of the potential drop occurs at this interface, and a sufficient electric 

field is not formed in the electrolyte, leading to a decrease in drift velocity. 

Here, using the inherent property of the impedance that decreases as the 

frequency increases, an AC field was applied instead of DC to the developed 

electrophoretic DNA extraction device to neutralize the EDL impedance. The 

condition under which the EDL impedance can be neglected was theoretically 

calculated, and EIS in the range of 0.01Hz to 1Mhz was introduced by 

configuring the electrochemical components of the nanofilter system as an 
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equivalent circuit, and each component was modeled and verified. Purity and 

concentration of recovered DNA on the microdevice were evaluated using an 

ultraviolet (UV) spectrophotometer, and real-time polymerase chain reaction 

(RT-PCR) was used to verify the adaptability of extracted DNA for the 

downstream analysis. To demonstrate the DNA extraction device portability 

for point-of-care testing, a miniaturized pulse generator was used to obtain 

high purity nucleic acids. 
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Figure 4-1. Schematic diagram of an electrical double layer created at the 

local interface between an electrode and an electrolyte. The stern layer is 

formed by collecting the counter ions of the surface charge of the electrode, 

and then the other counter ions are collected with a concentration gradient to 

form a diffuse layer. 
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4.2 EIS measurement of electrophoretic measurement  

4.2.1 Back to the basics: Electrochemical analysis of Randle circuit 

To perform EIS analysis, the impedance of the electrochemical system 

needs to be analyzed with a complex number system. Impedance is the sum 

of resistance and capacitance, and it can be expressed as the sum of the real 

part resistance 𝑅  and the imaginary part resistance 𝑗𝑋  affected by 

frequency. Therefore, the impedance can be expressed as follows. 

𝑍 = 𝑅 + 𝑗𝑋 

and each can be represented by 

𝑍 = 𝑅 

𝑍 = 1/𝑗𝑤𝐶 

For basic electrochemical analysis, consider a basic Randle circuit in 

which one resistor (Rct) and one capacitor (Cdl) are connected in parallel, and 

the other resistor (Rs) is connected in series. The total impedance is the sum 

of the impedance of the electrolyte and the EDL impedance, and if the 

capacitance component of the electrolyte is neglected, it can be expressed as 

the sum of the resistance of the electrolyte and the impedance of the electrode 

interface. 

𝑍 = 𝑍2 + 𝑍-*-CD7+E- = 𝑅2 + 𝑍-*-CD7+E- 
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Since Cdl and Rct are connected in parallel, the interface impedance 

(Zelectrode) can be expressed as follows. 

1
𝑍-*-CD7+E-

=
1
𝑍CD

+
1

𝑍𝐶E*
=

1
𝑅CD

+
1

(𝑗𝜔𝐶E*)!$
=

1
𝑅CD

+ 𝑗𝜔𝐶E* 

Summarized as follows, 

𝑍-*-CD7+E- = (
1
𝑅FD

+ 𝑗𝜔𝐶E*)!$ =
𝑅CD

1 + 𝜔 2𝑅CD' 𝐶E*'
−

𝜔𝑅CD' 𝐶E*
1 + 𝜔 2𝑅CD' 𝐶E*'

𝑗 

Therefore, the real part and imaginary part of the system impedance are 

each described as follows. 

𝑍G- = 𝑅2 +
𝑅CD

1 + 𝜔 2𝑅CD' 𝐶E*'
 

𝑍HI = −
𝜔𝑅CD' 𝐶E*

1 + 𝜔 2𝑅CD' 𝐶E*'
 

In other words, the impedance of the system varies depending on the 

input frequency and EDL capacitance and Rct accordingly.  
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4.2.2 Equivalent circuit of the electrophoretic nanofilter device 

Electrochemical Impedance Spectroscopy (EIS) is a widely used 

technique to assess the electrical performance of electrode interfaces. The 

method involves application of a small sinusoidal voltage (or current) to the 

electrode of interest and measurement of system response (current or voltage) 

in terms of amplitude and phase angle. After sweeping a range of frequencies, 

the properties of electrode systems (i.e., the resistive and capacitive character 

of the surface and solution) are obtained by fitting the impedance data to an 

equivalent circuit. A schematic diagram showing the components of the 

electrophoretic nanofilter system is shown in the Figure 4-2 (a) including cis-

chamber with lysate, a trans-chamber with a clean buffer solution, two Pt 

electrodes in each chamber, and a nanofilter chip in between. These can be 

interpreted as electrochemical components and EIS was introduced to analyze 

them. Figure 4-2 (b) shows the electrical equivalent models for the 

electrophoretic DNA extraction device. When performing EIS analysis, it is 

very easy to handle when the electrochemical system is analyzed as a complex 

number system, because complicated differential and integral calculations are 

not required. As suggested in Fig. 2b, an equivalent circuit model of the 

electrical behaviors consistent with the three components was constructed, 

including the dielectric capacitance (Cdi) of the solution surrounding the 

electrodes; the resistance of the solution (Rs); and the parallel connection of 
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resistance and capacitance of interfacial double layer (Rct, Cdl), which is the 

interfacial impedance of the electrode and solution. The membrane area of 

the nanofilter chip is about 1 mm x 1 mm, and the capacitance in 100 mM 

KCl electrolyte is about 2 nF, but the resistance is about 100 ohms, which is 

very low compared to the resistance of other components, so this set 

connected in parallel can be ignored.  
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Figure 4-2. (a) Schematic diagram of the elements constituting the nanofilter 

system (b) The equivalent circuit of the nanofilter system for electrochemical 

analysis 
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Typically, the impedance spectrum of an electrolyte solution can be 

separated into three different regimes, i.e., the double-layer region, solution-

resistance region and dielectric region, depending on the dominant circuit 

elements in the specific frequency range2, 3. Since the impedance of the 

nanofilter is very low, it can be neglected in the equivalent circuit. If the 

remaining components are arranged, the equivalent circuit can be represented 

as shown in Figure 4-3, which includes the constant phase element (ZCPE), the 

resistance of the electrolyte (RS), and the dielectric capacitance (Cdi). The 

constant phase elements (ZCPE), which is the interfacial impedance of a double-

layer capacitance between the electrode and solution. The ZCPE of the double-

layer region was dominantly expressed in the low-frequency range. The 

solution resistance (Rs) can be observed in the intermediate-frequency range, 

namely, a peak in the phase signal corresponding to the plateau in the Bode 

plot can be relevant in this region. The peak point in the phase appears at a 

relatively low frequency for a high-resistance solution and shifts to the high-

frequency region for a low-resistance solution. The dielectric capacitance Cdi 

is a capacitance representing the dielectric behavior of water 
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Figure 4-3. Simplified equivalent circuit of nanofilter system. The constant 

phase element (ZCPE), at low frequencies, the resistance of the electrolyte (RS), 

at intermediate frequencies, and the dielectric capacitance (Cdi) at high 

frequencies. 

  

ZCPE

CDi

RS

ZCPE



 

 ９０ 

4.2.3 EIS measurement of the electrophoretic nanofilter device 

Figure 4-4 (a) shows the impedance of the system according to the 

frequency for each concentration of KCl from 1mM to 1M, and three areas in 

which the slope changes for each concentration are clearly shown. As shown 

in Figure 4-4 (b), the frequency characteristics of the electrophoretic 

nanofilter device clearly show three different regimes: the double-layer 

region, solution resistance region, and dielectric region. The phase shift of 

80−90° reveals the capacitive behavior which confirms the presence of 

capacitance of EDL in low frequency range. In the intermediate frequency 

region where phase change hardly occurs, the resistance characteristics of the 

aqueous solution appear, and dielectric capacitance of the solution 

surrounding the electrodes appears in the higher frequency region. From the 

equivalent circuit model, the total impedance of this circuit can be expressed 

as the following equation 

𝑍,6,D-I = (
1

𝑍F0> + 𝑅2
+ 𝑗𝜔𝐶E4)!$ 

In other words, when the interface impedance decreases, the impedance 

of the entire system decreases, and the potential applied to the electrolyte is 

relatively increased due to this effect. As a result, the electrophoretic velocity 

and flux of DNA increase. 
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Figure 4-4. EIS analysis of nanofilter system. (a) Impedance characteristics 

of the system according to the frequency of each electrolyte concentration in 

which three different sections are clearly visible. (b) phase angle 

characteristics according to the frequency of each electrolyte concentration.  



 

 ９２ 

4.2.4 Non-linear fitting of phase plots for quantitative analysis 

For a more quantitative analysis, three different phase plots (1, 10, 100 

mM KCl) were shown in Figure 4-5 (a) and non-linearly fitted by following 

equation based on the equivalent circuit model (Figure 4-5 (b-d)) 

𝜃 = tan!" &
𝑍#$
𝑍%&

( 

= tan!" )
𝐶'(𝜔"!),4 + 𝐵*𝑅+*𝜔*)1 + 4𝐶'(𝐵𝑅+𝜔 ∙ cos 6

𝛽𝜋
2 : + 2𝐵 ∙ sin 6

𝛽𝜋
2 :

𝐵 6𝐵𝑅+𝜔) + 2cos 6𝛽𝜋2 ::
< ×

180°

𝜋  

which is derived as follow: 

The constant phase elements are affected by the roughness of the 

electrode and this can be expressed as.2 

𝑍-./ =
1

𝐵(𝑗𝜔)) 

where ω is the angular frequency, B is the inverse of the absolute value 

of ZCPE at ω = 1, and β is the fractional exponent related to the electrode 

topography. 

Using Euler’s identity, 

𝑖0 = E𝑒(
1
*G
0
= 𝑒(0

1
* = cos H𝛼

𝜋
2J + 𝑖 sin H𝛼

𝜋
2J 

results in, 

𝑍-./ =
cos H𝛽 𝜋2J
𝜔)𝐵 + 𝑖

sin H𝛽 𝜋2J
𝜔)𝐵  
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from the equivalent circuit model, 

𝑍234!" =
1

2 ∙ 𝑍-./ + 𝑅+
+ 𝑗𝜔 ∙ 𝐶'( 

𝑍234!" =
1 + 𝑗𝜔 ∙ 𝐶'((2 ∙ 𝑍-./ + 𝑅+)

2 ∙ 𝑍-./ + 𝑅+
 

𝑍234 =
2 ∙ 𝑍-./ + 𝑅+

1 + 𝑗𝜔 ∙ 𝐶'((2 ∙ 𝑍-./ + 𝑅+)
=

&2 cos(𝛽𝜋 2⁄ )
𝜔)𝐵 − 𝑗 2 sin(𝛽𝜋 2⁄ )

𝜔)𝐵 ( + 𝑅+

1 + 𝑗𝜔 ∙ 𝐶'( &
2 cos(𝛽𝜋 2⁄ )

𝜔)𝐵 − 𝑗 2 sin(𝛽𝜋 2⁄ )
𝜔)𝐵 + 𝑅+(

 

When the real part and the imaginary part are separated, 

𝑍234 =
&2 cos(𝛽𝜋 2⁄ )

𝜔)𝐵 + 𝑅+( + 𝑗 &−
2 sin(𝛽𝜋 2⁄ )

𝜔)𝐵 (

&1 + 𝜔 ∙ 𝐶'(
2 sin(𝛽𝜋 2⁄ )

𝜔)𝐵 ( + 𝑗𝜔 ∙ 𝐶'( &
2 cos(𝛽𝜋 2⁄ )

𝜔)𝐵 + 𝑅+(
 

For convenience, let 𝑋 = * 567()1 *⁄ )
;!<

, 𝑌 = * =>5()1 *⁄ )
;!<

+ 𝑅+ 

𝑍234 =
[𝑌] + 𝑗[−𝑋]

[1 + 𝜔 ∙ 𝐶'(𝑋] + 𝑗[𝜔 ∙ 𝐶'(𝑌]
 

To remove complex numbers in the denominator, let 𝑎 = 1 + 𝜔 ∙ 𝐶E4𝑋, 𝑏 =

𝜔 ∙ 𝐶E4𝑌, 𝑐 = 𝑌, 𝑑 = −𝑋 

𝑍234 =
𝑐 + 𝑗𝑑
𝑎 + 𝑗𝑏 =

(𝑐 + 𝑗𝑑)(𝑎 − 𝑗𝑏)
(𝑎 + 𝑗𝑏)(𝑎 − 𝑗𝑏) =

𝑐𝑎 + 𝑏𝑑 + 𝑗(𝑏𝑐 − 𝑎𝑑)
𝑎* + 𝑏* = 6

𝑐𝑎 + 𝑏𝑑
𝑎* + 𝑏*: + 𝑗 6

𝑏𝑐 − 𝑎𝑑
𝑎* + 𝑏*: 

𝜃 = tan!" &
𝑍#$
𝑍%&

( ×
180°

𝜋 = tan!" U
H𝑏𝑐 − 𝑎𝑑𝑎* + 𝑏*J

H𝑐𝑎 + 𝑏𝑑𝑎* + 𝑏*J
V ×

180°

𝜋 = tan!" &
𝑏𝑐 − 𝑎𝑑
𝑐𝑎 + 𝑏𝑑( ×

180°

𝜋  

𝑍#$
𝑍%&

=
(𝜔 ∙ 𝐶'(𝑌)(𝑌) − (1 + 𝜔 ∙ 𝐶'(𝑋)(−𝑋)
(𝑌)(1 + 𝜔 ∙ 𝐶'(𝑋) + (𝜔 ∙ 𝐶'(𝑌)(−𝑋)

=
𝜔 ∙ 𝐶'(𝑌* + 𝑋 +𝜔 ∙ 𝐶'(𝑋*

𝑌 + 𝜔 ∙ 𝐶'(𝑋𝑌 − 𝜔 ∙ 𝐶'(𝑋𝑌

=
𝑋 +𝜔 ∙ 𝐶'([𝑋* + 𝑌*]

𝑌  

If the values of X and Y defined previously are assigned, 
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𝑍#$
𝑍%&

=

2sin 6𝛽𝜋2 :

𝜔)𝐵 + 𝜔 ∙ 𝐶'(

⎣
⎢
⎢
⎡
Z
2 sin 6𝛽𝜋2 :

𝜔)𝐵 [

*

+Z
2cos 6𝛽𝜋2 :

𝜔)𝐵 + 𝑅+[

*

⎦
⎥
⎥
⎤

2 cos 6𝛽𝜋2 :
𝜔)𝐵 + 𝑅+

 

𝑍!"
𝑍#$

=

2sin '𝛽𝜋2 *

𝜔%𝐵 +𝜔 ∙ 𝐶&' 01
2

𝜔%𝐵2
(
𝑠𝑖𝑛( '𝛽𝜋2 * + 1

2
𝜔%𝐵2

(
𝑐𝑜𝑠( '𝛽𝜋2 * + 4𝑅):

cos '𝛽𝜋2 *

𝜔%𝐵 = + 𝑅)(>

2 cos '𝛽𝜋2 *

𝜔%𝐵 + 𝑅)

 

𝑍!"
𝑍#$

=

2sin '𝛽𝜋2 *

𝜔%𝐵 +𝜔 ∙ 𝐶&' 01
2

𝜔%𝐵2
(
?𝑠𝑖𝑛( '𝛽𝜋2 * + 𝑐𝑜𝑠

( '𝛽𝜋2 *@ + 4𝑅):
cos'𝛽𝜋2 *

𝜔%𝐵 =+ 𝑅)(>

2 cos '𝛽𝜋2 *

𝜔%𝐵 + 𝑅)

 

𝑍#$
𝑍%&

=

2sin 6𝛽𝜋2 :

𝜔)𝐵 + 𝜔 ∙ 𝐶'( )H
2

𝜔)𝐵J
*
+ 4𝑅+ Z

cos 6𝛽𝜋2 :

𝜔)𝐵 [+ 𝑅+*<

2 cos 6𝛽𝜋2 :
𝜔)𝐵 + 𝑅+

 

When both the denominator and the numerator are multiplied by	𝜔J𝐵', 

𝑍#$
𝑍%&

=

2𝐵 ∙ sin 6𝛽𝜋2 : + 𝜔 ∙ 𝐶'(,𝜔
)𝐵*1 )H 2

𝜔)𝐵J
*
+ 4𝑅+ Z

cos 6𝛽𝜋2 :

𝜔)𝐵 [+ 𝑅+*<

2𝐵 cos 6𝛽𝜋2 : + 𝐵
*𝑅+𝜔)

 

𝑍#$
𝑍%&

=
2𝐵 ∙ sin 6𝛽𝜋2 : + 4𝐶'(𝜔

"!) + 4𝐶'(𝐵𝑅+𝜔 ∙ cos 6
𝛽𝜋
2 : + 𝐵

*𝑅+*𝐶'(𝜔)?"

2𝐵 cos 6𝛽𝜋2 : + 𝐵
*𝑅+𝜔)

 

𝑍#$
𝑍%&

=
𝐶'(𝜔"!),4 + 𝐵*𝑅+*𝜔*)1 + 4𝐶'(𝐵𝑅+𝜔 ∙ cos 6

𝛽𝜋
2 : + 2𝐵 ∙ sin 6

𝛽𝜋
2 :

𝐵 6𝐵𝑅+𝜔) + 2cos 6𝛽𝜋2 ::
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𝜃 = tan!" &
𝑍#$
𝑍%&

(

= tan!" )
𝐶'(𝜔"!),4 + 𝐵*𝑅+*𝜔*)1 + 4𝐶'(𝐵𝑅+𝜔 ∙ cos 6

𝛽𝜋
2 : + 2𝐵 ∙ sin 6

𝛽𝜋
2 :

𝐵 6𝐵𝑅+𝜔) + 2cos 6𝛽𝜋2 ::
< ×

180°

𝜋  

The fitted values of the parameters of the derived equation are shown in 

Table 4-1. 
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Figure 4-5. Non-linear fitting result of nanofilter system analyzed by EIS. 

(a) phase angle characteristics according to the frequency of each 

electrolyte concentration. (b-d) fitting of phase shift at 1 mM, 10 mM and 

100 mM respectivly  
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Conc. Of 

KCl [mM] 
Cdi [pF] R [kΩ] B [S-βΩ-1] β 

1 2.17 132 2.55x10-5 0.85 

10 1.98 15.4 3.19 x10-5 0.85 

100 1.70 1.52 3.69 x10-5 0.85 

 

Table 4-1. Parameter values obtained by non-linear fitting the phase angle 

according to the frequency of each electrolyte concentration to the derived 

equation.  
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4.3 Performance enhancement 

4.3.1 Frequency effect 

A simple calculation was introduced to theoretically understand the 

effect of the interface impedance being neglected by the input frequency.4 

Assuming a situation in which a DC voltage is suddenly applied to two 

electrodes, charge relaxation time (charging time) is 

𝜏( = 𝜆(' 𝐷⁄  

for diffusion with a diffusivity 𝐷 across one Debye screening length,  

𝜆( = e
𝜀𝑘𝑇

2𝑧'𝑒'𝐶K
 

  where 𝐶K  is the average solute concentration, 𝑘  the Boltzmann’s 

constant, 𝑇  the temperature, 𝑒  the electronic charge, and 𝜀  the 

permittivity of the solvent. More generally, when Faradaic reactions take 

place, the diffuse charge changes more slowly, with a geometric variable 

acting on two electrodes with a distance of 2𝐿, which is usually 

𝜏L = 𝐿' 𝐷⁄  

𝜏( and 𝜏L are combined into a harmonic mean,  

𝜏F = N𝜏(𝜏L =
𝜆(𝐿
𝐷  
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If the Debye screening length in 100mM KCl is about 10-9 (m), the 

distance between electrodes is about 10-2 (m), and the effective diffusivity 

2x10-9 (m2/s) is substituted, the charging time is about 0.02 seconds. In other 

words, double layer charging can be avoided by applying AC over 50Hz, 

which is in good agreement with our experimental results. 
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4.3.2 Performance enhancement 

To demonstrate the performance improvement, nucleic acids were 

extracted for each number of different E.coil cells and real-time PCR was 

performed. E.coil cells were diluted ten times from 107 to 103, and then cell 

lysis was performed using a commercial lysis buffer. The cell lysate solution 

was loaded to the cis-chamber while the elution buffer was added to the trans-

chamber. By applying a 2 V DC and 2V offset voltage with 50 mV amplitude 

at 10,000 Hz of AC electric potential through the Pt electrodes, DNA 

extraction was accomplished, and the real-time PCR was performed on the 

recovered DNA to verify its relative extraction efficiency compared with that 

of the DNA obtained using the commercial kit. Prior to performing the real-

time PCR, the absorbance ratio (A260/A280) of the extracted DNAs was 

found to be 1.76 ± 0.07 using a NanoDrop™ (Thermo Fisher Scientific, USA) 

spectrophotometer.  

As shown in Figure 4-6, the Ct value of DNA extracted from 107 E. coli 

lysate using AC field was similar to that of the commercial kit (Ct value: 13.4) 

with the values being within the error range. But in the 104 population, PCR 

threshold of the DNA extracted by the electrophoretic DNA extraction device 

under AC filed (Ct value: 25.7) was almost four cycles lower than that of the 

DNA extracted by the commercial kit (Ct value: 29.1), while At DC voltage, 
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Ct value was higher than other methods up to 104 population. No PCR 

threshold was detected by using an unfiltered lysate (used as a negative 

control) in all cell populations. 
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Figure 4-6. Limit of detection test of the electrophoretic DNA extraction 

device using the real-time PCR with the DNA extracted from E. coli bacteria 

for each extraction method (DC, AC, commercial kit). Ct values of the DNA 

extracted using both our device and the commercial kit were gradually 

increased with a decrease in the number of cells used for DNA extraction. In 

all cell numbers, the AC condition had better PCR efficiency than the DC 

condition. Compared to the commercial kit, the AC condition had similar 

extraction efficiency at a higher cell number, but the smaller the cell number, 

the better the extraction efficiency of the nanofilter system. 
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4.4 Experimental Details 

4.4.1 Electrical impedance characterization 

A ZIVE BP2C (WonATech, South Korea) electrochemical workstation was 

used to apply bias at 0 V DC and a sine-modulated AC potential with a 50 

mVpp amplitude for measurement over the frequency range from 0.01 Hz to 

1 MHz. KCl solutions of concentrations from 1 mM to 1 M were filled with 

200 ul and 50 ul, respectively, in the two chambers with the nanofilter chip in 

between. Pt electrodes were inserted into each chamber to expose the aqueous 

solution. Finally, the sensor was enclosed by an aluminum foil box to 

minimize external noise during measurement of the bulk solution electrical 

impedance. 
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4.4.2 Electrophoretic bacterial DNA extraction 

E. coli bacteria was chosen as a model pathogen to confirm DNA extraction 

performance by the electrophoretic DNA extraction device. Pathogenic 

bacteria were cultured and collected in 2mL tube until the optical density at 

600 nm reached 1.0, rinsed with 0.1 M phosphate-buffered saline (PBS) and 

10-fold serially diluted from 107 to 103 cells for downstream DNA extraction. 

The bacterial cells were lysed using the G-spin™ genomic DNA extraction 

kit (iNtRON Biotechnology, Inc., Seongnam, Korea). The cell solution in the 

2 mL tube was centrifuged at 12,000 G for 1 min at room temperature and the 

supernatant was removed. After adding 300 μL of the G-buffer solution (lysis 

buffer) to the pellet, it was submerged in a 62 °C water bath for 15 min to 

obtain a cell lysate. To extract DNAs electrokinetically, 300 μL of the cell 

lysate and 40 μL of the Tris/borate/EDTA (TBE) buffer were loaded in the 

cis- and the trans-chambers, respectively. After introducing Pt electrodes at 

each chamber, DC current was applied using a Keithley 237 high-voltage 

source-measure unit (Tektronix, USA) and AC current was applied using 

Agilent 81110A pulse/pattern generator (Keysight Technologies, USA) with 

set to 2V offset voltage with 50 mV amplitude at 10,000 Hz to transport 

DNAs from the cis- to the trans-chamber. 
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CHAPTER 5. 

 

Summary and Conclusions 
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The final goal of this work is to develop a device and verify its 

performance to make the sample preparation (nucleic acid extraction) process 

easier and faster for the molecular diagnosis of pathogens. To achieve this 

purpose, research was started on a solid-state single nanopore structure and 

expanded to a multiple nanopore structure, which was used as a separator for 

nucleic acid extraction. Beginning with solid state nanopore research, a 

microchannel was formed with PDMS with excellent insulating properties to 

reduce electrical noise, one of the important technical issues, and the PDMS 

microchannel was used as a substrate. The PDMS microchannel was 

manufactured by micro contact printing technique with SU-8 mold, and the 

free-standing SiNx membrane was transferred and used as a sensing 

membrane. As a result, 15.1 pA IRMS noise was achieved under a 100 kHz 

filter condition, which is more than 25 times lower noise than the 

conventional silicon substrate-based nanopore device. In addition, owing to 

the hydrophobicity of PDMS, the adhesion force acts in the opposite direction 

to the translocation of DNA, increasing the translocation time of DNA. As a 

result, a translocation time of 51 ms was achieved under 200 mV conditions, 

which is more than 20 times longer than a translocation time of about 2.5 ms 

of a typical SiNx nanopore. Finally, for visual verification, fluorescence-

stained lambda DNA was used, and it was confirmed that lambda DNA with 
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a gyration radius of about 550 nm was stretched to about 6 to 7 um and passed 

through the nanopores.  

Expanding single nanopore to multiple-nanopore structure, the 

electrophoretic nucleic acid preparation system using the nanofilter 

membrane device was proposed. The purpose of this system is to extract and 

enrich nucleic acids of biomaterials while minimizing the migration of 

impurities that are larger than the pore size, form a positive charge, or form a 

negative charge less than that of the nucleic acid. To optimize the extraction 

voltage and time, the lysate of E. coli bacteria was used, and the detection 

limit was found while diluting the concentration of the bacterial cell, and it 

was confirmed that the PCR efficiency is up to 5 cycles better than the 

conventional commercial kit. 

Finally, the nucleic acid extraction performance was improved through 

electrochemical analysis of the previously developed electrophoretic 

nanofilter system. The characteristics of the electrical double layer formed at 

the interface between the electrode and the electrolyte were identified through 

EIS analysis, and when DC bias was applied, approximately 90% of the 

electric field was consumed in the EDL. This EDL is used as a capacitor 

whose impedance decreases as the applied frequency increases in the 

electrochemical circuit. By applying AC bias instead of DC bias, the 
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impedance of EDL could be neutralized, and as a result, up to five times 

higher extraction efficiency was achieved. 

Although the proposed research topics have made assumptions and results 

can be derived through a systematic and scientific approach as possible, 

undoubtedly, there are future works that must be resolved for all these three 

research themes to be practical or used in real life. For example, reducing the 

width of the PDMS microchannel can further reduce electrical noise or 

maximize the stretch effect of DNA. The nanofilter system for nucleic acid 

extraction could also be improved with a more fancy and easy-to-use design 

of the Teflon gadget. However, the ideas of all these research themes were 

clearly presented and approached with sufficient consideration of scientific 

and engineering aspects, covering a wide range in nucleic acid extraction 

research. 
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국 문 초 록 

 

본 학위논문에서는 수인성 병원체의 분자진단을 위한 핵산추출(시료 전

처리)과정부터, 핵산을 단분자 수준에서 검출하는 솔리드 스테이트 나노

포어 플래폼 (solid-state nanopore platform)에 대해 논의한다. 구체적으

로, 나노포어 연구에서 가장 중요하게 생각되는 기술적인 이슈 중 하나

인 민감도 향상에 대해 논의되었는데, 시간 해상도(temporal resolution) 

향상과 신호대잡음비 (signal to noise ratio(SNR)) 향상을 포함한다. 이 기

술적 이슈에 대한 이전 연구 결과들을 이 학위논문에 요약하였고, 이 연

구들을 기반으로 나노포어 디바이스의 민감도 향상을 이룬 디바이스를 

개발하였다. 전해질 속에서 음전하를 띄는 핵산이 전기장에 의해 이동한

다는 기본적인 물리력을 기반으로, single nanopore에서 multiple 

nanopore 구조로 확장하여, 이것을 시료전처리 과정의 핵산추출을 위한 

분리막으로 사용하고자 했던 시도들도 이 학위논문에 소개되었고, 이 디

바이스를 나노필터 칩 (nanofilter chip) 으로 명명하였다. 핵산추출 성능

의 평가요소로 여겨지는 요소(순도, 회수율, 검출 한계)들이 알아보고, 각

각의 평가요소를 상용 핵산추출 키트와 비교하였다. 더 나아가서, 이 나

노필터 디바이스의 전기화학적 분석을 통해 핵산추출 성능을 향상시킨 

내용도 다루었으며, 상용 멤브레인 필터를 핵산추출용 나노필터 멤브레

인으로 사용할 수 있음을 밝혔다. 

1장은 서론으로, 수인성 병원체의 분자진단을 위한 핵산추출에 대한 간

략한 설명을 기술하였다. 순도가 높은 DNA를 얻어야 하는 이유를 설명

하고 기존 상용 핵산추출 키트의 원리를 설명한다. 나노포어 연구의 관

점에서, 나노포어 디바이스를 이용하여 전기역학적 유동에 의해 DNA를 

검출하는 방법을 소개한다. 

2장은 PDMS 미세유체회로(microchannel) 과 DNA의 소수성 상호작용을 

이용하여 추가적인 부착력을 유도하여 DNA가 나노포어를 지나가는 시
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간을 증가시켜 나노포어 디바이스의 민감도를 향상시킨 내용을 소개한다. 

미세접촉프린팅 (micro-contact printing)기법을 이용한 미세유체회로를 

제작하는 방법, 수십 나노미터 두께의 실리콘나이트라이드(SiNx) 멤브레

인을 미세유체회로에 전사하는 방법을 기술하였으며 널리 사용되는 이온

빔(ion-beam)이나 전자빔(electron-beam) 스퍼터링이 아닌 절연파괴

(dielectric breakdown) 방법을 이용한 나노포어 형성 방법을 소개한다. 

완성된 나노포어 디바이스의 전기적 분석을 통해 100 kHz low-pass filter 

조건에서 12.6 pA의 낮은 전기적 노이즈를 달성하였고, PDMS 미세유체

회로와 DNA의 소수성 상호작용을 통해 200 mV에서 51 ms의 통과시간

(translocation time)을 달성할 수 있었다. 

3장에서는 single nanopore에서 multiple nanopore 구조로 확장하여 이

를 병원체의 분자진단을 위한 시료전처리용 핵산 추출 나노필터 멤브레

인으로 사용하고자 하였던 내용을 소개한다. 100 nm 두께의 1x1 mm2 크

기의 free-standing 실리콘 나이트라이드 멤브레인에 나노임프린트 기술

과 건식식각(dry etching), 습식식각(wet etching) 과 같은 반도체 제조공

정을 이용하여 220 nm 지름의 나노포어 배열구조를 형성하여 나노필터 

칩을 제조하는 방법을 소개한다. 제작한 나노필터 멤브레인을 이용하여 

대장균(Escherichia coli O157:h7) 박테리아의 세포용해물에서 유전체를 직

접 추출하였다. 최적 추출 조건을 찾기 위해 1~4 V 범위의 인가 전압에

서 실험이 진행되었고, 2 V를 초과하는 전압에서는 전극에서 생성되는 전

기화학 반응에 의해 과산화수소(H2O2) 와 하이포아염소산(HOCl) 이 발생

하여 추출된 DNA를 손상시키는 것을 확인하였다. 박테리아의 농도별 핵

산 추출 실험과 기존 상용 키트와의 비교를 통해 검출한계를 알아내었고, 

기존 상용 키트 대비 최대 3 사이클 PCR 효율이 높은 것을 확인하였다. 

4장에서는 앞서 개발한 핵산추출용 나노필터 시료전처리 장치의 전기화

학적 분석을 통해 그것의 성능을 향상시킨 내용이 소개되었다. 전극과 

수용액의 계면에서 형성되는 전기이중층(electrical double layer, EDL)이 

전기화학적 요소들로 분석되었고, 전기장이 EDL에서 90% 이상 소모되어 
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챔버와 필터에 충분한 전기장이 인가되지 않아 핵산추출 효율이 10% 내

외로 떨어지는 것을 확인하였다. 인가 주파수가 커지면 임피던스가 작아

지는 캐패시터처럼 행동하는 EDL의 특성을 이용하여 교류전류를 인가하

여 계면의 저항을 낮추었다. 그 결과 챔버와 필터에 걸리는 전기장이 10

배 이상 증가하였고 이로 인하여 DNA의 추출 효율을 다섯 배 이상 향

상시킬 수 있었다. 

이 학위논문을 통해서 시료전처리를 위한 핵산추출부터, 핵산을 솔리드

스테이트 나노포어 플랫폼을 이용하여 검출하기까지 병원체 분자진단의 

토탈 솔루션을 위한 초석을 마련할 수 있을 것이다. 
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