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Abstract 
 

Mechanically robust solid-state nanopores have the potential to be the next generation 

DNA sensing platforms. However, mass production and limited base-calling accuracy are the 

hurdles for solid-state nanopore based DNA sensing. In order to solve these problems, a polymer 

dual-nanopore device fabricated via high throughput nanoimprint lithography (NIL) was proposed 

to sequence DNA by time-of-flight (ToF) measurement. As a proof of concept, this study presents 

mononucleotides discrimination via ToF measurement using polymer in-plane dual-nanopore 

device. 

First, fabrication of polymer in-plane nanopore with controllable dimensions was studied 

in consideration of experimental conditions and materials selection. Then, surface charge density 

effect on DNA translocation through in-plane nanopore was studied numerically and 

experimentally using fabricated nanopore devices on PEGDA, PMMA and COC. λ-DNA sensing 

was only observed in PEGDA device with a surface charge density lower than the threshold surface 

charge density predicted by COMSOL simulation.  

With demonstrated single molecule sensing ability, mononucleotides were introduced to 

PEGDA dual-nanopore with 500 nm flight tube and discriminated under various conditions. At 

pH 8.0, mononucleotides were driven by eletrophoretic motion and their ToF was in a decreasing 

order of dGMP > dAMP > dCMP > dTMP. At pH 10.0, mononucleotides were driven by 

electroosmotic flow (EOF) due to a higher surface charge density on nanochannel walls and ToF 

was in the same order as pH 8.0 with an average identification accuracy of 55%. Dual-nanopore 

device with 1 μm flight tube was then used to improve the average identification accuracy to 75%. 

Finally, dGMP and dTMP in a mix solution were dicriminated by their ToF difference. 
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Chapter 1. Introduction 

1.1 General background 

In 2015, President Obama announced the “Precision Medicine” project, which aims to 

provide individual patients personalized medical treatment, especially for genetic related diseases, 

for example, cancer. In order to achieve this goal, we have to collect genetic information not only 

from single patient but millions of people to build up a database. However, it is not an easy work. 

Here are some facts: it took the Human Genome Project (HGP) 10 years to sequence a single 

human genome. Today, even with the latest technology, it still takes several days and couple 

thousands of dollars to do the same thing. DNA sequencing is still far from a routine clinical 

application. We desperately need a faster and cheaper sequencing platform and nanopores are the 

promising tools. 

A nanopore is a nanoscale opening with high sensitivity. Over the past thirty years, 

nanopore-based DNA sequencing platforms have drawn increasing attention due to their label free, 

long-read and low cost features. The sequencing mechanism is straightforward: a negatively 

charged DNA molecule is driven toward a nanopore filled with conductive electrolyte under an 

external electric field and ionic current through the nanopore is measured at the same time; when 

the DNA molecule is present in the nanopore, ion transport is temporarily blocked, which leads to 

a measurable ionic current change; biological information of DNA molecule can be revealed by 

analyzing the ionic current data. In recent years, many works have been done to improve the 

performance of nanopore-based DNA sequencing platforms. However, large-scale device 

fabrication, precise DNA motion control and high base-calling accuracy are still the three main 

hurdles for practical application of nanopore-based DNA sequencer. In order to overcome these 

drawbacks, we present the development of polymer-based in-plane dual-nanopore device for DNA 

sequencing via time-of-flight (ToF) measurement.    
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1.2 Goals and objectives of this study 

The goal of this study is to develop a new DNA sequencing platform, a polymer-based in-

plane dual-nanopore device to discriminate deoxy-nucleoside monophosphates (dNMPs). The in-

plane dual nanopore device is fabricated on polymer materials via high throughput nanoimprint 

lithography (NIL), which solves the mass fabrication problem. DNA is sequenced base by base 

after digestion by enzyme, therefore DNA motion is precisely controlled by enzyme activity 

(which is not the focus of this work). When a released DNA base passes through two pores, it 

triggers two current change signals and the time delay between two signals indicates the base’s 

mobility. The four DNA bases A, T, G and C are distinguished by their mobility difference in 

addition to current drop and dwelling time, which enhances the base-calling accuracy.  

This study has three objectives: the first is to present the fabrication of dual-nanopore 

device with controllable pore size on polymer substrates via NIL; the second is to demonstrate 

DNA sensing and dNMPs discrimination ability using fabricated device; and the third objective is 

to study DNA/dNMPs translocation mechanism and optimize system performance by 

manipulating factors such as the device design, buffer system and polymer surface properties.        

1.3 Outline of manuscript 

This manuscript has seven chapters and the brief overview of each chapter is shown below.  

Chapter 1 serves as an introduction and states the goal and objectives of this study. 

Chapter 2 is a review of DNA sequencing technologies, from widely used next generation 

DNA sequencing (NGS) technologies to the third generation DNA sequencing (TGS) technologies 

with single molecule resolution. Among TGS technologies, nanopore-based DNA sequencing 

technology is promising due to its label-free, long-read and low cost features. Four emerging 

nanopore-based sensing companies are also introduced to provide some insights for academic 
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research. From the evolution of nanopore-based sequencing technologies, we find mass production, 

single base resolution and DNA motion control are still three main hurdles, especially for solid-

state nanopores. In order to solve these problems, we propose to fabricate polymer in-plane dual-

pore device for DNA sequencing by time of flight (ToF) measurement. 

Chapter 3 focuses on how to make polymer-based nanopore device via NIL and how to 

control the nanopore dimensions. The fabrication process consists of four steps: Si master mold 

fabrication, UV-resin mold replication, imprinting and thermal bonding. Nanopore dimensions are 

initially defined by Si master mold via FIB milling bitmap mode. High replication fidelity is 

required for UV resin mold fabrication and polymer substrate imprinting by selecting UV-resin 

properly. Nanopore dimensions can be further reduced by reflow process during thermal bonding. 

Chapter 4 serves as a proof of concept by demonstrating single molecule sensing ability of 

polymer in-plane nanopore. λ-DNA was successfully translocated and detected by polymer in-

plane single nanopore device. Besides, DNA translocation dynamics was studied by considering 

surface charge density of polymer materials. A COMSOL continuum model was first built to 

predict the threshold surface charge density for DNA translocation. In order to verify simulated 

results, DNA translocation was confirmed optically and electrically in nanopore device with 

surface charge density lower than the predicted surface charge density. Based on experimental 

results, we expect to detect mononucleotides by in-plane nanopore device with smaller pore size. 

Chapter 5 demonstrates mononucleotides (dGMP, dAMP, dCMP and dTMP) detection and 

discrimination using polymer based dual-nanopore devices. There are several factors which affect 

the measured ToF and sensing resolution: pH of the buffer system, flight tube length and driving 

voltage. Such factors were studies and discussed based on experimental results. Besides, 
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mononucleotides translocation mechanism through in-plane nanopore was discussed with the help 

of COMSOL simulation.  

Chapter 6 presents surface charge density reduction of polymer substrates by using 

multivalent salts. For mononucleotides translocation, although they are not like λ-DNA with 

flexible, long chain, we still observed pile-up issue in front of nanopore. In order to solve this issue, 

we tried to manipulate substrates’ surface charge by introducing multivalent metal-containing salt. 

Bivalent salt MgCl2 and trivalent salt AlCl3 were studied by comparing their surface charge density 

reduction efficiency for COC, PMMA and PEGDA nanofluidic devices. 

Chapter 7 provides an outline for future work, which will be helpful to get a better 

knowledge of the mechanism of biomolecule translocation through in-plane nanopore and to 

improve the sensing platform resolution: (1) DNA translocation kinetics through in-plane 

nanopore: in-plane nanopore is different with traditional solid-state nanopore, till today, there is 

no study focusing on the DNA translocation kinetics through in-plane nanopore by considering 

factors such as diffusion, entropy barrier, effective driving force, selective transport and DNA 

length; (2) Signal/nanopore correlation: determining which peak from which pore to assist data 

collection. Possible solutions could be designing dual pore with different dimension or using three-

electrode system. (3) ToF data analysis: provide some insights for designing software for ToF data 

analysis. 
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Chapter 2. Nanopore-Based DNA Sequencing Technologies 
 

2.1 Introduction: Evolution of DNA sequencing technologies 

DNA molecules contain important genomic information and a full understanding of such 

information would inspire early diagnosis and precision medicine discovery [1-4]. In order to 

reveal the genomic information in DNA molecules, the Human Genome Project (HGP) was 

launched in 1990. And the first draft of human genome sequence was completed in 2001. It was a 

great but labor-intensive work due to the Sanger sequencing method used at that time. Four years 

later, the high throughput next generation sequencing (NGS) platform Roche/454 was introduced, 

followed by the Illumina system and the Ion Torrent system [4]. Since then, the cost of DNA 

sequencing decreased dramatically and in 2014 Illumina claimed to achieve “the $1000 genome” 

goal set by National Institutes of Health (NIH) [5].  

Though the NGS platforms are making whole genome sequencing routine, they still have 

some drawbacks. First of all, the cost reduction comes from the huge capital investment on 

expensive high-performance sequencer. For example, the $1000-per-genome cost calculation for 

Illumina’s Hiseq X Ten system is based on the use of ten systems over four years, which is a total 

investment of $ 82 million for capital and running costs. Secondly, due to the lack of single 

molecule sequencing ability, all the NGS platforms rely on PCR amplification to generate enough 

signal, but the PCR process can introduce inaccuracy in the sequencing [4, 6]. In order to overcome 

such drawbacks, third generation sequencing (TGS) platforms with different sensing mechanisms 

have been developed by Helicos BioSciences Corporation, Pacific Biosciences and Oxford 

Nanopore Technologies since 2010. Compared with NGS platforms, TGS platforms have single 

molecule sequencing ability, so the PCR process is no longer needed and they can perform DNA 

sequencing with longer reads, shorter times and lower costs.  
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Among all of the TGS platforms, the nanopore-based DNA sequencer is unique and the 

most promising. For nanopore-based DNA sequencing, natural DNA without any manipulation 

can be sequenced while driven through the nanopore under a certain voltage bias. In the early 

1990s, Daniel Branton and David Deamer conceived the idea of using a biological nanopore (α-

hemolysin) for DNA sequencing [7]. In the paper they published in 1996, they successfully 

detected homopolymers of RNA by measuring the ionic current [8]. Since then, biological 

nanopores have become an emerging and promising tool for DNA sequencing. In 2012 Oxford 

Nanopore Technologies (ONT) released their first portable DNA sequencer MinION and they 

started to ship their devices to users for tests in 2014. According to the phase 2 data released by 

the company in 2017, this $1000 sequencer achieves a single read accuracy of 97% for a 2D 

experiment [9]. Though this accuracy is still insufficient for real medical applications, it is 

reasonable to believe that it will have better performance with further improvement on DNA 

motion control and base-calling software. Meanwhile, Oxford Nanopore Technologies collaborate 

with solid-state nanopore researchers, trying to overcome the hurdles for solid-state nanopore’s 

application to DNA sequencing [10, 11]. In the long term, solid-state nanopores would be a good 

alternative to biological nanopores due to their superior mechanical, chemical and thermal stability, 

and the potential to reduce the cost further [12].  

In the beginning of this chapter, NGS and TGS technologies and the leading companies 

were summarized. Then we focused on the traditional nanopore-based technologies, and the 

achievements and challenges were summarized and discussed. In the last part, we propose a single 

molecule sequencing method based on time of flight (TOF) measurement. In this way, four 

mononucleotides, dAMP, dTMP, dGMP, dCMP can be distinguished by TOF (mobility) in 
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addition to ionic current drop and dwell time. If combined with exonuclease, DNA molecules can 

be sequenced in real-time, base by base after digestion [13].   

2.1.1 Next generation sequencing (NGS) technologies 

One main purpose of the HGP was to reveal ‘life’s instruction book’ by whole genome 

sequencing [14]. However, due to the limitations of Sanger sequencing, the genome information 

researchers got from HGP was not enough to provide guidance to medical application. In order to 

achieve the initial goal, much more DNA samples need to be sequenced in a much faster and less 

expensive way [1, 14]. In 2004, 454 Life Sciences (acquired by Roche in 2007 and shut down by 

Roche in 2013) introduced the first commercial NGS platform Genome Sequencer FLX [15]. NGS 

platforms are still the main force for DNA sequencing in academia and genetic service companies.  

Though the detection mechanism varies, all NGS platforms follow a similar wash-and-scan 

process. Before this process, thousands of short DNA strands are immobilized on the flow cell 

(Illumina genome sequencer) or amplification beads (Roche/454 FLX pyrosquencer, Applied 

Biosystems SOLiD sequencer and Ion Torrent sequencer) to create strands or clusters by PCR, 

which amplifies the signals generated [16]. Four nucleotides are then introduced (nucleotides 

probes for SOLiD) for incorporation and the signals generated during the synthesis reaction are 

scanned. Residual reagents are washed away and the wash-and-scan process is repeated until the 

reaction ends. A summary of four widely used NGS platforms and their comparison with Sanger 

sequencing are shown in Table 2.1 and Table 2.2. More information related to NGS platforms’ 

sequencing mechanism, performance comparison and cost analysis can be found in Ref. [15-19]. 
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Table 2.1. Summary of four wide spread NGS technologies 

 

Table 2.2. Comparison of NGS platforms and Sanger sequencing platforms 

 
 

 
 

Figure 2.1. (a) Sequencing cost per Million bases. Wetterstrand KA. DNA Sequencing Costs: Data 

from the NHGRI Genome Sequencing Program (GSP) Available 

at: www.genome.gov/sequencingcostsdata. Accessed 08/20/2017 (b) DNA sequencing market 

size and shares using NGS platforms. 

In the sequencing market, cost is the key to winning. From Table 2.2, it is clear that NGS 

platforms reduce the sequencing cost dramatically (from $2400 per million bases to as low as 

Platform Current company Initial company Sequencing mechanism Claim to fame [17] 

Roche/454 
Roche 

(shut down by Roche in 2013) 
454 

Synthesis 
(pyrosequencing) 

First Next-Gen Sequencer, 
Long reads 

Illumina Illumina Solexa Synthesis 
First short-read sequencer; 

current leader in advantages 

SOLiD ThermoFisher Scientific Applied Biosystems Ligation 
Second short-read sequencer; 

low error rates 

Ion Torrent ThermoFisher Scientific Ion Torrent 
Synthesis 

(H+ detection) 
First Post-light sequencer; 

first system <$100 000 

Sequencer 
Roche/454 GS FLX 

[17, 18] 

Illumina HiSeq 2500 v4 

[17, 18] 

SOLiD 5500xl  

[17, 18] 

Ion Torrent Proton  

[17, 18] 
Sanger 3730xl [16] 

Read length 700 bp 100 bp (SE) 75 bp (SE) Up to 200 bp (SE) 400 ~ 900 bp 

Error profile 0.1%, indel 0.1 %, substitution ≤0.1%, A-T bias 1%, indel 99.999% 

Reads 1 M 3 G 1.4 B 60 ~ 80 M - 

Time/run 23 Hours 5 Days 10 Days 2 ~ 4 Hours 20 Min ~ 3Hours 

Cost/ 

Million bases $10 $0.045 $0.13 $0.08 $2400 

Advantage Read length, fast High throughput Accuracy Fast, optical free 
High quality, long 

read 

Disadvantage 
High cost, low 

throughput 
Short read assembly Short read assembly Error rate [19] 

High cost, low 

throughput 

https://www.genome.gov/sequencingcostsdata
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$0.08) due to their high throughput. The competition in NGS platfroms almost came to an end 

when Roche shut down its R&D for the FLX sequencer. As reported in Figure 2.1(b), Illumina, 

Ion Torrent and Qiagen (a German company focusing more on NGS platform clinical applications) 

are the remaining players in this game [18]. Among the platforms mentioned above, Ion Torrent 

is unique due to its state-of-art semiconductor technology. Electrical signal detection has higher 

efficiency and also reduces the hardware (laser, CCD camera) and reagent cost. In fact, the time 

cost and reagent expense can be reduced further if the PCR step and wash-and-scan process can 

be avoided. To achieve this, single molecule real time sequencing ability is the step in the right 

direction [4, 6, 20].   

2.1.2 Third-generation sequencing (TGS) technologies  

There is considerable work to define the TGS technologies in different ways [6, 21, 22]. 

Here we consider TGS technologies to be capable of single molecule sequencing and long reads. 

With single molecule sequencing ability, TGS platforms skip the PCR process which is required 

by all previous technologies. Therefore, longer reads, shorter sample preparation times, lower error 

rates and lower costs can be achieved [4, 6]. Single molecule sequencing ability can be achieved 

in three ways: (1) optical detection of DNA synthesis with fluorescence labeled nucleotides as 

building blocks (Helicos Biosciences Corporation and Pacific Biosciences); (2) nanopore-based 

DNA sequencing (Oxford Nanopore Technologies, Genia, acquired by Roche in 2014 and IBM); 

(3) direct imaging DNA molecules with advanced microscopy technologies (ZS Genetics, Halcyon 

Molecular) [4, 6].  

Helicos Biosciences was the first company to launch a commercially available sequencer 

with single molecule sequencing ability. Its sequencing process (wash-and-scan) is similar to 

Illumina’s platform, but without any bridge PCR amplification. However, its short read length, 
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high error rate (3-4%) and high cost prevented its final success and the company filed for 

bankruptcy in 2012 [4, 6, 22].  

Pacific Biosciences with its single-molecule real-time (SMRT) sequencing technology is 

now the leading force (less than 10%, see Figure 2.1(b)) [18] in the sequencing market competing 

with well-developed NGS platforms. Zero-mode waveguide (ZMW) technology makes real-time 

sequencing possible [6, 23]. With this technology, DNA strands can be sequenced base by base in 

real time with a high signal to noise level, which saves running time and cost per run as well. 

In 2014, Oxford Nanopore Technologies released their first commercially available 

biological nanopore-based portable DNA sequencer. Its fluorescence-free, long read, low cost and 

portability features make it a promising candidate for the fourth generation DNA sequencing 

technologies. Details about the mechanism, development and challenges of nanopore-based 

sequencing are discussed below. A summary and comparison of TGS platforms is shown in Table 

2.3. 

Table 2.3. Comparison of TGS platforms (HiliScope and Illumina Synthetic Long-read are not 

considered as TGS platforms here, shown for comparison) 

 

  

Sequencer 
Pacific Biosciences 

Sequel [24] 
Oxford Nanopore 

MinION [24] 
HeliScope [6] 

Illumina Synthetic  
Long-read 

Read length 8 ~12 K bp Up to 200 K bp Up to 55 bp ~ 100 K bp 

Error profile NA 7.5% for 2D “pass” read 3 ~ 5%  0.1 %, substitution 

Reads ~ 350000 >100,000 NA 3 G 

Time/run 0.5 ~ 6 Hours Up to 48 Hours Up to 8 Days 5 Days 

Cost/Million bases NA $ 0.75 NA $ 1 

Advantage Long read 
Longer read,  

fluorescence-free 

Single molecule 

sequencing 
High throughput 

Disadvantage Fluorescence needed Error rate 
Short read length  

Wash-and-scan process 
PCR needed,  

fluorescence needed 
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2.2 Nanopore-based DNA sequencing: toward the fourth generation 

The idea of using nanopore as sensor for DNA sequencing was proposed by Daniel Branton 

and David Deamer in the early 1990s [7, 25]. In 1996, they demonstrated the detection of 

homopolymers of RNA by measuring the ionic current [8]. Their results indicated nanopores could 

be a promising tool for DNA sequencing. During the past two decades, more than 900 papers have 

been published related to this area [26]. The landmark for nanopore-based DNA sequencing was 

the launch of ONT’s first commercial available biological nanopore-based DNA sequencer 

MinION in 2012. It has made impressive achievements with five years’ further development [9, 

27, 28].  

The principle for nanopore-based sensing technology originated from the Coulter counter. 

Charged biomolecules are driven through a nanopore filled with conductive electrolyte by a bias 

voltage. When the biomolecules pass through the nanopore, they can trigger electric signals, which 

are related to their physical and chemical properties. By statistical studies on the amplitude and 

duration of these signals, different biomolecules can be distinguished. For DNA sequencing, if the 

four nucleotides A, T, G, C can be distinguished when they pass through the pore then the DNA 

strand is sequenced.  

Though the sequencing principle is straightforward, there are two long-standing hurdles 

for nanopore-based DNA sequencing technologies: (1) fast translocation speed of DNA; (2) single 

base resolution from the recorded signal [10, 29]. Recent advances in nanopore-based sequencing 

technologies to overcome such challenges are reviewed by the nanopore type, sequencing 

approach (strand sequencing, exonuclease-sequencing and sequencing by synthesis) [30] and 

detection modality (ion current, tunneling current, conductance) [31].  
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2.2.1 Biological nanopores  

2.2.1.1 Biological nanopore types 

Biological nanopores are pore-forming proteins, which can be found naturally in cell 

membranes acting as ion or molecular transport channels. Mass production of biological nanopores 

has been achieved by employing standard biology techniques. The purified products have 

homogeneous well-defined pore sizes and they can be modified easily with advanced biology 

techniques. There are three commonly used biological nanopores: α-hemolysin, MspA and Phi 29, 

α-hemolysin and MspA nanopores are usually used for DNA sequencing.  

These protein nanopores are usually set in non-conductive lipid bilayer to form the 

reservoir-pore-reservoir configuration for DNA sequencing. The lipid bilayer is fragile and not 

stable at extreme working conditions [11, 32]. One alternative is to use a non-conductive polymer 

membrane as a supporting substrate, which has been used in ONT’s MinION sequencer. The 

summary and comparison of these biological nanopores are shown in Table 2.4. 

Table 2.4. Summary and comparison of three commonly used biological nanopores 

(table continued)  

 

Nanopore type 
Structure and dimensions 

of the nanopore [33] 
Working conditions Supporting substrate Molecules detected 

α-hemolysin 

 

Less than 100℃, 

pH 2 ~ 12 [34] 
Lipid bilayer 

Self-assemble 
ssDNA, RNA, 

small molecules 

MspA 

 

Maintain at 100℃ 

For 30 min, 
pH 0 ~14 [35] 

Lipid bilayer 

Self-assemble 
ssDNA, RNA 
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2.2.1.2 DNA sequencing by biological nanopores 

DNA can be sequenced by biological nanopores using three approaches: (1) strand 

sequencing, (2) exonuclease-sequencing, (3) sequencing by synthesis. For all three approaches, 

ionic current is the detection signal. 

2.2.1.2.1 Strand sequencing  

Single strand DNA is driven through biological nanopore under bias voltage and the 

presence of a DNA molecule in the pore leads to temporary ionic current change. By analyzing 

the ionic current change, DNA sequence can be determined. In order to achieve this, there are three 

requirements [10, 36]: (1) single strand DNA should be threaded into nanopore with high 

efficiency; (2) the motion of single strand DNA should be slow enough to make sure single 

nucleotides can be detected; (3) the nanopore should have enough sensitivity to distinguish single 

nucleotides using the ionic current change. 

DNA capture rate can be enhanced by manipulating the surface charge on the biological 

nanopore walls [37, 38]. As illustrated in Figure 2.2, negative charges on the nanopore walls 

introduce an electroosmotic flow (EOF) opposite to the DNA motion direction, which reduces the 

capture rate and increases the drag force during translocation. By adding positive charge point 

mutations to the biological nanopores, DNA capture rate can be increased even with low driving 

voltages.   

Nanopore type 
Structure and dimensions 

of the nanopore [33] 
Working conditions Supporting substrate Molecules detected 

Phi 29 

 

NA 

Lipid bilayer 

Two-step approach 

required [33] 

ssDNA, dsDNA, 

peptides and 
possibily small 

proteins 
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Figure 2.2. Double strand DNA translocation through nanopore. Driving force by electric field 

and drag force by EOF are two main forces affecting DNA translocation.  

Fast translocation speeds (3,000-50,000 nt/ms) [39] are challenge for DNA strand 

sequencing. DNA motion can be controlled in several ways, such as protein motors (DNA 

exonucleases and DNA polymerases), driving voltage and electrolyte viscosity. For biological 

nanopores strand sequencing, DNA translocation can be controlled well by polymerase motor. As 

shown in Figure 2.3, DNA polymerase from Phi 29 can process DNA at a rate of one nucleotide 

every ten milliseconds or slower when it extends DNA primer to synthesis [40, 41]. ONT uses a 

similar mechanism for their commercial MinION sequencer [28]. 

 

Figure 2.3. Stranding sequencing with motion control by Phi 29 DNA polymerase (brown). An 

α-hemolysin (grey) is inserted in a lipid bilayer and the DNA substrate (red backbone) is inserted 

into the pore by an electric field and polymerase activity.  

For strand sequencing, high sensitivity means that the nanopore should be small and thin 

enough to ensure both spatial and longitudinal resolution. Four nucleotides can be discriminated 

with high accuracy by modified α-hemolysin [42, 43] (shown in Figure 2.4(a)) and MpsA 
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nanopores [44, 45], but it is impossible to produce a simple 1-base/ 1-current output. Several bases 

make contributions to the ionic current change [10, 36] and special algorithms are needed to 

analyze the data. 

                      

Figure 2.4. (a) Single-channel recording from the 

WT(M113R/N139Q)6(M113R/N139Q/L135C)1- am6amDP1bCD pore showing dGMP, dTMP, 

dAMP and dCMP discrimination, with coloured bands (three standard deviations from the centre 

of the individual Gaussian fits) added to represent the residual current distribution for each 

nucleotide. (b) An illustration comparing the relative seized of α- hemolysin (αHL) (orange), 

MspA (green), solid-state (purple), and graphene nanopores (gray).  

2.2.1.2.2 Exonuclease-sequencing 

As presented in Figure 2.5, Bayley et al. [46] demonstrated four nucleotides released by 

exonuclease can be distinguished by a modified α-hemolysin nanopore. Compared with strand 

sequencing, exonuclease-sequencing can produce 1 base/ 1 current output, which makes the data 

analysis straight forward. But untill now, no data has been shown regarding DNA sequencing with 

this method and there are still some challenges to overcome: (1) the enzyme should remain active 

under a strong electric field and high salt concentration [47, 48]; (2) the enzyme digestion rate 

should be more controllable [30, 31, 49]; (3) the enzyme location should be close to the nanopore 

mouth in order to ensure all nucleotides can be captured and detected through the nanopore [46, 

48]. Several simulation works have been published to facilitate the design of the enzyme-nanopore 

complex with 100% capture rates [50, 51] and more experimental work is needed to improve this 

approach. 

http://dict.cn/algorithm
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Figure 2.5. Exonuclease-sequencing. An exonuclease (pale blue) attached to the top of an α-

hemolysin pore through a genetically encoded (deep blue), or chemical, linker sequentially 

cleaves dNMPs (gold) off the end of a DNA strand (in this case, one strand of a double-stranded 

DNA). 

2.2.1.2.3 Sequencing by synthesis   

As shown in Figure 2.6 (a) and Figure 2.6 (b), Genia (acquired by Roche in 2014) offers 

an alternative way to sequence single DNA strands by combining the advantages of strand 

sequencing and exonuclease-sequencing. A DNA polymerase is attached directly to a wild type α-

hemolysin nanopore mouth and nucleotides with unique PEG tags pass through the nanopore 

during DNA synthesis [30]. In this way, template DNA motion is controlled by the DNA 

polymerase and one tagged nucleotide makes a contribution to the ionic current change at one time.  

 

 
Figure 2.6. (a) Sequencing by synthesis. (b) Long sequence read from nanopore array. During the 

sequencing, a nucleotide appears to be captures several times before the incorporation of the next 

nucleotide. Such stuttering can be reduced by changing experimental conditions. 
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Their preliminary result (shown in Figure 2.6(b)) is promising but there is still significant 

optimization work to do. Reaction conditions need to be optimized to prevent the “stuttering” issue 

(the same nucleotide passed the nanopore several times) and base call accuracy can be increased 

further by polymer tag development.  

2.2.2 Solid-state nanopores 

With the help of advanced micro/nano fabrication technologies, the first solid-state 

nanopore with single-nanometer precision was reported in 2001 [52], and since then the popularity 

of solid-state nanopores is growing. Compared with biological nanopores, solid-state nanopores 

have several advantages: (1) solid-state nanopores have tunable sizes from sub-nanometer to tens 

of nanometers for different applications; (2) solid-state nanopores are mechanically robust and 

stable under various electrolyte concentrations, pH and temperature conditions; (3) solid-state 

nanopores can be chemically modified and integrated with sophisticated electronics.  

In this section, different types of solid-state nanopores, their fabrication technique, and 

recent practice/challenges toward DNA sequencing by solid-state nanopores are summarized. 

2.2.2.1 Solid-state nanopore types 

2.2.2.1.1 Si based nanopores 

SiO2 and Si3N4 nanopores are the most commonly used and studied solid-state nanopores. 

Such nanopores are drilled on very thin (20- 30 nm) low-stress SiO2 and Si3N4 film deposited on 

Si substrates by electron beam or ion beam, as demonstrated in Figure 2.7.  

In 2001 Golovchenko et al. from Harvard first demonstrated the fabrication of synthetic 

nanopores by ion beam sculpting process [52]: materials on the surface was sputtered away by an 

ion beam to form a nanometer scale pore at the bottom of the resulting bowl shaped cavity. A 

feedback system monitors the pore size in real time by counting the transmitted ions. Furthermore, 
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their experiments indicated nanopores could enlarge or shrink dependent on temperature, cycle 

time and ion flux [52].  

 

                         
                                    

Figure 2.7. (a) Solid-nanopore fabrication by ion sculpting process. (b) Solid-state nanopore 

fabrication by standard silicon processing and transmission electron microscopy (TEM). 

In 2003 Dekker et al. from Delft proposed an alternative approach based on standard silicon 

processing and transmission electron microscopy (TEM). During this process, a small pre-defined 

SiO2 nanopore (smaller than membrane thickness) was fabricated by wet etching or direct TEM 

then the nanopore size could be reduced further because SiO2 flows and reshapes near the pore 

when exposed to high intensity electron beam drilling [53, 54]. Compared with ion sculpting, this 

approach allows more precise specification of pore size, which can be monitored easily by TEM 

imaging in real-time [55]. The cross-section of the nanopore fabricated by this method is hour-

glass shaped as obtained from microscopy tomography [54]. The total resistance of such solid-

state nanopore is modeled as a sum of channel resistance and access resistance [56].  

2.2.2.1.2 Al2O3 nanopore 

Compared with Si based nanopores, Al2O3 nanopores have better performance in terms of 

noise level, DNA capture and DNA motion control [25]. Al2O3 nanopore can be manufactured on 

metal oxide membranes using the same method as Si based nanopores. Such nanopores could 

reduce the DNA translocation speed by enhancing the electrostatic and hydrodynamic interaction 
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between DNA and nanopore [57]. An alternative approach is to deposit Al2O3 on Si based 

nanopores with atomic layer deposition (ALD) system. The thin Al2O3 layer could decreases the 

nanopore size further, reduce the 1/f noise level and increase the DNA capture rate due to the 

positive surface charge on the wall [58].  

2.2.2.1.3 Solid-State nanopores with embedded nanogap electrode  

For solid-state nanopore based DNA sequencing, DNA motion control is still a main 

challenge. One possible way to slow down DNA translocation speed is to locate one pair of 

electrodes with nanogap directly at the nanopore aperture [59]. These transverse electrodes can be 

used to sequence DNA by measuring the tunneling current during DNA translocation. Early work 

on DNA imaging by scanning tunneling microscopy (STM) demonstrated that the four dNMPs 

have their own distinct tunneling current signatures [60, 61]. Kawai and coworkers demonstrated 

dNMPs and oligomers can be sequenced by nanogap Au electrode in a free solution [62, 63]. No 

data has been reported regarding DNA sequenced by tunneling current while driven through 

nanopores by an electric field.  

The bottleneck for this method is the low throughput device fabrication. The nanogap 

electrodes can be fabricated by traditional e-beam lithography [59, 64] or by mechanical/electrical 

breakdown [62, 63]. The nanopore is usually drilled right in between the electrodes by the ion 

beam or e-beam. Also, nanogap electrodes can be damaged during experiments [59, 64].  
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2.2.2.1.4 Monolayer nanopores 

Compared with the nanopores mentioned above, monolayer nanopores are very thin 

(thickness ~ 0.335 nm), which is close to the gap between two adjacent base pairs. Thus, high 

longitudinal resolution can be achieved if monolayer nanopores are used for DNA strand 

sequencing. Monolayer nanopores can be fabricated from graphene [65], BN and MoS2 [39] by 

TEM drilling. Figure 2.8 presents another promising monolayer, graphene based nanopore. 

Schneider et al. detected double stranded DNA via a graphene nanopore [65] and later they 

modified the graphene nanopore with a hydrophilic layer coating to prevent the clogging during 

translocation [66]. One more advantage of the graphene nanopore is that DNA strand can be 

sequenced by both ionic current and tunneling current (conductance) due to the electrical 

properties of the graphene. Several simulation works have been published related to dynamic and 

electronic transport properties of DNA/nucleotides translocating through graphene nanopores, but 

no experimental data has been published [67-71].  

 

                                   

Figure 2.8. (a) DNA sequencing by graphene nanopore, ionic current measurement scheme. (b) 

DNA sequencing by graphene nanopore, tunneling current measurement scheme.  

In a recently published paper, Feng et al. identified four single nucleotides in a MoS2 

nanopore [39]. This is the first experiment to show single nucleotides identification in solid-state 

nanopore by measuring the ionic current. This work indicates DNA can be sequenced by MoS2 
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nanopores in the same way as biological nanopores (stranding sequencing and exonuclease-

sequencing) did.  

2.2.2.2 Challenges for DNA sequencing by solid-state nanopores 

            For solid-state nanopores DNA sequencing, most research focused on strand sequencing 

approach, either by ionic current measurement or tunneling current measurement. Here, we focus 

on the current challenges for DNA strand sequencing in solid-state nanopores. Though dNMPs 

detectability has been demonstrated by solid-state nanopores [39, 63], single base resolution, 

DNA motion control and nanopore size variations are still three main challenges for solid-state 

nanopore sequencing. 

2.2.2.2.1 Single base resolution 

Si based nanopores are the most commonly used solid-state nanopores and their fabrication 

technologies are well developed [72]. Small nanopores with size comparable to biological 

nanopores are drilled on SiO2 or Si3N4 membranes with tens of nanometer thickness. Compared 

with the distance between adjacent DNA base pairs, such long nanopores have poor longitudinal 

resolution for strand sequencing. There are several methods to reduce the membrane thickness 

such as e-beam [73], ion beam [74] and plasma thinning [75]. The cross-section shape of the drilled 

nanopore can be controlled by electron beam size. As illustrated in Figure 2.9, with electron beam 

becomes wider, the nanopore cross-section profile changes from cylindrical shape to a compressed 

hourglass shape [55], which has a shorter pore length. However, these passive methods cannot 

solve the resolution issue completely. 
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Figure 2.9. Si nanopore cross-section profile chages from cylinder shape to hour glass shape, 

depending on electron beam spot size. 

An alternative way is to fabricate nanopores in monolayer material such as graphene, BN 

and MoS2 as we discussed above. dNMPs detection has been demonstrated in MoS2 nanopores 

[39] but no DNA sequencing data have been published.  

2.2.2.2.2 DNA motion control 

For a double stranded DNA (dsDNA), the typical translocation speed in a solid-state 

nanopore is about 30 base pairs per microsecond under a few hundred millivolts, which is beyond 

the capability of current data acquisition systems [10, 76, 77]. There are two major approaches to 

control long DNA translocation through solid-state nanopores: (1) nanopore surface modification 

and adjustment of experimental condition for voltage-driven DNA translocation (2) protein motor 

controlled DNA ratcheting. 

For voltage-driven DNA translocation, the translocation velocity of dsDNA can be 

expressed as [76]:  

 

𝜐 = 𝜀
𝜁𝑑−𝜁𝑤

𝜂
𝐸,  (1)                                                                                                                                       

 

where 𝜀 is the dielectric constant of the electrolyte, 𝜂 the viscosity of the electrolyte, 𝜁𝑑  and 𝜁𝑤 the 

zeta potentials on the DNA and pore surfaces respectively, and 𝐸 the biasing electric field. Based 

on Equation 2.1, DNA translocation speed can be slowed down by increasing the frictional force 
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during DNA translocation, adjusting the zeta potentials on the DNA and nanopore surfaces or 

reducing the electric field.  

Table 2.5. Forces affecting double-stranded DNA translocation. 

 
 

According to Table 2.5, electrophoretic driving force and hydrodynamic drag force are the 

two main forces affecting DNA translocation. By increasing the buffer solution viscosity, the DNA 

translocation velocity can be reduced. It was demonstrated dsDNA translocation velocity was 

reduced 5 to 6 times in a 1:1 glycerol-water mixture [77]. MD simulation shows ssDNA 

translocation velocity can be reduced 10 times in a 1:2 glycerol-water solution [76]. In addition to 

the hydrodynamic friction force, contact friction between a DNA molecule and nanopore surface 

can reduce the DNA translocation velocity further. Hydrophilic self-assembled monolayer (SAM) 

coatings can slow down DNA translocation velocity and increase capture rate by enhancing the 

interaction between dsDNA and Si3N4 nanopore [78].  

Zeta potential of a charged surface is determined by its surface charge density [79]. 

Effective surface charge density of dsDNA is affected by electrolyte concentration. According to 

MD simulation results, for mono- or di-valent electrolyte, dsDNA translocation speed decreases 

with increasing ion concentration [76]. Surface charge density of solid-state nanopore walls can 

be tailored by chemical surface modification or controlled by integrated gate electrode [80]. 

Negative surface charges introduce EOF, which slows down DNA translocation.  

Low electric field is preferred to slow down DNA translocation but the driving voltage 

should be higher than a certain threshold value to ensure efficient DNA capture. As presented in 
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Figure 2.10, MD simulation shows ssDNA can be trapped within nanopore by alternating bias 

electric field [81] and single base resolution can be achieved by precise bias voltage control. An 

alternative is to trap DNA within a DNA transistor device [82]. MD simulation shows ssDNA can 

be ratcheted through a nanopore one nucleotide at a time. The challenge for this method is metal 

layer thickness control, cutting-edge fabrication techniques such as atomic layer deposition (ALD) 

are required. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. MD simulation of DNA trapped within nanopore with embedded alternative 

electrodes. 

Ratcheting ssDNA through nanopore has been realized by attaching a Phi-29 DNA 

polymerase at α-haemolysin nanopore mouth. Similar idea can be applied to solid-state nanopores. 

However, no experimental data have been released regarding this method. One possible reason is 

that locating enzymes precisely at solid-state nanopore mouth is challenging. Also, for both 

polymerase and exonuclease assist DNA motion control, the most important thing is to find 

suitable enzymes which can keep active under nanopore measurement conditions. Moreover, for 

exonuclease assisted DNA motion control, 100% detection efficiency is required for released 

nucleotides.  
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2.2.2.2.3 Nanopores size variations    

With the help of advanced biological technologies, well-defined biological nanopore 

dimension can be produced on a large-scale. On the contrary, solid-state nanopores are fabricated 

using low throughput methods and the nanopores sizes could be different. Since the ionic current 

blockage is sensitive to nanopore size, robust sequencing of DNA with high base calling accuracy 

is hard to achieve with such variation.  

One way to overcome pore size variation effect on detection accuracy is to distinguish 

different biomolecules by their mobility instead of their current blockade signature. Pedone and 

co-workers introduced a pore-cavity-pore (PCP) device to study the escape behavior of 

nanoparticles and DNA [83, 84]. A smaller Si3N4 nanopore (~ 50 nm diameter), a pyramidal cavity 

and a larger Si nanopore (~ 160 nm diameter) were fabricated as analyte entrance, trap and exit. 

Fluorescence labeled λ-DNA molecules were electrically driven through the Si nanopore and 

trapped the in pyramidal cavity after turning off the external electric field. The trapped DNA 

molecule can escape by diffusion from the Si nanopore in several seconds, which was observed by 

fluorescence microscopy.  

Jacobson et al., fabricated an in-plane dual-nanopore device on a Si substrate to detect 

hepatitis B virus (HBV) capsids [85]. The device consisted of two nanopores (50 nm wide, 50 nm 

deep and 40 nm long and a 2 μm long flight tube. When single HBV capsid is driven through the 

two nanopores, it triggered ionic current blockades with downward or upward peaks on current-

time trace) in series. By analyzing peak-to-peak time duration, electrophoretic mobility of analyte 

was calculated and different analytes can be distinguished based on that.  
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2.3 Emerging nanopore-based sensing companies 

The idea of using nanopores for biomolecules sensing can be traced back to the 1990s. 

After more than 20 years of research and development, the challenges of DNA sequencing by 

biological nanopores have been overcome by academic laboratories [28, 36]. One milestone for 

nanopore-based sensing technologies is the launching of Oxford Nanopore’s first portable DNA 

sequencer MinION in 2014 and since then many emerging companies are working on delivering 

maturing nanopore technologies for routine clinical application. In this section, we introduce four 

companies and their products, which provide some insights for academic researchers. Oxford 

Nanopore Technologies (ONT) and Genia Technologies are companies working on biological 

nanopores. Two Pore Guys and iZON Science are working on Si-based nanopores and polymer-

based, respectively. More information about emerging companies in this field can be found on 

https://www.thenanoporesite.com/companies.html. 

2.3.1 Oxford Nanopore Technologies (ONT) 

Oxford Nanopore Technologies was founded in 2005 and initially worked on exonuclease-

sequencing [36, 86]. The company abandoned this approach in mid-2011 [46] due to an arbitration 

proceeding initiated by Illumina (San Diego). The company transferred its focus to strand 

sequencing after having support from academic laboratories. In 2012, the company announced the 

success of DNA strand sequencing using nanopores and two years later they launched the first 

commercial USB type nanopore sequencer MinION. With four years development, the accuracy 

of a 2D read can reach up to 97% [9]. Methylation [87] and structural variatians [88] in cancer can 

also be detected. With its long read, portability and affordable features, many groups have used 

ONT devices for their own research (even in Antarctic Valleys) and reported device performance 
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for its further improvement [89-91]. In addition to DNA sequencing, ONT has expanded its 

application and service to RNA sequencing, protein sensing, and water testing.  

  

Figure 2.11. Portable, USB-size MinION from ONT 

(https://nanoporetech.com/products/minion); Schematic image showing DNA sequencing by 

biological nanopore, dsDNA (orange), adapter (green), nanopore (blue) and lipid layer (grey).  

As shown in Figure 2.11, each ONT device contains hundreds of biological nanopores. 

Prior to sequencing, an adapter is ligated to DNA, which facilitate DNA capture and motion control. 

Upon captured by nanopore, DNA is fed through by the adapter (enzyme) on millisecond time 

scale. Though DNA motion is well-controlled by the enzyme, multiple bases make contribution to 

current output, therefore special base-calling software [28, 92] is required to decode the current 

change data.  

In the long term, ONT keeps seeking for new materials including mutant, adapter and 

nanopore materials to improve their device performance. They are collaborating with researchers 

to study solid-state nanopores, hybrid nanopores, integrated sensors and graphene nanopores. 

2.3.2 Genia Technologies 

After shutting down 454 Life Sciences, Roche returned to the sequencing game by 

acquiring Genia Technologies in 2014. As mentioned above, Genia developed the sequence by 

synthesis (SBS) approach as shown in Figure 2.6. DNA polymerase is attached to a nanopore (α

HL-polymerase complex) and nucleotides with different PEG tags are detected during 

https://nanoporetech.com/products/minion
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incorporation. Genia published one paper in PNAS [30] in 2016, demonstrating their technology 

by sequencing short length DNAs. Since then, no data or report has been released.  

2.3.3 Two Pore Guys (TPG) 

Unlike ONT and Genia, Two Pore Guys uses Si-based nanopores for biomolecule sensing. 

Due to the limitations of solid-state nanopores, for example thickness, it seems the company will 

not use Si-based nanopore for sequencing directly, but for sensing variations or DNA motion 

control. As shown in Figure 2.12, a nanowire electrode is integrated in between two pores as a 

sensor for DNA sequencing. No DNA sequencing data have been released using this TPG device, 

while some initial data with DNA variation for cancer were reported on their website.  

 

Figure 2.12. Video clip from TPG YouTube channel, demonstrating their technology 

(https://www.youtube.com/watch?v=0g-9BlNW9uo). DNA motion is regulated by controlling 

bias voltage applied through two nanopores and therefore ample time is available for sequencing.   

2.3.4 iZON Science 

iZON is a fast-growing company focusing more on larger objectives (> 100 nm) sensing, 

such as nanoparticles and extracellular vesicles. Unlike previous companies using nanopores with 

fixed sizes, iZON Science invented its unique tunable resistive pulse sensing (TRPS) technology. 

Compared with traditional nanopores with fixed pore size, resizable elastomeric thermoplastic 

polyurethane (TPU) based nanopores can improve the sensitivity and resolution of systems for 

discriminating nanoparticle suspensions [93, 94]. As illustrated in Figure 2.13, nanopore size is 

https://www.youtube.com/watch?v=0g-9BlNW9uo
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controlled by stretching “S” and analytes are fed through nanopore by both applied voltage “V” 

and pressure “P”. All these parameters are required to be optimized several times to achieve an 

accurate analysis with high resolution. By analyzing the current blockade magnitude, dwell time 

and frequency, analytes information of size, surface charge (zeta potential) and concentration can 

be collected.  

 

Figure 2.13. Consumable iZON nanopore with tunable pore size and sensing mechanism. 

(http://izon.com/how-trps-works/) 

2.4 DNA sequencing by time of flight (ToF) measurement 

After reviewing the evolution of DNA sequencing technologies and current nanopore-

based sensing platforms, we find that over the long term, solid-state nanopores could be good 

alternatives to biological nanopores for sensing applications. However, it is still challenging for 

solid-state nanopores to sequence DNA due to low-through put device fabrication, nanopore size 

variation and limited resolution. In order to overcome the challenges mentioned above, we propose 

to sequence DNA base by base using ToF measurement with a polymer based in-plane dual-

nanopore device. The detection process consists of two steps, DNA digestion and single nucleotide 

detection. Exonuclease immobilization and solid phase DNA digestion have been demonstrated 

on polymer post arrays by preliminary experiments [95]. In this work, we focus on the second step, 

single nucleotide discrimination. 

http://izon.com/how-trps-works/
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Compared with traditional solid-state nanopores fabricated by e-beam or ion beam drilling, 

polymer based in-plane nanopores can be fabricated by high throughput nanoimprint lithography 

(NIL) on different polymer substrates with good replication fidelity [96]. Compared with vertical 

type nanopores on thin membrane, an in-plane nanopore device can be easily handled, especially 

for fluorescence observation. The sequencing mechanism is similar to HBV capsids detection by 

in-plane dual-nanopore device demonstrated by the Jacobson group [97]. Enzyme digested single 

nucleotides (1 nucleotide per 1-2 ms) are electrically driven through two sub-5 nm size (equivalent 

diameter) nanopores with 0.5-1 μm spacing. The four nucleotides are distinguished by their time-

of-flight values with current blockade and dwell time data serving as supporting information.  
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Chapter 3. Fabrication of Thermoplastic-Based In-Plane Nanopores1 
 

3.1 Introduction: Fabrication of thermoplastic-based nanofluidic devices via NIL by using 

UV-resin mold 

Nanofluidic devices such as nanopores, nanoslits, nanochannels, and nanopipets are fluidic 

devices with at least one dimension less than 100 nm [1-3]. Such small length scale leads to unique 

transport phenomena, which are affected by surface charge, ion-current rectification and entropy 

barriers [3]. Therefore, nanofluidic devices are useful tools in applications of sample 

preconcentration [4, 5], nanofluidice diodes and transistors [6-8], ion and biomolecule sieving [9, 

10] and single molecule analysis [11-15]. With developments in nanofabrication technologies, 

nanofluidic devices can be fabricated by sophisticated but expensive e-beam lithography (EBL) 

[16-18] or focus ion beam (FIB) milling [19-21] on inorganic materials such as Si and quartz. In 

recent years, thermoplastic based nanofluidic devices have drawn increasing attention due to their 

large scale fabrication potential via nanoimprint lithography (NIL) [22-24]. Thermoplastics such 

as poly(methylmethacrylate) (PMMA), polycarbonate (PC), polyethylene terephthalate (PET) and 

cyclic olefin copolymer (COC) are made of linear or branched polymers with high molecular 

weights and high Young’s moduli. Unlike amorphous elastomers, nanoscale patterns on imprint 

mold can be transferred to thermoplastic resists by direct imprint with negligible deformation [25-

27], as shown in Figure 3.1(a).  

 

                                                           
1 Part of this chapter was reprinted by permission (copyright IOP Publishing, all rights reserved) from “Selection of 

UV Resins for Nanostructured Mold for Thermal-NIL” published in Nanotechnology, Volume 29, Number 36, on 

29 June 2018, by Zheng Jia, Junseo Choi and Sunggook Park.  
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(a) 

 
(b) 

Figure 3.1. (a) Thermal-NIL to generate micro- and nanoscale patterns on thermoplastic resists 

coated on rigid substrate by using Si master mold. The whole process consists three steps: master 

mold fabrication, molding and demolding. (b) Thermal-NIL to generate micro- and nanoscale 

patterns on bulk thermoplastic substrates using UV-resin mold. The whole process consists four 

steps: master mold fabrication, UV-resin mold fabrication, molding and demolding. 

Typical NIL consists of two main steps: molding and demolding. Imprint molds for NIL 

are usually made of hard materials (such as Si and quartz) with a high Young’s moduli in order to 

achieve sufficient replication fidelity. Lifetime of these molds is critical for NIL throughput and it 

is affected by both the molding and demolding processes. In the molding step, an imprint mold is 

pressed into a thin layer of resist or bulk polymer substrate under pressure and heat (thermal-NIL) 

or with UV exposure (UV-NIL). For thermal-NIL, imprint molds need to be replaced after ~ 50 

repeated imprints due to damage caused by high pressures and heating-cooling cycles [28]. In the 

demolding process, the imprint mold is released from the hardened substrates with replicated 

patterns. In order to assist demolding, an anti-adhesive layer is usually coated on the mold surface 

[24, 29]. However, the durability of the commonly used fluorinated silane has a lifetime of less 

than 100 consecutive imprints [24, 28, 30]. The issues mentioned above limit the use of hard mold 
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for NIL but they can be solved by using imprint mold made of UV-curable resins. There are three 

advantages to mold thermoplastic substrates by using UV-resin molds: (1) original master molds 

can be preserved by using replicated UV-resin molds; (2) UV-resin molds can be used many times 

because of the crosslink formed polymer networks [31] and (3) UV-resin molds have excellent 

demolding features due to their similar thermal expansion coefficient with thermoplastic substrates 

and lower Young’s moduli [27, 31]. UV-resin molds can be replicated from an original master 

mold (usually Si) via UV-NIL, as illustrated in Figure 3.1(b). By utilizing UV-resin molds, the 

goal to fabricate nanofluidic devices in large scale and with low cost can be accomplished. 

In this section, we summarize recent advances in fabrication of thermoplastic-based 

nanofluidic devices via thermal-NIL using UV-resin molds. The whole fabrication process is 

investigated, including fabrication of Si master mold, fabrication of UV-resin mold, thermal-NIL, 

surface modification and device assembling. For each fabrication step, we focus on the solutions 

to overcome current challenges by proper selection of materials and experimental conditions. 

3.1.1 Fabrication of Si master mold  

A good imprint mold should meet two basic requirements: well-defined structures and 

good demolding features [24, 29]. Nanofluidic devices can be fabricated directly on various rigid 

substrates via different methods, and such methods can be applied to rigid imprint mold fabrication. 

Photolithography, EBL and IBL are three primary methods to generate nanoscale patterns in rigid 

substrates [25]. In this section, we focus on how to fabricate high-resolution Si master mold via 

photolithography, EBL and IBL. Figure 3.2 shows schematic images representing these methods. 

Other nanofabrication methods such as interference lithography (IL), sphere lithography (SL), 

scanning probe lithography (SPL) and edge lithography (EL) are well documented in Ref. [25, 28, 

32]. 
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                   (a)                                                      (b)                                                     (c) 

Figure 3.2. Schematic images of three commonly used nano-fabrication techniques: (a) 

photolithography, (b) maskless electron beam lithography (EBL), and (c) maskless and resist-free 

ion beam lithography (IBL). 

3.1.1.1 Photolithography  

Photolithography is widely used in semiconductor industry for large-scale fabrication. As 

presented in Figure 3.2 (a), a thin layer of photo-sensitive material (photo-resist) is first coated on 

target substrates and then exposed to UV light through a photo-mask with predefined patterns. 

Such pattern can also be written on the resist layer by a UV laser writer [25]. After developing and 

etching, desirable structures are formed in target substrates. In academia, resolution of 

conventional photolithography ranges from 1 μm to 3 μm [25, 33], which is limited by the 

diffraction of light. Therefore, photolithography is only suitable to fabricate one dimensional 

nanostructures (nanoslits) by controlling the etching depth. Nanoslits with depth ranging from 40 

nm to 100 nm can be fabricated by this method [32]. Resolution below 100 nm can be achieved 
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with advanced photolithography techniques by changing the light source to deep UV, extreme UV 

or X-rays and using diamond masks [25, 34].  

3.1.1.2 Electron Beam lithography (EBL) 

Compared with photolithography, EBL is a maskless method and provides better resolution 

due to the much smaller wavelength of the electron beam [25, 32, 35]. Nanoscale patterns can be 

written directly on e-beam sensitive resist coated on target substrates and transferred to these 

substrates through developing and etching process or developing, lift-off and etching process [24]. 

For high resolution EBL, very thin layer of resist is required to minimize electron scattering effect 

(indicated in Figure 3.3 (a)) [36]. As EBL resolution approaches to sub-10 nm region, 

resist/developer selection and post exposure fabrication process are the keys to achieve well-

defined structures, especially for dense patterns [36-38]. Here, we introduce two high resolution 

resists for rigid imprinting mold fabrication.  

Polymethyl methacrylate (PMMA) is the most commonly used positive resist (at low 

exposure doses) for EBL [25, 36]. Previously established 10 nm limit for the width of isolated line 

pattern defined by EBL can be surpassed by using ultrasonic agitation during development [39]. 

In addition to isolated patterns, 30-nm dense arrays can be fabricated using pure IPA as developer 

with ultrasonic [37]. One disadvantage of developing using ultrasonic is the distortion and 

destruction of small structures [36]. An alternative to increase EBL resolution is to develop with 

cold developers (4-10 °C) [40].  

Compared with positive resists, negative resists tend to have less bias [41]. Hydrogen 

silsesquioxane (HSQ) is an advanced negative resist for EBL with high resolution, high etching 

resistance and the ability to check EBL performance under scanning electron microscope (SEM) 

without metal coating [42, 43]. Sub-10 nm isolated line patterns can be achieved by using alkaline 
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solutions to increase resist dissolution rated instead of commonly used tetramethyl ammonium 

hydroxide (TMAH) [42, 44]. Besides, HSQ can be used as imprinting mold due to its good 

adhesion on Si substrate [36]. 

In addition to fabricate rigid imprinting mold directly, electron beam can be used to tailor 

predefined Si master mold with protrusion features via electron-beam-induced etching (EBIE) [45]. 

Jacobson et al. demonstrated in-plane nanopore size reduction in width and depth by EBIE [45]. 

Dimension changes were confirmed by ionic measurement of replicated h-PDMS devices, in 

addition to AFM measurements. 

3.1.1.3 Ion beam lithography (IBL) 

Compared with EBL, IBL (also known as focused ion beam (FIB) milling) is a resist-free 

process and nanoscale patterns can be directly written on target substrates by heavier ion with 

higher energy and less scattering [25]. Besides, more complicated 3D structures can be fabricated 

by IBL using grayscale bitmap[46], for example, tapered inlet structure with depth gradient to 

reduce entropy barrier for DNA capture from microchannel [23, 47]. Both EBL and IBL are time 

consuming and expensive for large-scale fabrication due to their serial writing nature.  

Resolution of IBL is determined by the combination of ion source selection, scan method 

selection, beam parameter selection and processing parameter selection [48]. Details regarding 

how these factors affect milling quality can be found in Ref. [48-50]. Though the beam spot size 

can be less than 10 nm (for a Ga+ source), it is still challenging to fabricate patterns having 

comparable size by direct milling [21, 49]. Moreover, nanoscale patterns milled directly by FIB 

have ridges along pattern edges due to re-deposition and swelling (shown in Figure 3.3(b)), which 

can affect device bonding [21, 50]. Milling through a sacrificial layer (metal layer thicker than 100 

nm) can help to achieve smaller feature size (sub-10 nm) and smooth top surface [21, 25]. Figure 
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3.3(c) shows the schematic diagram of metal-assisted milling and smooth Si top surface after metal 

layer removal.  

 
(a) 

 

(b) 

 

(c) 

Figure 3.3. (a) Schematic diagram of electron beam injection into resist with scattering (left) and 

cross-section of exposed area after developing (right). Thin resist layer is required to compensate 

beam scattering. (b) Schematic diagram of FIB milling (left) and AFM measurement of single pass 

milled line pattern(right). Ridge structures can be found at structure mouth due to re-deposition. 

(c) Schematic diagram of metal-assisted FIB milling to achieve small structure and prevent ridge 

structures during milling (left). AFM measurement of nanochannel milled into Si with/without 

metal layer protection. Re-deposition was eliminated with metal layer protection.  
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3.1.2 Fabrication of UV-resin mold  

UV-resin molds are replicated from rigid mold (usually Si) fabricated by techniques 

mentioned above via UV-NIL (or called step-and-flash imprint lithography (SFIL) in some 

literature) [28], as illustrated in Figure 3.4(a). First, UV-resin solution is dropped on Si master 

mold and then a substrate is put on top of resin solution as a supporting backplane (if non-

transparent substrates are used as backplanes, transparent mold such as quartz is required as 

original master mold). A UV-resin solution usually consists of resin monomer (base) and a small 

portion of a photoinitiator and/or a cross-linking agent. It is also noteworthy that a flexible 

substrate is preferred due to its better demolding feature and better conformal contact with 

substrates for thermal-NIL [24, 28, 51]. Next, a low pressure or finger pressing is applied to remove 

residual resin solution and air bubbles. After curing, UV-resin mold is released from Si mold along 

pattern direction to avoid distortion and collapse.  
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(a) 

 

(b) 

 

(c) 

Figure 3.4. (a) UV-resin mold fabrication process. (b) UV-resin filling into midair HSQ mold with 

hydrophobic coating [52]. For master mold with low surface energy, a minimum 1.2 MPa pressure 

is needed to achieve a good filling. (c) UV-resin filling into confined sharp-tip Si master mold 

generated by metal-assisted FIB milling [53]. Filling into sub-30 nm cavities is difficult due to the 

comparable length scale to monomer size and increased viscosity. Scale bar: 500 nm.    

3.1.2.1 UV-resin filling  

One basic but important consideration for all UV-resin molds is their replication fidelity 

from Si master mold. Good replication fidelity is achieved by complete filling of UV-resin solution 

into Si master mold. Most Si master molds have one-side open patterns, therefore UV-resin filling 

problem is always coupled with air trapping issue. We first summarize the work related to air 
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bubble formation and elimination then discuss UV-resin filling in consideration of UV-resin 

solution physical properties, master mold surface properties and experimental conditions.  

Considering the cost of vacuum chamber, UV-NIL is usually conducted in poor vacuum 

environment [54, 55]. Air bubbles can be formed and trapped at mold/resin interface. Trapped air 

prevents UV-resin filling into Si master mold, especially for isolated patterns and thin residual 

UV-resin layer. Air bubble formation and elimination was extensively studied by experiments and 

simulations for dispensing-based nanoimprint lithography (D-NIL) and the findings can be applied 

to other UV-NIL methods [54, 56, 57]. There are two mechanisms for air bubble formation during 

D-NIL: feature pinning and resists droplets encircling [55]. For thick residual UV-resin layer case, 

air bubbles formed in both ways can be eliminated within few seconds and the dissolution time is 

dependent on initial air bubble size, imprinting pressure and air solubility. For thin residual UV-

resin layer case, air bubbles can’t be removed easily. Simulation results indicated a maximum 60% 

UV-resin filling rate for a 140 nm wide and 140 nm deep structure with trapped air [54]. Instead 

of operating under vacuum environment, complete UV-resin filling can be achieved by utilizing 

condensable 1,1,1,3,3-pentafluoropropane (PTF) as ambient gas [54, 56, 57].  

If trapped air is no longer a critical issue, filling of a UV-resin into nanostructures in the Si 

master mainly depends on the interfacial properties between the resin and the nanostructures, and 

the nanostructure geometry [53, 58]. Properties of a UV-resin is determined by the physical and 

chemical properties of the monomer. A governing equation is obtained by considering the 

equilibrium of force at the UV-resin solution– air interface illustrated in Figure 3.4(b),  

𝑃𝑖𝑛 ∗ 𝑎 = 𝑃𝑜𝑢𝑡 ∗ 𝑎 + 2𝑇 cos 𝜃  (1)                                                    

where 𝑃𝑖𝑛 is the pressure in cavity, 𝑃𝑜𝑢𝑡 is the pressure in solution, 𝑇 is surface tension (energy), 

𝜃 is contact angle and 𝑎 is channel width. According to Equation 3.1, UV-resin with high surface 
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energy and low viscosity can fill cavities in Si master mold by capillary force. Filling behavior of 

UV-resin was studied independently using midair structure, which allows trapped air to escape 

easily [52]. Commercial available UV-resin PAK-01 mold was replicated from HSQ master mold 

with and without anti-adhesive layer. Experimental results indicated a pressure of 1.2 MPa was 

required to achieve a good replication fidelity for master mold with anti-adhesive (hydrophobic) 

coating due to its lower surface energy [52].  

As shown in Figure 3.4 (c), UV-resin filling in sub-30 nm region is challenging, for 

example, sharp-tip master mold fabricated metal-assisted FIB milling. Increased resin solution 

viscosity and the comparable length scale to monomer size are the two possible reasons [58, 59]. 

UV-resin viscosity in confined structures was studied by shear resonance measurement [59]. The 

experiment results indicated compared with bare polyurethane based resin losing its fluidity when 

confined in a 30 nm gap, the same resin with fluorine-containing monomers maintained its fluidity 

even when confined in a gap smaller than 15 nm. UV-resin filling into sub-20 nm structure was 

also studied by using porous anodic aluminum oxide (AAO) film as mold. Experimental results 

indicated UV-resin filling into small recesses was improved by the presence of hydroxy groups in 

the aliphatic di(meth)acrylate monomers [58].  

3.1.2.2 Commonly used UV-resin molds  

As NIL molds, well replicated UV-resin molds should be possessed of a good demolding 

feature and sufficient Young’s modulus (especially for thermal NIL). Acrylate-based UV-resins 

and fluorine-containing UV-resins are the most commonly used imprint mold material. 

Commercially available poly-urethane acrylate (PUA) based resin with low surface energy 

and high Young’s modulus (hundreds of megapascals) is suitable for thermal-NIL [51]. 

Homemade tripropyleneglycol diacrylate (TPGDA) based resin has sufficient Young’s modulus 
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and low viscosity. Sub-30 nm nanochannel can be replicated and imprinted into bulk thermoplastic 

substrates using TPGDA mold [23, 31, 60, 61]. Compared with acrylate-based UV resins, fluorine-

containing UV resins have better demolding feature due to relative low surface energy. For 

example, Teflon AF 2400 has a Young’s modulus of 1.6 GPa and a surface energy of 15.6 dyn cm-

1. Therefore, it can be used as mold for thermal and UV-NIL over many imprint cycles without 

any surface treatment [62]. Physical properties of these three UV resin are summarized in Table 

3.1. 

Table 3.1. Physical properties of three commonly used UV resins. Physical properties of PUA 

resin are obtained from supplier’s (PUA511RM, Minuta technology) MSDS. Physical properties 

of TPGDA and Telflon AF 2400 are obtained from Ref. 61 [61] and Ref. 63 [63], respectively. No 

viscosity data of TPGDA is available, and its viscosity is lower than PUA based on our observation 

during experiment.  

 

In summary, UV-resin selection is important for NIL, in order to achieve a high replication 

fidelity and a good durability. Factors such as subsequent molding method (thermal-NIL or UV-

NIL), structure geometry and UV-resin properties should be fully considered.   

3.1.3 Thermal-NIL into thermoplastic substrates   

Elastomeric materials, for example, polydimethylsiloxane (PDMS) have been widely used 

for microfluidic devices fabrication via soft lithography [65, 66]. However, nanoscale fabrication 

in elastomeric materials suffers from structure deformation and collapse [25, 27, 33]. Unlike 

elastomeric materials, nanofluidic devices can be fabricated by direct molding into thermoplastic 

UV-resin 
Molecular weight  

of monomer (g/mol) 

Viscosity of  

UV-resin solution  

(cps) 

Young’s modulus  

of cured UV-resin  

(MPa) 

Surface energy  

of cured UV-rein  

(mN/m) 

PUA 600-6000 [64] 241.4 4771 24.76 

TPGDA [61] 300  
NA 

Lower than PUA 
698 63 

Teflon AF 

2400 [63] 

300000 (gyration 

radius: 23 nm)  
NA 1600  15.6 
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resists coated on rigid substrates or bulk thermoplastic substrates  [25, 27, 67]. There are three 

advantages of using thermoplastic as substrates for nanofluidic devices: (1) nanoscale patterns can 

be molded into thermoplastic with high replication fidelity via high throughput, low cost 

fabrication techniques such as NIL and injection molding  [25, 68]; (2) high optic transparency 

[27, 69] and low dielectric noise [67] features of thermoplastics are favorable for optical 

observation and electrical measurement, respectively; (3) surface properties of thermoplastics can 

be modified for different application accordingly [70, 71].   

3.1.3.1 Commonly used thermoplastic substrates and their imprint/demolding conditions 

Poly(methylmethacrylate) (PMMA) and polycarbonate (PC) are the most commonly used 

rigid thermoplastic substrates for thermal-NIL with features of low cost, good optic transparency 

and excellent electric properties [70, 72, 73]. Polyethylene terephthalate (PET) with high 

transparency and flexibility is usually introduced as substrates for depositing metallic or as UV-

resin mold backplane [51, 74, 75]. PET itself is another ideal material for thermal-NIL with its low 

thermal expansion coefficient and low glass transition temperature features [74, 76]. Cyclic olefin 

copolymer (COC) is an emerging thermoplastic with excellent optical properties and good 

chemical resistance. COC substrates with a wide range of glass transition temperature are available 

from manufactures for different applications [69]. Nanoscale patterns imprinted on these four 

thermoplastic substrates are presented in Figure 3.5. And in Table 3.2, we summarize the physical 

properties of these commonly used thermoplastic substrates, such as glass transition temperature, 

Tg; coefficient of thermal expansion (CET) and surface charge density or zeta potential. 
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Table 3.2. Physical properties and imprint/demolding conditions for PMMA, PC, PET and COC 
substrates. 

 

 
                                                     (a)                                            (b) 

           

                     
                                                     (c)                                           (d) 

Figure 3.5. SEM images of nanopatterns imprinted in commonly used thermoplastic substrates. (a) 

Nanochannel imprinted in 125 mm thick PMMA using TPGDA mold. (b) 200 nm period gratings 

imprinted in 0.2 mm flexible PC substrate using SiO2 mold. (c) Nanochannels imprinted in 0.25 

mm PET foil using Si mold. (d) Nanochannels imprinted in 125 mm thick COC using PUA mold. 

 

 

Thermoplastic 
Tg (°C)  

[27] 

Linear CTE (α) 

(ppm °C-1) [27] 

Surface charge (mC/m2) 

/ zeta potential (mV) 
Imprint/demolding conditions 

PMMA 100−122 70−150 
-40.5/ -59.8  

(O2 plasma treated) [77] 

130 °C, 20 bar, 5 min for PMMA with TPGDA 

mold/ demolding at 70 °C [23]. 

PC 145−148 60−70 NA/ ~-35 [72] 
180 °C, 50 bar, 30 s for PC (Tg= 150 °C) with 

SiO2 mold/ demolding at 125 °C [78]. 

PET 69−78 48−78 NA/ ~ 38 [72] 
95 °C, 2 MPa, 100 s for PET (Tg= 71.3°C) with 

Si mold/ demolding at 55 °C [79].  

COC 70−155 60−80 
-59.9/ NA 

(UV/O3 treated ) [80] 

125 °C, 1.91 MPa, 2 min for TOPAS 5010 (Tg 

= 108 °C) with TPGDA mold/ NA [80]. 
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3.1.3.2 Experimental conditions for thermal-NIL 

Thermal-NIL consists of two steps: molding and demolding. And it can be conducted in a 

commercial nanoimprinter [23], a hot embossing machine [80] or a home-made imprint chamber 

[81, 82]. Imprint and demolding conditions for commonly used thermoplastic are also summarized 

in Table 3.2. In the molding step, high pressure is applied to press a UV-resin mold into a 

thermoplastic substrate, which is heated above its Tg, for enough time. Similar to UV-NIL, thermal-

NIL is a flow-and-fill process and the replication fidelity is determined by the combination of 

imprint pressure, temperature and time. In order to find the optimal conditions, thermal-NIL 

process has been investigated through numerical simulations [83, 84]. An imprint temperature of 

30-50 °C higher than the polymer substrate’s Tg and an imprint pressure of ~ 500 to 200000 KN/m-

2 are typical working conditions for thermal-NIL [73, 85].  

Subsequent demolding step is critical to thermal-NIL because most structural damages of 

imprinted patterns occur during this step [27, 86-88]. During demolding, imprint mold and 

substrate are cooled down to a demolding temperature, which is lower than the substrate’s Tg. Then 

imprint mold is released from substrate by overcoming chemical and mechanical interactions 

between mold and substrate. As shown in Figure 3.6 (a), such interactions include thermal stress 

generated due to mismatch of thermal expansion in mold/substrate during cooling step, adhesion 

at mold/substrate interface and sidewall friction[86, 87]. Demolding failure will occur when the 

stress at mold/substrate interface during demolding becomes larger than the yield strength (𝜎𝑌) of 

the substrate [27, 86]. Therefore, a low demolding force is favorable in order to achieve a defect-

tolerant demolding. Demolding force is dependent on demolding temperature and the interfacial 

properties between mold and substrate. Optimal demolding temperatures were reported for hard 

mold released from PMMA resist (60 °C for Al mold [87] and 70 °C for Si mold [86]), PC resists 
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(100 °C for Al mold [87]) and PET sheet (55 °C for Si mold). As we mentioned early, the use of 

UV-resin mold can also reduce thermal stress because of its similar thermal expansion with 

thermoplastic substrate [23]. However, optimal demolding temperatures for UV-resin molds 

released from bulk thermoplastic substrates haven’t been reported yet.  

 

 
                      (a)                                                                                   (b) 

Figure 3.6. (a) Thermal stress, adhesion at mold/substrate interface and friction from sidewall are 

the factors affecting imprint mold release. (b) Imprinted PMMA resist after Si mold released at 

different temperature. An optimal demolding temperature is required to avoid structure damage.  

An alternative to reduce demolding force is to coat an anti-adhesive layer on imprint mold 

[24]. Experimental results indicate hydrophobic silane coating on Si can reduce adhesion at 

mold/substrate during demolding from PMMA resist [29]. Such a good demolding feature can also 

be achieved by using UV-resin mold having low surface energy. In this way, surface treatment on 

Si master mold is no longer required [24, 62]. 
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3.1.4 Surface modification of imprinted substrates and device assembling 

After imprinting, proper surface modification is usually required for substrates and cover 

sheets in order to assist device assembling [85, 89, 90] or/and device performance [91-93]. Since 

some device assembling techniques (for example, thermal fusion bonding) require surface 

modification prior to bonding, we first introduce surface modification methods for thermoplastic 

based nanofluidic devices and then discuss device assembling techniques. 

3.1.4.1 Surface modification 

Hydrophobic nature of the pristine polymer substrate surface is the main problem for 

polymer based nanofluidic devices [71, 91, 93]. Therefore, the substrate surface must be activated 

first to achieve a good wettability, to prevent hydrophobic binding with analytes or to serve as 

anchor for attaching different functional molecules [71, 92, 94, 95]. Thermoplastic devices can be 

simply activated by O2 plasma or UV/O3 treatment while maintaining its bulk properties [94, 96-

99].  

Surface characteristics of polymer substrate after modification are usually examined by 

water contact angle measurement, electroosmotic flow (EOF) measurement, X-ray photoelectron 

spectroscopy (XPS). When polymer is treated with O2 plasma, polar functional groups (carboxyl, 

carbonyl, carbonate, etc.) are introduced to polymer surface [96, 99], as illustrated in Figure 3.7(a). 

Similarly, carboxyl groups can also be formed when the polymer is exposed to 254-nm UV light 

(optimal wavelength [98]) in air [71, 96, 98]. Such functional groups improve the wetting property 

of polymer substrates by increasing surface energy [80, 99] and the modified hydrophilic surface 

prevents non-specific binding with analytes such as proteins and cells [100, 101]. In addition to 

surface activation, O2 plasma and UV/O3 treatment (associated with covalent modification if 
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necessary) can control electroosmotic flow (EOF) strength by tailoring surface charge density of 

polymer surface [77].   

Though O2 plasma and UV/O3 treatment provide a simple way to modify polymer surface, 

they both suffer from hydrophobic recovery, especially for O2 plasma treated samples [92, 102]. 

Recovery time is dependent on treatment method, treatment duration and storage conditions [92, 

100]. O2 plasma treated surface undergoes recovery within several hours, while UV/O3 treated 

surface can retain hydrophilic up to weeks [100]. In general, dehumidified and low temperature 

conditions are favorable for sample storage [92, 103, 104]. An alternative way to achieve stable 

hydrophilic polymer surface is covalent modification, for example, grafting poly-ethylene glycol 

(PEG) or coating polyvinyl alcohol (PVA) on O2 plasma or UV/O3 treated samples through 

complex chemical reactions [101, 105, 106].  

3.1.4.2 Device assembling   

Thermal fusion bonding is the most commonly used method for microfluidics devices 

sealing [85, 107]. As presented in Figure 3.7(a), during thermal bonding, imprinted substrates and 

cover plate are brought into contact and heated above their Tg. With well controlled pressure, 

temperature and time, interdiffusion of polymer chains on both surfaces leads to a strong bonding. 

Thermal fusion bonding for nanofluidic devices is challenging (especially for low aspect ratio 

patterns) due to structure deformation at high bonding temperature, which is required due to the 

low surface energy of pristine polymer substrates [90, 108]. Therefore, surface modification is 

required in order to achieve low temperature thermal bonding. As mentioned above, O2 plasma 

and UV/O3 treatment increase polymer surface energy and generate a thin layer at top surface with 

lower Tg (compared with the bulk) [85, 101]. O2 plasma-assisted thermal bonding of PMMA, COC 

and PC based devices were reported and shown in Figure 3.7(b) for nanoslits at moderate 
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temperature with minor deformation [85]. Moreover, bonding temperature can be reduced further 

via hybrid bonding with low Tg COC cover sheet (cover sheet are activated by O2 plasma or UV/O3 

prior to bonding). Bonding between PMMA (Tg= 105 °C, as substrate)/ COC (Tg= 75 °C, as cover) 

substrates and COC (Tg= 108 °C, as substrate)/ COC (Tg= 75 °C, as cover) was accomplished at 

70 °C [80]. Thermal bonding conditions for commonly used thermoplastic substrates and 

corresponding surface modification methods are shown in Table 3.3.   

 

Table 3.3. Thermal bonding conditions for commonly used thermoplastic substrates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Substrate Cover sheet Surface modification Bonding conditions 

PMMA 

 ( Tg= 105 °C  ) 

PMMA ( Tg= 105 °C  ) [85] 

COC ( Tg= 75 °C) [80] 

O2 plasma for cover & substrate 

O2 plasma for cover only 

87 °C, 160 kPa for 30 min 

70 °C, 680 kPa for 15 min 

PC 

(Tg= 150 °C  ) 
PC (Tg= 150 °C ) [85] O2 plasma for cover & substrate 130 °C, 370 kPa for 30 min 

PET 

(Tg= 71.3°C) 
 PET (Tg= 71.3 °C) [79] O2 plasma for cover & substrate 69 °C, 200 kPa for 30 min 

COC ( Tg= 134 °C  ) 

COC ( Tg= 108 °C  ) 

COC ( Tg= 134 °C  ) [85] 

COC ( Tg= 75 °C  ) [80] 

O2 plasma for cover & substrate 

O2 plasma for cover only 

115 °C, 370 kPa for 30 min 

70 °C, 680 kPa for 15 min 
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(a) 

 
(b) 

Figure 3.7. Surface treatment and device assembling by thermal fusion bonding. (a) Carboxyl 

groups are formed on imprinted substrate and cover sheet after O2 plasma and UV/O3 treatment. 

Modified cover sheet and substrate are bonded under optimal temperature and pressure. (b) 

Moderate temperature is favorable for nanofluidic device bonding in order to avoid deformation. 

Blue-dashed line represent slits depth following thermal fusion bonding at 107 °C for PMMA and 

at 130 °C for COC slits; red solid line is the depth of the slits following thermal fusion bonding at 

87 °C and 115 °C of oxygen plasma treated substrate and cover plate for PMMA and COC, 

respectively; and the black-circle line is the nanoslits following molding, but not subjected to 

thermal fusion bonding [85]. 

3.1.5 Summary 

NIL is a well-developed tool to fabricate polymer-based nanofluidic devices in large scale 

and with low cost. Compared with traditionally used hard imprint molds, the use of UV-resin 

molds can increase production throughput and facilitate the demolding process of thermal-NIL. In 

this section, we focus on the fabrication of thermoplastic based nanofluidic devices via NIL using 

UV-resin mold. Bottleneck of each fabrication step was studied and the corresponding solutions 
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were summarized from literature. Proper selection of materials and appropriate experimental 

conditions are the keys to achieve high-resolution NIL with sufficient replication fidelity. The tips 

and conditions discussed here will be applied to in-plane nanopore device fabrication for DNA 

sequencing as presented below. 
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3.2 Experiments 

3.2.1 Fabrication of Si master mold via FIB 

The Si master molds used in this study were fabricated by standard photolithography and 

wet etching for the access microchannels, and by FIB for the nanostructures connecting the 

microchannels (including inlet/outlet, pillar array structure and nanochannel/nanopore). The FIB 

machine, FEI Quanta 3D Dual Beam, is located at LSU shared instrument facility (SIF). An 

accelerating voltage of 30 kV, and beam current values ranging from 10 pA to 5 nA are used 

depending on the structure size. Usually a beam current of 10 pA is chosen used for 

nanochannel/nanopore, 0.1 nA to 0.5 nA for pillar array and 1 nA to 5 nA for inlet/outlet. Different 

milling modes (rectangular mode, cleaning cross-section mode and bitmap mode) are chosen 

accordingly. Pt deposition mode is used to coat metal layer locally, protecting sample surface while 

cutting cross-section. For metal-assisted FIB milling, Cr or Al layer is etched away by commercial 

etchant (Cr etchant, purchased from Sigma-Aldrich; Al etchant, purchased from Transene).  

3.2.2 Fabrication of UV-resin molds via UV-NIL 

UV-resin molds are fabricated via UV-NIL, as presented in Figure 3.4(a). UV-resin 

solution was first dropped on the Si master mold, then a thin polymer sheet (250 μm PET from 

Goodfellow, coated with an adhesion layer) was put on top of the resin solution and used as a 

supporting backplane. Residual resin solution and air bubbles were gently squeezed out by finger 

pressing. The sandwich-like structure was put in a commercial nanoimprinter (Eitre6, Obducat) 

and UV-NIL was performed at a UV lamp power of 1.8 W/cm2 for 20 s. After UV curing, the 

molded UV-resin/PET substrate was demolded from the Si master along the nanochannel direction. 

Usually TPGDA resin molds are used to imprint into PMMA and COC substrates, MD 700 resin 

molds are used to imprint into PEGDA coated on PMMA substrate. 
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3.2.3 Fabrication of complete polymer nanofluidic device via NIL and bonding 

Polymer nanofluidic devices were produced by UV- or thermal-NIL into three different 

polymer substrates: PEGDA (MW = 200, Sigma-Aldrich), PMMA (ePlastics) and COC 

(COC6013, Tg=142 °C, TOPAS) as shown in Figure 3.1(a). In order to cure, PEGDA was exposed 

to flash-type UV light (250-400 nm) for 1 min at an intensity of ~1.8 W/cm2 after adding 1 wt% 

of the UV initiator (2,2-dimethoxy-2-phenylacetophenone, Sigma-Aldrich). PMMA and COC 

were thermally imprinted at 135 °C, 3.5 MPa and 160 °C, 5 MPa for 15 min, respectively.  

In order to enhance wetting of the nanopore device and reduce hydrophobic interaction 

between DNA and the nanopore wall, the patterned substrates (except for PEGDA) and cover 

sheets were modified to become hydrophilic by O2 plasma prior to bonding [70, 109]. 

For bonding at 70 °C, 1 MPa for 15 min, a low Tg thin COC sheet (COC8007, Tg=78 °C, TOPAS) 

was used as the cover plate for all three nanopore substrates. The use of a low Tg cover plate 

minimize the deformation of the nanostructured substrate [80, 85]. Details on the device 

fabrication can be found in our previous work [23, 80, 110]. 

3.3 Results and discussion 

3.3.1 Si master mold with well-defined small nanopore 

As discussed above, IBL is a maskless and resist-free technique to generate imprint mold. 

For our research, we use FIB bitmap mode to fabricate in-plane nanopore on Si as original mold. 

For all nanopore based sensing platforms, precise control of nanopore size is the key to achieve 

high signal to noise ratio. Therefore, in this section we focus on how to produce well-defined 

nanopore structure via FIB milling.  

 There are several FIB milling modes for different application, no matter which mode is 

chosen, a good focus and astigmatism correction is always required. Figure 3.8 shows nanochannel 

and pillar array milled with and without a good focus respectively. 
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Figure 3.8. (a) and (b) 150 nm width nanochannel milled by FIB without and with good focusing, 

30 kV, 10 pA; (c) and (d) Pillar array milled by FIB without and with good focusing, 30 kV, 0.1 

nA. 

 

3.3.1.1 Nanopore dimension control by milling time 

FIB bitmap mode is usually used to mill complex structures [46, 47]. In bitmap mode, scan 

dwell time for each pixel is defined by gray scale color. Which means, milled part is denoted as 

white color and un-milled part is denoted as dark color in bitmap. The bitmap we use to fabricate 

in-plane nanopore is presented in Figure 3.9. In between two triangles, we draw a short long single 

pixel line, which is going to be milled as in-plane nanopore. Theoretically, the width of the 

nanopore is dependent on the ion beam spot size. For nanopore milling, we usually used 10 pA as 

ion beam current (10 nm spot size), which can provide enough brightness and contrast for focusing, 

and form small spot size at the same time. The depth of the nanopore can be simply controlled by 

milling time therefore we first discuss nanopore dimension control by milling time.  
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Figure 3.9. Bitmap used for nanopore milling via FIB. 

Bitmap containing two pores are used for FIB milling by FEI Quanta 3D dual beam 

machine, at 30 KV, 10 pA with various time. For deep nanopores, their depth can be measured by 

SEM; while for shallow nanopores, their depth can be measured by AFM. As shown in  

Figure 3.10, nanopore becomes deeper as milling time increases and sub- 10 nm nanopore (in 

depth) can be fabricated by controlling milling time.  

 

 
                                     (a)                                                                     (b) 

Figure 3.10. (a) Nanopore depth is linear to FIB milling time. Nanopore depth value is obtained 

by averaging two pore depth values from AFM measurement. (b) AFM measurement of two 

nanopore milled for various time.  
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3.3.1.2 Nanopore dimension control by bitmap design 

For dual-pore device fabrication, we put two nanopore in a single bitmap file for FIB milling in 

order to avoid the misalignment of different bitmaps. Sometimes, we need to have nanopores with 

different dimensions to facilitate data processing. For example, if so many DNA molecules pass 

through two identical pores, they will trigger similar current change signals from two pores. 

Therefore, it will be troublesome to define paired peaks (ToF). In order to solve this problem, we 

can put nanopores with different design in a single bitmap file. Figure 3.11 shows nanopore 

geometry (depth) can be controlled by changing the triangle angles. For the same milling time, 

nanopore with smaller angle is milled less compared with nanopore with larger angle.  

 

 
                                       (a)                                                                  (b) 

Figure 3.11. SEM images of nanopores with different triangle angles: “C” side 15° and “T” side 

60°. (b) AFM measurement of nanopores with different triangle angles. 

3.3.1.3 Nanopore dimension control by metal-assisted FIB milling 

As can be seen in Figure 3.12(a), in-plane nanopore milled directly into Si is 1-D nanopore, which 

means the nanopore width can’t controlled well. In order to fabricate nanopore with both small 

width and depth, we tried metal-assisted FIB milling. Metal-assisted FIB milling was used to 

fabricate sub- 20 nm nanochannels on rigid substrate [21, 80] as illustrated in Figure 3.12(b). Over 
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100 nm thick metal layer (usually Al or Cr) is coated on rigid substrate as sacrificial layer. The 

coated metal layer can help to confine the width of milled structure and it also assists the focusing 

process during operation. Figure 3.12(c) shows nanopore fabricated by metal-assisted FIB milling 

through 65 nm thickness Cr layer. Prior to metal removing, the milled nanopore has a width similar 

to the connecting nanochannel and a depth of 79 nm. After metal removal, nanopore width is 

narrowed down to 23 nm, which is much smaller than the width of connecting nanochannels. 

Nanopore depth is 15 nm, which is confirmed by measuring the copied PUA resin mold. Though 

the small pore can be replicated well, the copied connecting channels usually have some defects, 

which may be due to in-complete UV-resin filling. UV-resin filling issue for sharp-tip structures 

is discussed in the next section. 

 

 
                     (a)                                                  (b)                                                  (c) 

Figure 3.12. (a) Typical 1-D nanopore milled directly on Si substrate; (b) Schematic image 

showing metal-assist FIB milling process; (c) 2-D nanopore by metal-assisted FIB milling (using 

unmodified bitmap in Fig. x with 100 nm connecting nanochannel), Si master mold after metal 

removal and replicated PUA resin stamp. 
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Figure 3.13. FIB milled Si master mold with 150 nm Al layer coating for different time (using 

modified bitmap with wider connecting nanochannels to facilitate UV-resin filling, explained and 

shown below), after metal removal in Al etchant.  

Moreover, SEM images in Figure 3.13 show Al-coated Si master (150 nm, TELIC, CA) 

mold milled for different time, as milling time increases, width and depth of 2-D nanopore increase. 

It should be noted the quality of metal-assisted FIB milling is dependent on the homogeneity of 

the metal layer coating and subsequent metal removal process, which is not presented here.   

In summary, sub-15 nm nanopore (both width and depth) can be fabricated by well 

controlling FIB milling time, bitmap design and using metal as sacrificial layer.  

3.3.2 Replication fidelity and thermal-NIL performance of UV-resin molds  

For thermal-NIL using UV-resin mold, the key is to fabricate UV-resin molds with high 

replication fidelity. Here, the term “replication fidelity” has two meanings: the replication fidelity 

of UV resin mold from original Si mold and the replication fidelity for nanostructures imprinted 

in thermoplastic substrate by using UV-resin mold. The former one requires a good UV-resin 

filling property while the latter one requires a UV-resin mold processing high Young’s modulus. 

In the section, we first studied the replication fidelity of four commonly used UV-resins: home-

made tripropyleneglycol diacrylate (TPGDA) based UV resin and polypropyleneglycol diacrylate 

(PPGDA) based UV resin, and commercially available poly-urethane acrylate (PUA) based UV 

resin and fluorine-containing UV resin (MD 700). Then we studied their performance in the 
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subsequent thermal-imprint step. The physical properties of these UV-resins are shown in Table. 

3.4. 

Table 3.4. Physical properties of UV resins used in this study. Physical properties of TPGDA and 

PPGDA resin are obtained from Ref. [61]. No viscosity data of these two resin solutions is 

available, and their viscosity is lower than PUA and MD 700 based on our observation during 

experiments. Physical properties of PUA and MD 700 are obtained from supplier’s MSDS. 

 

3.3.2.1 Replication fidelity of UV-resin molds 

Usually, it is difficult for UV-resin to fill into high aspect ratio nanostructures directly 

milled by FIB or small structures by metal-assisted FIB milling (as presented in Figure 3.4(c) and 

Figure 3.12 (c)). Therefore, UV-resin filling behavior is studied by replicating from a Si master 

with nanostructures having different aspect ratio, as shown in Figure 3.13. For each UV-resin, five 

mold were replicated from original Si mold via UV-NIL in an Obducat nanoimprinter (1.8 W/cm2 

for 20 s), followed by steps shown in Figure 3.4(b).  

 

UV-resin 
Molecular weight 

of monomer (g/mol) 

Viscosity 

of UV resin Solution 

(cps) 

Young’s modulus 

of cured UV resin 

(MPa) 

Surface energy 

of cured UV resin 

(mN/m) 

TPGDA [61] 300 
NA 

lower than PUA and MD700 
698 63 

PPGDA [61] 900 
NA 

lower than PUA and MD 700 
65 60 

PUA 600-6000 [64] 241.4 4771 24.76 

MD 700 1600 850 10.5 12.7 [111] 
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Figure 3.14. SEM images of cross-sectional profiles of nanochannels on the Si master with 

different aspect ratio. Nanochannels were milled by FIB rectangular mode, with 100 nm fixed 

width and depth ranging from 100 nm to 500 nm. When milled deeper by FIB, nanochannel profile 

changes from U-shaped to sharp tip V-shaped, which makes UV-resin solution hard to fill at the 

very bottom. SEM images were taken with a tilt angle of 52°. In this study, nanochannel width is 

defined as the width at half-depth of the channel, unless otherwise specified. 

Replication fidelity of copied UV-resin molds was then inspected via SEM, as presented 

in Figure 3.15. For nanochannels with the lowest aspect ratio, all UV-resin molds were well 

replicated with good replication fidelity. For nanochannels with higher aspect ratios, however, 

saw-tooth shaped defects were clearly observed on top of the replicated protrusions in PUA and 

MD 700 resin molds, which is indicative of incomplete filling into the bottom of the sharp V-

shaped nanochannels. 
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Figure 3.15. SEM images of replicated UV resin molds by UV-NIL from a Si master. Nanochannel 

depth increases from top to bottom as indicated by number in the image. The numbers 1-5 

correspond to nanochannels 1-5 in Fig. 14. For low surface energy resins with high monomer 

molecular weight (PUA and MD 700), saw-tooth defects are seen for the replicated 

nanoprotrusions from deeper nanochannels due to incomplete resin filling. The SEM images were 

taken with a tilt angle of 52°. 

In order to quantitatively evaluate the replication fidelity in the fabrication of UV-resin 

molds from the Si master, we define “UV-resin filling ratio” as the ratio of a protrusion height in 

the resin mold to the corresponding nanochannel depth in the Si master. The filling ratio for 

different UV-resins was plotted as a function of nanochannel depth in Figure 3.16 (a). Overall, the 

UV-resin filling ratio decreases as the nanochannel depth increases, showing obviously that it is 

difficult to fill a UV-resin into deeper nanochannels. The filling ratios among the four resins 

studied are in the decreasing order of TPGDA resin > PPGDA resin > PUA resin > MD 700 resin, 

where TPGDA resin is the best candidate for replicating sharp nanostructures by UV-NIL. The 

higher filling ratios of TPGDA and PPGDA resins over those of the other two resins are attributed 

to the combined effect of the higher surface energy and the small sizes of the resin monomers, as 

illustrated in Figure 3.15 (b). Comparing TPGDA and PPGDA which have similar surface energies 
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of 63 and 60 mN/m, respectively, the filling ratio of PPGDA is significantly lower than that of 

TPGDA, which can be attributed to TPGDA’s smaller monomer size. Comparing PUA and MD 

700 resins, the viscosity of MD 700 resin is significantly higher than that of PUA resin and thus 

one may expect that MD 700 resin would be more difficult to fill nanostructures. However, our 

results show that the PUA resin has the lowest filling ratio. This indicates that the molecular size 

of the UV-resin monomer, together with surface energy, is a critical factor in determining the 

filling into nanoscale structures. Even though PUA and MD 700 resins have been used as 

imprinting molds due to respectively the high Young’s modulus and the low surface energy [51, 

112], our results indicate that they are not the appropriate candidates for UV-resin molds 

replication from sharp nanochannels having a channel width less than ~ 100 nm. 

However for nanochannels with ~ 200 nm and 300 nm FIB setting widths, the replicated 

PUA molds have better replication fidelity as shown in Figure 3.17. The results indicate that each 

UV-resin has its own limit regarding the smallest feature size to achieve good replication fidelity, 

which should be an important consideration in selecting materials for resin molds and during 

device design. Therefore, in order to facilitate UV-resin filling into Si mold fabricated by metal-

assisted milling, we modified the bitmap with wider connecting nanochannels. Modified bitmap, 

Si master mold after metal removal and imprint nanopore on COC substrate are shown in Figure 

3.18.   
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Figure 3.16. (a) UV-resin filling ratio, which represents the replication fidelity, of different UV-

resin molds from Si master mold during UV-NIL. In general, the UV-resin filling ratio decreases 

as the nanochannel depth increases. TPGDA mold with the smallest monomer size shows the 

highest filling ratio. (b) Schematic image of monomers with different sizes filling into sharp 

nanostructures, showing that UV-resins with smaller monomers show better filling into sharp 

nanostructures. 

 

 

Figure 3.17. Top: (a-c) Cross-sectional profiles of 200 nm width (FIB milling setting value) 

nanochannels with different channel depth; (d) Replicated PUA resin mold having a replication 

limit for 200 nm width sharp nanochannels of 4 (aspect ratio). Bottom: (e-f) Cross-sectional 

profiles of 300 nm width (FIB milling setting value) nanochannels with different channel depth; 

(g) Replicated PUA resin mold having a replication limit for 200 nm width sharp nanochannels of 

3.7 (aspect ratio). 
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Figure 3.18. (a) Original bitmap for single nanopore milling with 100 nm connecting 

nanochannel. (b) Modified bitmap for single-nanopore milling with 250 nm connecting 

nanochannel to facilitate UV resin filling; (b) Si master mold milled through 150 nm Al layer for 

1 min 30s after metal removal; (c) Nanopore imprinted on COC 6013. 
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3.3.2.2 Thermal-NIL performance of UV-resin molds 

The performance of the UV-resin molds in thermal-NIL were tested using the resin molds 

replicated from the Si master mold with low aspect ratio nanochannels, which ensures a complete 

resin filling. Thermal imprinting was performed into COC substrates (Tg= 142 °C) with the 

TPGDA, PUA and MD 700 resin molds (imprint condition: 160 °C, 50 bar for 10 min). SEM 

images of the Si master mold and imprinted COC substrates with those resin molds are shown in 

Figure 3.19. Top-view SEM images only showed that nanochannels were well transferred to COC 

substrates. However, dimensional changes were clearly seen with cross-sectional SEM images. 

Overall, the imprinted nanochannels on COC substrates possessed larger channel widths and 

smaller channel depths when compared with those of the original Si mold. The dimensional 

variations for the widths and depths were in a decreasing order of MD 700 (35%, 11%) > TPGDA 

(23%, 7%) > PUA (8%, 1%), which was consistent with the order of their Young’s modulus values. 

Based on our previous work, the dimensional variation of the molded structures from TPGDA or 

PPGDA resin stamps is due to the mold deformation during thermal NIL process [23]. In that work, 

the variations of the width and depth for a 100 nm wide nanochannel imprinted in poly(methyl 

methacrylate) (PMMA) with a TPGDA resin mold were 22.5% and 28%, respectively. Despite 

such variations, the mold deformation was fully recovered after demolding because of the presence 

of crosslinks in the cured UV-resin [23]. For nanochannels imprinted in COC substrates in this 

work, larger dimensional changes in the lateral direction than those in the longitudinal direction 

were observed, which is different from the PMMA imprinting (imprinting conditions: 130°C, 30 

bar for 5 min) results in the previous work. This may be attributed to a higher imprinting 

temperature for imprinting COC substrates, which results in a higher thermal stress and thus larger 

lateral shrinkage upon cooling.  
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Figure 3.19. SEM images of the Si master (a, e) and imprinted COC substrates (b-c and f-h) from 

different UV-resin molds replicated from the Si master: top-view images (a-d) and their cross-

sectional profiles (e-h). The thermal NIL performance of a UV-resin mold was determined by 

measuring the cross-sectional profile of the imprinted nanochannel.  

 

In summary, we have studied the replication fidelity of four different UV-resin molds from 

sharp nanostrucrures during UV-NIL and their performance in thermal-NIL. UV-resin molds made 

from a lower molecular weight monomer and with a higher surface energy showed better 

replication fidelity due to the good resin filling into the mold structures in Si. For thermal-NIL 

with resin molds, the Young’s modulus of the cured resin was a critical material parameter to 

achieve good replication fidelity. 
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3.3.3 Imprinted polymer nanopores and dimensions control via thermal bonding 

3.3.3.1 Imprinted polymer nanopores 

In previous sections, we have demonstrated our ability to fabricate Si master mold having 

in-plane nanopore structures and the ability to fabricate UV-resin mold with high replication 

fidelity. In this section, we present the fabrication of thermoplastic-based in-plane nanopore 

devices by using UV-resin mold having single-nanopore structure. SEM images of original Si 

mold and imprinted nanopores on different polymer substrates are shown in Figure 3.20 . 

 

 
Figure 3.20.  SEM images of Si master mold (a, e) and imprinted in-plane nanopore on PEGDA 

(b, f), PMMA (c, g) and COC (d, h) substrates. Nanopillar arrays with 300 nm gap and tapered 

inlet/outlet are designed to pre-stretch DNA. Images were taken under 5 kV, 5.9 pA by FEI Quanta 

3D instrument. Despite deposition of a 4 nm Au/Pd layer on polymer chips to avoid charging effect, 

the nanopore feature on PMMA substrate was deformed (enlarged and bent) under high 

magnification by electron beams (g). Compared with original Si master mold, all imprinted 

nanopores have good replication fidelity. Scale bars, 3 µm in white and 100 nm red. 

For polymer-based nanopore devices, we choose poly(ethylene glycol) diacrylate 

(PEGDA), poly(methyl methacrylate) (PMMA) and cyclic olefin copolymer (COC) as substrates. 

PEGDA substrates have anti-biofouling feature and they are imprinted via UV-NIL by using MD 

700 mold. PMMA and COC are commonly used thermoplastic substrates with good optical 
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properties and they are imprinted via thermal-NIL by using TPGDA mold. In comparison with the 

original Si mater, imprinted nanopores have good replication fidelity. FIB milled and imprinted 

in-plane nanopores have parabolic shape and their equivalent circular pore diameter can be 

calculated from pore width and depth measured on SEM images, resulting in 25 ± 5.3 nm diameter. 

To make actual fluidic devices, all imprinted samples were treated with O2 plasma except PEGDA 

samples and bonded with O2 plasma treated COC cover sheets [80]. These hybrid devices are 

denoted as PEGDA-COC, PMMA-COC and COC-COC below. In order to estimate their pore 

sizes after thermal bonding, these devices were filled with 1 M KCl for conductance measurement. 

As indicated in Table. 5, their conductance values are close to each other. Based on Figure 3.21, 

the estimated pore size is 10 ± 3.7 nm. However, the value was dissimilar to one calculated roughly 

by SEM measurement. It is because of two reasons: (1) pore size reduction during thermal bonding 

process and (2) the inaccuracy and difficulty to measure in-plane nanopore size by SEM.    

 
Table 3.5. Conductance of bonded single-pore devices with 1M KCl under 1V 

 
 

 

  

Device PEGDA-COC PMMA-COC COC-COC 

Conductance (nS) 147 ± 30 157 ± 21 144 ± 25 
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Figure 3.21.  Equivalent nanopore diameter verse nanopore conductance [113] (filled with 1M 

KCl as electrolyte). 

3.3.3.2 Nanopore dimensions control by thermal bonding conditions 

As presented above, nanopore size was decreased after thermal bonding process and such 

phenomenon can be utilized to reduce nanopore size from its original dimensions in Si master 

mold. In order to study how bonding conditions can affect nanopore size after thermal bonding, 

we used a higher Tg COC (COC7010, Tg = 110°C ) as cover sheet instead of low Tg COC8007. A 

Si master mold containing a 57 nm equivalent diameter nanopore was copied to COC with high 

replication fidelity as shown in Figure 3.22.   

 

Figure 3.22. Left: Si master mold used for nanopore size reduction study; Middle: Close view of 

57 nm equivalent diameter nanopore (45 nm is measured nanopore depth); Right: Nanopore 

structure imprinted on COC6013. 
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 After O2 plasma treatment, imprinted COC6013 substrates were bonded with COC7010 

covers at 100°C, 105°C and 110°C, 1 MPa for 15 min. Nanopore size after thermal bonding was 

examined by ionic current measurement. Conductance values of nanopore are shown in Table 3.6 

and from the results we can conclude the nanopore size reduces as bonding temperature increases. 

Around 10 nm diameter nanopore can be produced from a 57 nm diameter nanopore in Si mold 

with 110°C as bonding temperature. 

Table 3.6. Conductance values of nanopore bonding at different temperature. 

 

3.4 Conclusion 

In this chapter, we demonstrated the fabrication of thermoplastic-based in-plane nanopore 

devices. By proper selecting materials and experimental conditions, sub-10 nm equivalent 

diameter in-plane nanopores can be fabricated on PEGDA, PMMA and COC substrates. In next 

chapter, we will used these devices for DNA sensing applications.  
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Chapter 4. Surface Charge Density Dependent DNA Translocation Through 

Polymer In-Plane Nanopores 
 

 4.1 Introduction: DNA translocation through solid-state nanopores 

For nanopore-based sequencing platforms, DNA translocation is a basic and fundamental 

experiment to test the platform’s performance. dsDNA, ssDNA and even methylated DNA with 

different chain length have been translocated through solid-state nanopores [1-7] and these 

biomolecules can be detected electrically and optically. For electrical detection, device chamber is 

filled with conductive electrolyte (usually high concentration KCl solution) solution as shown in 

Figure 4.1(a). Negatively charged DNA molecules are driven through nanopore by external 

electric field and at the same time ionic current is measured by high bandwidth voltage-clamp. 

When DNA molecule travels into the pore, it blocks ions transport temporarily. If nanopore size 

is comparable to DNA size, a current drop signal will be generated and recorded. Biological 

information of the molecules can be revealed by analyzing the signal shape, size, duration and 

frequency [1, 5, 7, 8]. Although electrical detection of DNA by nanopore has advantages such as 

label-free and high efficiency, it is hard to conduct electrical detection with multiple pores. While 

optical observation provides the probability to analyze DNA translocation with high throughput 

[9]. For optical observation, fluorescence signal from translocated DNA is recorded by camera. 

During recording more than one DNA molecules are driven to nanopore, in order to increase signal 

to noise ratio and capture the right molecule, additional optical component is needed (for example, 

zero-mode waveguide) [10]. Since our ultimate goal is to sequence DNA using in-plane nanopore 

without any fluorescence label, we focus on the researches related to DNA electrical detection by 

solid-state nanopore, which can serve as reference for our work. 
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Figure 4.1. (a) Schematic image of DNA sensing setup by ionic current measurement. (b) 

Schematic diagram of optical observation setup for DNA translocation. A thin Al layer is coated 

on Si3N4 nanopore as waveguide (top right). Fluorescence signal of translocated DNA is captured 

by camera.  

The structure of this chapter is described as follows. In the beginning of this chapter, we 

review DNA translocation kinetics through traditional vertical type solid-state nanopore. For 

vertical nanopore, diffusion and entropy are the limits to efficient DNA capture. Long chain DNA 

translocation is in diffusion limit regime and short chain DNA translocation is in entropy barrier 

limit regime. Study of translocation kinetics helps us to have a better understanding of DNA 

translocation phenomenon through in-plane nanopore. Then we summarize the solid-state 

nanopore DNA translocation event data, by correlating current change and dwelling time with 

translocated DNA configuration, molecule length, driving voltage and electrolyte concentration. 

Such information helps us to analyze our data from in-plane nanopore. Based on the knowledge 

from solid-state nanopore, we performed DNA translocation through polymer based in-plane 

nanopores. Prior to translocation experiments, surface charge density effect on DNA translocation 

was studied by COMSOL simulation. Effective driving force for dsDNA translocation was 

simulated with various surface charge densities and nanopore sizes. For a 10 nm diameter 

nanopores, the threshold surface charge density for DNA translocation was determined as -50 

mC/m2. In order to validate the simulation results, λ-DNA translocation was conducted in 
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nanopores imprinted on poly(ethylene glycol) diacrylate (PEGDA), poly(methyl 

methacrylate) (PMMA) and cyclic olefin copolymer (COC) substrates with their surface charge 

densities (absolute value) in an increasing order (PEGDA > PMMA > COC). Both fluorescence 

observation (1× TE buffer) and ionic current (1× TE buffer) measurement confirmed the 

simulation results that translocation of λ-DNA molecules only occurred in PEGDA based 

nanopore with a surface charge density of -24.1 mC/m2. In order to compare with λ-DNA 

translocation data obtained from solid-state nanopore, ionic current was recorded for λ-DNA 

translocation through PEGDA based nanopore filled with 1 M KCl.  

4.1.1 DNA translocation kinetics  

Efficient DNA capture is a basic but challenging requirement for all nanopore-based 

sequencing platforms [11-14]. Therefore, it is necessary to study DNA translocation kinetics in 

order to increase the DNA capture rate. As illustrated in Figure 4.2, there are three main steps for 

polymer chain translocation: drift diffusion, capture, and translocation [15]. When DNA molecules 

are far from nanopore, their movement are dominated by drift due to weak extending electric field 

and diffusion arising from collision with solvent molecules [15, 16]. Once the molecule enters the 

capture zone, it moves toward the nanopore mouth and never goes back. The term “capture radius”, 

𝑟∗  is usually used to define the size of the capture zone. A higher 𝑟∗  value indicates more 

molecules will be delivered to nanopore and the theoretical DNA capture rate based on 𝑟∗ denotes 

as 𝑅𝑐
𝑑𝑖𝑓𝑓

. However, capture radius is not the only term determines capture rate. This’s because 

translocation stage requires the molecule to overcome an entropy (free energy) barrier by putting 

its chain end into the pore first. Once the end of DNA chain enters the pore, it will be pulled 

through nanopore by an effective driving force. Based on Kramers theory, DNA capture rate can 

be calculated based on the barrier height as 𝑅𝑐
𝑏𝑎𝑟 [16]. If 𝑅𝑐

𝑑𝑖𝑓𝑓
> 𝑅𝑐

𝑏𝑎𝑟, DNA capture is in diffusion 



92 
 

limit regime, otherwise it is in barrier regime. Here, we first study DNA translocation kinetics by 

in diffusion limit regime and barrier regime. Then, we discuss the forces related to DNA 

translocation. We want to find the main factors affecting DNA translocation and optimize them 

for our device. 

 

 

 

 

 

 

 

 

 

Figure 4.2. Schematic image of DNA translocation through solid-state nanopore: (i) drift diffusion, 

(ii) capture, (iii) translocation.  

4.1.1.1 Diffusion limit regime  

4.1.1.1.1 Diffusion limit capture rate, 𝑹𝒄
𝒅𝒊𝒇𝒇

and capture radius 𝒓∗ 

As mentioned above, if entropy barrier for translocation can be overcome easily, any 

molecule enters capture zone will be translocated without time delay. Then DNA capture process 

is limited by diffusion and the DNA capture rate, 𝑅𝑐
𝑑𝑖𝑓𝑓

, is given by the classical Smoluchowski 

theory [11, 16, 17]                                                                      

                                𝑅𝑐
𝑑𝑖𝑓𝑓

= 2𝜋𝐷𝑟∗,  (1)                                                                                                                       

 

where D is diffusion coefficient. So the key is to find capture radius and there are two ways to 

derive 𝑟∗. 
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𝑟∗  can be calculated from its definition. As absorption radius, 𝑟∗  is the distance DNA 

molecule can travel within its longest relaxing time, from cis chamber toward nanopore [11, 13]. 

The longest relaxing time 𝜏𝑧 is given by the Zimm relaxing time [18, 19] 

                                                                      𝜏𝑧 =  ∫
𝑑𝑟

𝑉𝐷𝑁𝐴(𝑟)

𝑟∗

0
 (2)                                                                  

                                                                  𝜏𝑧 ≈ 0.3 
𝜂𝑅𝑔

3

𝑘𝑇
 ,    (3)                                                            

where 𝑉𝐷𝑁𝐴(𝑟) is DNA local velocity, 𝜂  is solution viscosity, 𝑅𝑔  is the gyration radius of the 

polymer. 𝑉𝐷𝑁𝐴(𝑟) consists of three components, diffusion velocity, 𝑉𝑑𝑖𝑓𝑓, drift velocity, 𝑉𝑑𝑟, and 

convection velocity, 𝑉𝑐 and it can be estimated as 

                                        𝑉𝐷𝑁𝐴 =  𝑉𝑑𝑟 + 𝑉𝑑𝑖𝑓𝑓 + 𝑉𝑐 ≈  −𝜇𝐷𝑁𝐴𝐸 −
𝐷𝐷𝑁𝐴

𝑅𝑎
+ 𝑉𝐸𝑂𝐹,                        (4)                       

where 𝜇𝐷𝑁𝐴 and 𝐷𝐷𝑁𝐴 are electrophoretic mobility and diffusion coefficient of DNA molecule, 

and 𝑉𝑐  is estimated as EOF velocity [11]. 𝑟∗ can be calculated by substituting Equation 4.4 to 

Equation 4.2. Usually, diffusion term can be neglected compared with the other two terms.  

𝑟∗ can also be calculated from work by stall force. Recent researches indicate DNA capture 

is influenced by a weak but nonuniform electric field extending out of the pore, as shown in Figure 

4.3. We denote the potential associated with this field as 𝑈(𝑟)  [2, 16, 20]. 𝑈(𝑟) can be estimated 

by an access resistance model [16, 20-22] 

                                                                        𝑈(𝑟) =
𝑑2

8𝑙𝑟
∆𝑈, (5)                                                             

where 𝑑 is nanopore diameter, 𝑙 is nanopore length, 𝑟 is distance from nanopore and ∆𝑈 is the 

applied driving voltage.  
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Figure 4.3. Electric filed outside nanopore and inside nanopore. Electric filed inside nanopore is 

strong due to large potential drop. Electric field extending out of the pore is weak but affects DNA 

translocation into capture zone.  

The probability of moving DNA molecule from on location to another in the field 𝑈(𝑟) 

should be proportional to exp [−𝑊/𝑘𝐵𝑇], where 𝑊 is the minimal work needed to move DNA 

molecule between two points and 𝑘𝐵 is Bolztmann constant. And the critical condition for this 

situation is 𝑊 (𝑟∗) ~ 𝑘𝐵𝑇. To be minimal, the driving force should be equal to the stall force at 

every moment. Based on this assumption, we get 

                                                                 𝑊(𝑟) =
𝜇𝑘𝐵𝑇

𝐷
U(r). (6)                                                         

Derivation details can be found in Ref. 17. Thus, 

  𝑈(𝑟∗) =
𝐷

𝜇
  (7)                                                                                                       

                                                                   𝑟∗ =  
𝑑2𝜇

8𝑙𝐷
∆𝑈,  (8)                                                                                                                                

Substituting Equation 4.8 to Equation 4.1, we have 

𝑅𝑐
𝑑𝑖𝑓𝑓

=  
𝜋𝑑2𝜇

4𝑙
∆𝑈.  (9)                                                                                                           

From Equation 4.9, we know for diffusion limit DNA capture, the capture rate is 

proportional to driving voltage. Though DNA chain length has effect on diffusion coefficient, for 

diffusion limit capture, DNA molecules with different size have the same capture rate.  

In addition to the method mentioned above to derive DNA capture rate in diffusion limit 

regime, capture rate derivation is also discussed in Ref. 12 and Ref. 29.   
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In Ref. 12, DNA capture rate is determined by definition, numbers of molecules delivered 

into capture zone per unit time.  

𝑅𝑐
𝑑𝑖𝑓𝑓

= 2𝜋(𝑟∗)2𝑐0𝑉𝐷𝑁𝐴(𝑟∗) (10)                                                

where 𝑐0  is DNA bulk concentration far from nanopore, 𝑉𝐷𝑁𝐴(𝑟∗) is DNA local velocity at 

capture radius edge and 𝑟∗ can be calculated from Equation 4.2 and 4.4. From Equation 4.10, we 

can find DNA capture rate can be enhanced by increasing capture radius and molecule speed 

moving toward nanopore. 

In Ref. 29, DNA capture rate (DNA flux) is calculated by considering diffusion, drift and 

entropy barrier (for diffusion limit regime only, entropy barrier effect is neglected) 

𝐽(𝑥, 𝑡) = −𝐷
𝜕𝑐

𝜕𝑡
− 𝑐𝜇

𝜕𝑈(𝑥)

𝜕𝑥
− 𝑐𝐷

𝜕𝐹(𝑥)

𝑘𝐵𝑇𝜕𝑥
 ,                                       (11) 

where 𝐹(𝑥) is entropy barrier height. The three terms on the right represent the contributions from 

diffusion, drift and entropy barrier. In summary, 𝐽𝑑𝑖𝑓𝑓~
𝑐

𝑁0.6 and 𝐽𝑑𝑟𝑖𝑓𝑡~𝑐𝑈. 

Though these models are built based on different theories, for diffusion limit regime, they 

all show a DNA capture rate linear to driving voltage, which is in good agreement with 

experimental results [5, 15, 23] as shown in Figure 4.4(a) and (b). For long chain DNA or DNA 

translocation under high bias voltage, translocation is in diffusion limit regime. Next, we are going 

to discuss how to increase DNA capture rate for diffusion limit translocation. 
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Figure 4.4. (a) DNA capture rate dependent on molecule size (300 mV as driving voltage). For 

long chain molecules, DNA capture rate is independent of molecule size. For short chain molecules, 

DNA capture rate is size dependent. (b) DNA capture rate dependent on driving voltage. For long 

chain molecules, DNA translocation is in diffusion regime with its capture rate linear to driving 

voltage. For short chain molecules, DNA translocation is in barrier limit regime with its capture 

exponential to driving voltage.   

4.1.1.1.2 Solutions to increase 𝑹𝒄
𝒅𝒊𝒇𝒇

  

As discussed above, for DNA translocation in a symmetric buffer system (same salt 

concentration in both cis and trans chamber), capture rate increases along with driving voltage 

independent of molecule size. Obviously, DNA capture rate can be increased by applying higher 

driving voltage. However, higher driving voltage also leads to faster DNA translocation speed, 

which is not favorable for strand DNA sequencing [11, 24, 25].  

Though driving voltage has impact on DNA capture rate as shown in Equation 4.9 and 

Figure 4.4(b), the intrinsic “driving force” comes from the extending electric field at nanopore 

mouth. Electric field at cis side nanopore mouth U(r) can be enhanced by salt gradient, as 

illustrated in Figure 4.5(a). With salt gradient present, a higher electric field along nanopore is 

required to keep conservation of the electrical current. Furthermore, positive net charges are 

accumulated around pore mouth because of tuned electric field. Stronger U(r) together with 

cationic EOF increase DNA capture radius and molecule velocity toward nanopore [5, 11]. DNA 

capture rate is increased based on Equation 4.10. Meanwhile, DNA translocation dwelling time 
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increases based on the experimental results in Ref. 11, which can be attributed to EOF generated 

from enriched K+ along DNA chain and nanopore surface. By using salt solution with 

concentration gradient, high DNA capture rate and slow DNA translocation can be achieved 

simultaneously.  

 
Figure 4.5. (a) Schematic image showing U(r) enrichment and positive charge accumulation at cis 

side nanopore mouth with salt concentration gradient present; (b) DNA capture controlled by gate 

voltage, high gate voltage introduce positive surface charge and cationic EOF, which helps DNA 

capture. While, low gate voltage introduce negative surface charge and anionic EOF, which slow 

down DNA translocation. 

As mentioned above, DNA capture rate can be enhanced by increasing capture radius and 

molecule velocity toward nanopore. From Equation 4.2 and 4.4, we find EOF velocity has impact 

on DNA capture radius and translocation velocity. Therefore, DNA capture can be enhanced by 

manipulating nanopore internal surface charge. Internal surface charge of biological nanopore can 

be manipulated by advanced biological technology [26, 27]. For commonly used SiO2 and Si3N4 

nanopores, surface charge on nanopore wall can be tuned by Al2O3 layer coating [14, 28]. However, 

it is not easy to control nanopore size after additional layer coating. An alternative way to control 

surface charge is by integrating gate electrodes on nanopore wall, as illustrated in Figure 4.5(b). 

High gate voltage is applied during DNA capture process to enhance DNA capture by cationic 

EOF. Low gate voltage is applied during DNA translocation to reduce DNA translocation speed 



98 
 

by anionic EOF. Several simulation work has been done regarding this method but few 

experimental data has been reported because of the device complexity [11, 29, 30].   

4.1.1.2 Barrier limit regime  

Once DNA molecules are delivered to nanopore mouth, translocation process begins. 

Translocation process is composed of three steps: (1) chain end localization, (2) nucleation and (3) 

threading. During translocation, coiled DNA molecules have to overcome entropy barriers arising 

from conformational change, electrostatic interaction between distribution of ionic clouds and 

solvent molecules [31, 32]. DNA translocation through nanopore with high entropy barrier is in 

barrier limit regime. Because delivered molecules need some time [33] (several attempts) to 

overcome the barrier and the required time is longer than its travel time into capture zone, 𝑅𝑐
𝑑𝑖𝑓𝑓

>

𝑅𝑐
𝑏𝑎𝑟. Let’s first take a look at the origin of such barrier and then discuss how the barrier affect 

DNA capture.  

4.1.1.2.1 Origin of entropy barrier and barrier height 

Schematic images of DNA translocation process and free energy landscape corresponding 

to the process are illustrates in Figure 4.6(a) and (b). During translocation, DNA chain has to 

overcome two entropy barriers, associating with localization step and threading step, respectively. 

Since the first barrier is larger, in this work we study the barrier associated with the first step (from 

stage A to stage B in Figure 4.6(a)) [31].  

For vertical type nanopore, molecules delivered to nanopore mouth are in coiled state as 

illustrated in Figure 4.6(a). Prior to translocation, it requires DNA to put its chain end into 

nanopore. In order to achieve this, DNA chain end has to overcome an entropy barrier. As 

discussed above, though there are many factors make contribution to this barrier, it mainly comes 
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from DNA chain conformational change [31]. Therefore, we can say DNA chain conformational 

change is the main resource for entropy barrier during DNA translocation.    

From the standpoint of statistical mechanics, we can explain the origin of entropy barrier 

[34]. Neglecting intrachain electrostatic, DNA molecules can be treated as Gaussian chain with 𝑁 

segments having no surface charge. Entropy of DNA chain can be calculated from Boltzmann 

equation 

𝑆 = 𝑘𝐵𝑙𝑛𝑃(𝑟1, 𝑟2),   (13)                                                     

where 𝑃 is a the probability of two DNA chain ends at position 𝑟1 and 𝑟2, repectively.  At stage 

A, DNA chain has two free ends with an entropy 𝑃𝐴. At stage B, DNA chain has one end free and 

one end fixed at nanopore mouth with entropy 𝑃𝐵. Without external electric field, the probability 

of one chain fixed and one chain free is lower than two chain ends free. In other words, DNA chain 

has to overcome an entropy barrier ∆S  

∆𝑆 =  𝑘𝐵(𝑙𝑛𝑃𝐴 − 𝑃𝐵),    (14)                                                

to achieve stage B. Details regarding the derivation and calculation of Equation 4.13 and 4.14 can 

be found in Ref. 33. 

 
Figure 4.6. (a) Three stages for translocation step. (b) Free energy landscape. 
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4.1.1.2.2 Free energy barrier and free barrier effect on DNA capture rate 

Entropy barrier change is part of free energy change. Assuming temperature is constant, 

free energy change ∆𝐹 increases with entropy decrease, as shown in Figure 4.6(b) 

∆𝐹 = ∆𝐻 − 𝑇∆𝑆.   (15)                                                        

With external electric field, DNA chain increase energy ∆𝐻 by putting chain end at nanopore 

mouth, 

 ∆𝐻 =  𝑞𝑒𝑓𝑓∆𝑈  (16)                                                           

where 𝑞𝑒𝑓𝑓 is effective surface charge of DNA chain end at nanopore mouth and ∆𝑈 is applied 

driving voltage. Based on Equation 4.15 and 4.16, increasing driving voltage is one method to 

reduce translocation free energy barrier [13, 32]. Free energy change can be calculated by self-

consistent-field theory (SCFT) and the value ∆𝐹  is found to decrease with molecule length 

(segment number 𝑁) [31] 

∆𝐹~
𝑘𝐵𝑇

𝑁𝛼 ,  α ≅ 0.2 ± 0.1.  (17)                                                

Which means long chain molecules have lower free energy barrier during translocation and this 

has been proved by experimental results [2, 16, 32].  

Moreover, based on Kramers theory, barrier limited DNA capture rate should be 

proportional to exp (
∆𝐹

𝑘𝐵𝑇
) [2, 11, 16, 20]. For DNA translocation in vertical nanopores, high free 

energy barrier reduces capture rate but usually it can be overcome by applying higher voltage. 

Besides, free energy barrier is the reason for threshold driving voltage in translocation experiment 

[32].  

To conclude, we discuss the origin of the translocation barrier during DNA translocation 

through vertical nanopore. For free energy barrier calculation, external electric filed only affects 

enthalpy change and entropy change is calculated from conformational change (without electric 
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field). It is rather difficult to evaluate free energy barrier precisely, therefore EOF effect is not 

included in discussion. Free energy barrier height is simply proportional to 
𝑘𝐵𝑇

𝑁𝛼 . DNA capture rate 

in barrier limit regime is exponential to this barrier height.  

4.1.1.3 Forces affecting DNA translocation 

Another factor affect DNA translocation through nanopore is the forces, including 

electrophoretic driving force and viscous drag force. After DNA putting its chain end into 

nanopore, there should be enough effective driving force to pull DNA chain through nanopore. 

Here we summarize and compare forces affecting DNA translocation. Details related to force 

calculation can be found in Ref. 36.  

 

 

Figure 4.7. Schematic image of DNA translocation through negatively charged nanopore. Under 

electric field. DNA moving direction is opposite to EOF direction. 

Under electric field, negatively charged DNA chain is subject to electrophoretic driving 

force 𝐹𝑒, moving toward Reservoir II shown in Figure 4.7. Commonly used nanopore materials 

have negative charges on the wall, which induces EOF opposite to DNA moving direction. 

Frictional force due to relative motion between bulk fluid flow and DNA chain is the main source 

for drag force. Drag force is composed of three components: viscous drag force acting on DNA 

inside nanopore, 𝐹𝑑, viscous drag force acting on DNA outside nanopore, 𝐹𝑏𝑙𝑜𝑏1 and 𝐹𝑏𝑙𝑜𝑏2 and 

uncoiling/recoiling forces acting on DNA during translocation, 𝐹𝑢  and 𝐹𝑟  [35]. Summary and 

comparison of these forces is present in Table 4.1.  
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Table 4.1. Comparison of forces affecting DNA translocation. 16.5 kbps dsDNA translocation 

through 10 nm diameter nanopore under 120 mV [35]. 𝐹𝑑 is measured with DNA immobilized 

(DNA velocity equal to 0) [36].  

 

 
 

 

Forces related to DNA translocation have been studied experimentally and numerically [29, 

36-38]. Optical tweezer was used to measure effective driving force during DNA translocation. 

Effective driving force was found only 20%~30% of total electrophoretic driving force as shown 

in Table 4.1. This difference was first attributed to charge reduction by Manning condensation [32, 

36, 39] without considering hydrodynamic force caused by EOF. Later, researches attributed this 

phenomenon to hydrodynamic drag force caused by EOF [37, 40]. In order words, low surface 

charge is good for DNA translocation in terms of effective driving force.  

4.1.2 DNA translocation events 

We have summarized the DNA translocation kinetics through nanopore and now it’s the 

time to analyze DNA translocation data: current change and dwelling time. Experimental results 

from previous studies are summarized here as reference for our work. 

4.1.2.1 Current change 

As discussed before, when DNA molecule is present in nanopore, it triggers a current 

change signal. By analyzing current change signals, we can get information regarding DNA 

translocation configuration, molecules sizes and so on. dsDNA molecules are commonly used to 
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test solid-state nanopore performance and here we focus on current change data from dsDNA 

translocation experiments. 

4.1.2.1.1 Current decrease and current enhancement  

Though high concentration KCl (for example 1M) solution is commonly used as electrolyte 

for DNA translocation detection, low concentration KCl solution is usually added to TE buffer in 

order to increase signal to noise ratio and avoid weakening the binding strength between dye 

molecules and DNA backbones [41, 42]. Therefore, it is worthy to study current change signals 

with different salt concentration. Dekker et al. found current change signal due to DNA 

translocation is electrolyte concentration dependent (as shown in Figure 4.8) based on different 

mechanism [5]. Here we briefly summarize their results and details can be found in Ref. 5. 

 

 

Figure 4.8. Current change signals for DNA translocation in (a) 500 mM KCl and (b) 150 mM 

KCl solution. DNA translocation leads to current decrease in high electrolyte concentration 

environment and current increase in low electrolyte concentration environment.  

They explained their experimental results by exploring the mechanism for current change 

due to DNA translocation. With DNA present in the pore, there are two effects on ionic current: 

(1) obviously, ion transport will be blocked temporarily, which tends to reduce ionic current value 

and (2) negatively charged DNA molecule also brings counter-ions into nanopore, which increases 

the ion carriers number in nanopore and therefore tends to increase ionic current value. Combing 

two factors together, they got an equation to express conductance (ionic current) change (for 

certain pore size) , ∆𝐺, due to DNA translocation 
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∆𝐺 =
1

𝐿𝑝𝑜𝑟𝑒
(−

𝜋

4
𝑑𝐷𝑁𝐴

2(𝜇𝐾+ + 𝜇𝐶𝑙−)𝑛𝐾𝐶𝑙𝑒 + 𝜇𝐾+
∗ 𝑞𝑙,𝐷𝑁𝐴

∗ )   (18)                       

 

where 𝑑𝐷𝑁𝐴 (2.2 nm) is DNA chain diameter, 𝜇𝐾+  and 𝜇𝐶𝑙−  are electrophoretic mobility of 𝐾+ 

and 𝐶𝑙− ions, 𝑛𝐾𝐶𝑙 is bulk KCl solution, 𝜇𝐾+
∗  is effective electrophoretic mobility of 𝐾+ moving 

along with DNA chain, 𝑞𝑙,𝐷𝑁𝐴
∗  is effective surface charge on DNA per unit length.  

From Equation 4.18, we can see the second term (current increase) will be dominant when 

KCl concentration is low. Based on their work, the critical concentration is close to 400 mM. 

Though their work explains current change due to DNA translocation well, Ramsey et al. reported 

lateral current increase events during DNA translocation under low salt concentration [43]. For the 

discussion below, we study the current decrease signal induced by DNA translocation in high 

concentration electrolyte.  

4.1.2.1.2 DNA translocation mode and current decrease signals 

Now we will take a look at current decrease signals and analyze signal shape and signal 

amplitude.  

 

Figure 4.9. (a) Different λ-DNA configuration when translocation through nanopore and their 

corresponding current decrease signals. (b) Unfloded event rate vs driving voltage for DNA 

molecules with different length. Squares represent λ-DNA, circles for 10 kbp and diamonds for 3 

kbp. 

Branton et al. observed various current drop signals shown in Figure 4.9 and they attributed 

this difference to DNA configuration during translocation. Unfolded DNA results in small current 
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drop and long dwelling time. While for folded DNA, folded part leads to high current drop (peaks 

within current drop signals) and shorter dwelling time. Moreover, higher driving voltage can 

increase unfolded event rate, which can be attributed to high electric filed to overcome entropic 

forces [44]. 

 

 
Figure 4.10. Current change signals for DNA translocation through nanopores with different sizes.  

For DNA translocation in high salt concentration environment, when DNA is present in 

nanopore, it blocks ion transport temporarily and current drop signal will be measured. Current 

drop amplitude indicates the ratio between biomolecules size and nanopore diameter. Generally 

speaking, for nanopore with fixed size, current drop amplitude increase as molecule size increases; 

for certain biomolecules, current drop amplitude decreases as nanopore size increase, as shown in 

Figure 4.10. DNA sequencing (mononucleotides discrimination) based on current drop difference 

has been demonstrated for biological nanopores and MoS2 solid-state nanopore [27, 45-48]. 

Moreover, damaged or methylated DNA molecules can be detected by solid-state nanopore based 

on current drop amplitude change due to geometry difference [3].  

4.1.2.1.3 Conductance change model for DNA translocation 

Dekker et al. studied the conductance model for solid-state nanopore and current drop 

amplitude for DNA translocation [22, 37] by considering access resistance and nanopore geometry. 

Cross-section of Si based synthetic nanopores are hourglass shaped, and to simplify the problem, 

we consider cylinder shape nanopore. Conductance of cylinder shape nanopore, 𝐺, in high salt 
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concentration (neglecting contribution from surface charge density) can be simply expressed as 

[5]:  

𝐺 = 𝜎
𝜋𝑑2

4𝑙
,     (19)                                                            

where 𝜎 is bulk salt solution conductivity, 𝑑 is nanopore diameter and 𝑙 is membrane thickness 

(nanopore length). Conductance change due to DNA translocation, ∆𝐺 , can be calculated by 

substituting Equation 4.20 and 4.21 into Equation 4.19: 

∆𝐺 = 𝐺𝑜𝑝𝑒𝑛 𝑝𝑜𝑟𝑒 − 𝐺𝑤𝑖𝑡ℎ 𝐷𝑁𝐴 = 𝐺(𝑑) − 𝐺(𝑑𝑤𝑖𝑡ℎ 𝐷𝑁𝐴) (20)                            

 

𝑑𝑤𝑖𝑡ℎ 𝐷𝑁𝐴 = √𝑑2 − 𝑑𝐷𝑁𝐴
2        (21)                                                

 

∆𝐺 =  𝜎
𝜋𝑑𝐷𝑁𝐴

2

4𝑙
.  (22)                                                          

 

However, this simple model doesn’t fit conductance values experimentally determined for 

larger nanopores as shown in Figure 4.11(a). Moreover, it can’t explain nanopore size dependent 

conductance change with DNA translocation as shown in Figure 4.10 and Figure 4.11(b). 

Therefore, an improved model considering access resistance [49, 50] is proposed to predict 

nanopore conductance and conductance change due to DNA translocation. 

𝐺 =  𝜎[
4𝑙

𝜋𝑑2
+

1

𝑑
]−1                   (23)         
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Figure 4.11 (a) Experimental data for nanopore (drilled on 20 nm thickness Si3N4 membrane) 

conductance versus nanopore diameter. Grey line, prediction based on simple model. Red line, 

blue line and green line are predictions based on conductance model including access resistance. 

Different l values are chosen for curve fitting and l = 8.6 nm fits the data well due to the hourglass 

shaped nanopore cross-section. (b) Experimental determined ∆𝐺 verse nanopore diameter. Solid 

lines are predictions by improved model based on different nanopore geometry. (Green line is 

simple cylinder nanopore).  

4.1.2.2 Dwelling time 

Current drop signal reveals DNA lateral dimension, while dwelling time indicates DNA 

molecule length. Unfolded translocation events are usually used for analyzing DNA translocation 

dwelling time [44, 51, 52]. Analyzed dwelling time information can be used to distinguish DNA 

molecules with different chain length as shown in Figure 4.12. We will summarize experimental 

results regarding dwelling time for different chain length DNA translocation and briefly discuss 

the factors affect dwelling time.   

 
Figure 4.12. DNA fragments identification from a mixture of DNA molecules based on dwelling 

time.  
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DNA molecules with different length have been translocated through solid-state nanopore 

and their corresponding dwelling time, 𝑡𝑑, is dependent on molecule length as shown in  

Figure 4.13(a) and (b). Figure 4.13(a) shows dwelling time data and DNA length fit a power-law 

curve, 𝑡𝑑~𝐿𝛼. While Fig. 13(b) indicates dwelling time is proportional to DNA length.  

Dwelling time can be calculated from a simple equation,  

𝑡𝑑 = 𝐾
𝜂𝐿𝐷𝑁𝐴

𝜆𝑉
                                                        (24) 

assuming electrophoretic driving force is balanced by hydrodynamic drag force, where 𝜂 is the 

viscosity of the solution, 𝜆 and 𝐿𝐷𝑁𝐴 are the linear charge density and length of the DNA molecule, 

respectively, 𝑉 is applied driving voltage and 𝐾 is a constant accounting for complex issues for 

this simple model [53]. 

 
Figure 4.13(a) Dwelling time and translocation speed verse DNA molecule length. (b) DNA 

translocation speed verse driving voltage. Squares (48.5 kbp), circles (10 kbp), and diamonds (3 

kbp) have similar translocation speed, which mean dwelling time is dependent on molecule length. 

In summary, for single-file translocation, dwelling time is an important criterion to 

distinguish DNA molecules with different chain length. 

Typical dsDNA translocation speed in solid-state nanopore is 30 bases per microsecond 

(10 mm/s) [52, 53], which is much faster than that for α-hemolysin pore with a speed of 1 base per 

microsecond. Therefore, it is necessary to study the factors affecting dwelling time. For solid-state 
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nanopore, dwelling time can be controlled by adjusting electrolyte viscosity as demonstrated in 

Ref. 53. 

4.2 Experiments 

Surface charge density of nanopore walls plays a critical role in DNA translocation in 

nanopore-based sensing platforms. This section studied the effect of surface charge density on the 

capture of double-stranded (ds) DNA molecules into a polymer in-plane nanopore numerically and 

experimentally. For negatively charged DNA and nanopore walls, electrophoretic driving force 

(𝐹𝐸𝑃) under an electric field is opposed by the viscous drag force by electroosmotic flow (𝐹𝐸𝑂𝐹). 

Focus was given on the capture stage from the nanopore mouth into the nanopore by placing a rod-

like DNA at the nanopore mouth rather than inside the nanopore. As the surface charge density of 

the nanopore wall becomes more negative, 𝐹𝐸𝑂𝐹 exceeds 𝐹𝐸𝑃 beyond a threshold surface charge 

density, 𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 , where DNA molecules cannot be driven through the nanopore via 

electrophoretic motion. We first simulated the effective driving force (𝐹𝑒𝑓𝑓) for the translocation 

of a dsDNA through an in-plane nanopore with different sizes and surface charge densities. 

𝐹𝑒𝑓𝑓 = 𝐹𝐸𝑃 − 𝐹𝐸𝑂𝐹    (25) 

Simulation results were then validated by λ-DNA translocation experiments performed in 

nanopore devices having different surface charge density values.   

4.2.1 Effective driving force simulation 

As shown in Figure 4.14, a 2-D axisymmetric dimensional model was built in COMSOL 

5.0 (COMSOL, Inc.) to investigate the effect of surface charge density on 𝐹𝑒𝑓𝑓  for DNA 

translocation [29, 54]. We assume that a dsDNA is partially pre-stretched by a nanopillar array 

and reaches the nanopore mouth. Thus, the DNA molecule can be modeled as a 2 nm diameter 

cylinder. Since the electric field is strong near nanopore mouth, the end of the cylinder near the 
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nanopore makes a major contribution to 𝐹𝑒𝑓𝑓 [35]. In our model, we placed a 30 nm long cylinder 

(which is shorter than dsDNA persistence length, 50 nm) with no velocity in front of the nanopore 

to calculate 𝐹𝐸𝑂𝐹 and 𝐹𝐸𝑃. 𝐹𝑒𝑓𝑓 was obtained by Equation 4.25. For the negatively charged DNA, 

we used the DNA’s bare surface charge density of -0.15 C/m2 (2e per base pair) [38, 40, 55]. 

 

Figure 4.14. COMSOL simulation model. DNA molecule, nanopore wall, tapered inlet/outlet 

walls are shown in color for illustration. 

For most DNA translocation simulation, KCl solution was the common electrolyte [54, 56, 

57]. In our experiment, we used 1× TE buffer (Sigma-Aldrich, containing 10 mM Tris-HCl, 1mM 

EDTA, pH 8.0) as electrolyte for both fluorescence observation and electrical measurement. For 

COMSOL simulation, therefore, we used 10 mM Tris-HCl concentration as the KCl concentration, 

making sure that they have the same Debye length (ionic strength). All parameters for COMSOL 

simulation are shown in Table 4.2.  
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Table 4.2. COMSOL simulation parameters. 

Parameter Value Definition 

D1 1.95e-9[m^2/s] Diffusivity of K+ 

D2 2.03e-9[m^2/s] Diffusivity of Cl- 

z1 1 Valence of K+ 

z2 -1 Valence of Cl- 

F 96485.3415[C/mol] Faraday Constant 

R0 8.314472[J/K/mol] Gas Constant 

T 300[K] Temperature 

eps0 8.854187817e-12[F/m] Permittivity of vacuum 

eps_r 80 Relative permittivity of fluid 

eps_d 3.9 Relative permittivity of nanopore 

eta 1.0e-3[Pa*s] Fluid viscosity 

rho 1e3[kg/m^3] Fluid density 

V0 1[V] Applied voltage 

cp -0.15[C/m^2] Surface charge density of DNA 

cw -0.076[C/m^2] Surface charge density of nanopore 

c0 10[mol/m^3] Electrolyte concentration 

a 1e-9[m] DNA radius 

4.2.2 Fabrication of polymer in-plane nanopore devices 

In order to verify the simulation results, DNA translocation experiments were designed and 

conducted using polymer nanopore devices with different surface charge densities. Previous 

studies show that the surface charge density of O2 plasma treated COC substrates is higher than 

that of O2 plasma treated PMMA [58, 59]. Also, poly-ethylene glycol (PEG) is a well-known 

coating material to suppress EOF on a target surface [60, 61]. Therefore, in this study we chose 

PEGDA, PMMA and COC as substrates for device fabrication and their fabrication details can be 

found in chapter 3. For all imprinted substrates, we used O2 plasma treated COC sheets as cover 

plate for bonding at 70°C, 1 MPa for 15 min [58]. These hybrid devices are denoted as PEGDA-

COC, PMMA-COC and COC-COC, respectively.   

4.2.3 Surface charge density measurement 

Nanofluidic devices with an array of nanochannels with the width and height of 154 and 

203 nm, respectively, were used to measure surface charge density of different polymer substrates. 
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SEM images of the Si master and imprinted polymer nanochannel substrates used for the surface 

charge density measurements are shown in Figure 4.15.  

 

Figure 4.15. SEM images of nanochannel devices for surface charge density calculation and 

surface charge density calculation results; (a) Si master mold, (b) UV imprinted nanochannels on 

PEGDA substrate, (c) thermal imprinted nanochannels on PMMA substrate, and (d) thermal 

imprinted nanochannels on COC substrate. 

Conductance through these nanochannel arrays at each KCl concentration was determined 

by measuring I-V curves using Axopatch 200B (Molecular Devices). The measurement was 

repeated for different salt concentrations ranging from 10-6 M to 1 M. The current-voltage 

measurements were performed after the baseline current became stable during current-time 

measurement. 10 devices were measured for each substrate material. At high salt concentration the 

nanochannel conductance is dependent on the salt concentration while at low salt concentration 

the conductance is governed by surface charge density on the wall [59, 62, 63]. The effective 

surface charge density, 𝜎𝑠
∗, of a nanochannel substrate can be obtained from the transition point 

between these two regimes, 𝑐𝑡, based on Equation 4.26, 
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𝜎𝑠 =  
103𝑁𝐴∗𝑒∗𝑤∗ℎ∗2𝜇𝑜𝑝𝑝∗𝑐𝑡

(𝑤+ℎ)(𝜇𝐾+  + 𝜇𝐶𝑙−)
 (26) 

where 𝜇𝐾+  and 𝜇𝐶𝑙−  are the ion mobilities of 𝐾+  and 𝐶𝑙− ions, 𝑁𝐴  is Avogadro’s number, 𝑤, 𝐿 

and ℎ are the nanochannel width, length and height, respectively, 𝜇𝑜𝑝𝑝  is the mobility of the 

counterion. 

4.2.4 Optical and electrical detection of λ-DNA translocation 

Prior to introducing DNA molecules, all devices were filled with 1 M KCl solution (Sigma-

Aldrich) containing 1x TE (Sigma-Aldrich), pH 8.0 at room temperature and ionic current 

(conductance) across the nanopore was measured via Axopatch 200B (Molecular Devices) to make 

sure that all testing devices have similar pore sizes. The nanopore size was determined by 

comparing the measured conductance through the nanopore with the simulated conductance for a 

given nanopore size [5, 22]. The average ionic current prior to introducing DNA molecules was 

150 ± 31 nA under 1 V, which equals to 150 ± 31 nS in conductance. The estimated equivalent 

nanopore diameter was 10.3 ± 3.3 nm (see Figure 3.21). 

Then, 1 M KCl solution containing 1x TE was replaced to 1× TE buffer (Sigma-Aldrich) 

and a solution of 5 ng/μL double-strand λ-DNA (New England BioLabs) stained with YOYO-1 

dye (ThermoFisher Scientific) was added to the cis side of the microchannel. Pt electrodes were 

used to drive DNA molecules with a commercial power supply (BK Precision DC power supply 

1735). The DNA movement was observed under a fluorescence microscope (Olympus IX70) with 

a 100× oil immersion objective (Olympus). Fluorescence images and videos were captured by a 

CCD camera (Photon Max, Princeton Instruments). 

Immediately after fluorescence observation, we used the same nanopore device for 

electrical detection of DNA translocation by using same 1× TE buffer as electrolyte. In order to 

reduce the noise level, the device was kept in a homemade Faraday cage during electrical 
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measurement. Ag/AgCl electrodes were placed in inlet/outlet reservoirs to drive stained DNA 

molecules. Ionic transient current signal was recorded at a sampling rate of 250 kHz and low-pass 

filtered at 10 kHz.  

4.3 Results and discussion 

4.3.1. Effective driving force simulation 

DNA molecules can be driven into a nanopore by electrophoretic motion only when the 

surface charge density of the nanopore wall is less negative than 𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑  due to a lower 

hydrodynamic drag force caused by weaker EOF [37, 38]. 𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 of the nanopore device can 

be predicted by performing COMSOL simulation on the electrokinetic behavior of a DNA 

molecule in the nanopore device with different surface charge density values [36, 38]. Our 

structural model consists of an in-plane nanopore with 10 nm diameter and 60 nm length connected 

to a tapered inlet and outlet structure. The surface charge density of the entire device wall varied 

from -20 to -80 mC/m2. To simulate 𝐹𝑒𝑓𝑓 of a rod-like, double-stranded λ-DNA molecule into an 

in-plane nanopore, a cylindrical rod with a diameter of 2 nm and the surface charge density of -

0.15 C/m2 [38, 40] was placed at the nanopore mouth. This initial DNA location assumes that one 

of the DNA chain ends was pre-stretched and approached the nanopore mouth. 1× TE buffer was 

chosen as electrolyte in consideration of the subsequent fluorescence observation. Figure 4.14 

shows the axisymmetric structural model and boundary conditions used for the simulation. It 

should be noted that this model is similar to the in-plane nanopore structure used for experimental 

verification. With the model, 𝐹𝐸𝑃  and 𝐹𝐸𝑂𝐹  were calculated by solving the coupled Poisson-

Nernst-Planck (PNP) equations, which gives 𝐹𝑒𝑓𝑓  from Equation 4.25. Details regarding the 

simulation model and parameters used can be found in the experimental section and in Table 4.2.   
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Figure 4.16 shows 𝐹𝐸𝑂𝐹 and  𝐹𝐸𝑃 exerting on the DNA molecule surface placed in front of 

a 10 nm pore as a function of surface charge density of the nanopore wall. It should be reminded 

that 𝐹𝐸𝑂𝐹 and 𝐹𝐸𝑃 correspond to the force in the direction of the nanopore axis. 𝐹𝐸𝑂𝐹 was obtained 

by contour integration of 𝐹𝐸𝑂𝐹,𝑖𝑧  around the DNA contour surface, 𝐹𝐸𝑂𝐹 = ∮ 𝐹𝐸𝑂𝐹,𝑖𝑧 , where 

𝐹𝐸𝑂𝐹,𝑖𝑧 is the hydrodynamic drag force at a given DNA surface. As shown in Figure 4.16(a), 𝐹𝐸𝑂𝐹 

increases as the surface charge density of the nanopore wall becomes more negative. Figure 4.16(b) 

shows the spatial distribution of the simulated EOF velocity in the direction of the nanopore axis 

for three representative surface charge density values of -20 mC/m2, -30 mC/m2 and -80 mC/m2, 

respectively. More negative surface charge density leads to a higher EOF velocity against the 

electrophoretic motion of the molecule. 

On the other hand, as shown in Figure 4.16(c), 𝐹𝐸𝑃 initially increases, shows a maximum 

at -30 mC/m2 and then decreases as the surface charge density value becomes more negative. 

According to the Coulomb’s law, 𝐹𝐸𝑃 applied on the DNA surface depends on the electric field in 

the nanopore axis direction (i.e. z-axis in simulation model), 𝐸𝑧, by 𝐹𝐸𝑃 = ∮ 𝑞𝐸𝑧 around the DNA 

surface contour. While a constant external voltage of 1 V is applied between top and bottom sides 

of the nanopore, different surface charges on the device wall modify 𝐸𝑧, leading to a dependence 

of 𝐹𝐸𝑃 on the surface charge density. Figure 4.16(d) shows the horizontal distribution of 𝐸𝑧 at z = 

-45 nm, which is 15 nm away from the front end of the DNA molecule. The direction of 𝐸𝑧 near 

the tapered wall was reversed from the direction of the electric field by applied voltage due to the 

negative surface charge of the wall. The reversed electric field decays with the distance from the 

tapered wall. As the surface charge density becomes more negative, the magnitude of the reversed 

𝐸𝑧 near the tapered wall increases, resulting in a reduction of 𝐸𝑧 at and near the DNA molecule 
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and thus 𝐹𝐸𝑃. This accounts for the behavior of 𝐹𝐸𝑃 for the surface charge density ranging from -

30 mC/m2 to -80 mC/m2.  

Figure 4.16. (a) 𝐹𝐸𝑂𝐹 for a rod-like DNA placed at the mouth of a 10 nm diameter nanopore 

having various surface charge densities; (b) Spatial distribution the simulated EOF velocity in 

the direction of the nanopore axis for three representative surface charge density values of -20 

mC/m2, -30 mC/m2 and -80 mC/m2, respectively; higher surface charge density (absolute value) 

leads to a higher EOF velocity at or near the DNA molecule. (c) 𝐹𝐸𝑃 for a rod-like DNA placed 

at the mouth of a 10 nm diameter nanopore having various surface charge densities; (d) 

Horizontal distribution of electric field in nanopore axis direction, 𝐸𝑧, at z = -45 nm for three 

representative surface charge density values of -20 mC/m2, -30 mC/m2 and -80 mC/m2, 

respectively. Higher surface charge (absolute value) density leads to stronger built up electric 

field near tapered wall and it has negative effect on 𝐸𝑧 at DNA surface. 

The behavior of 𝐹𝐸𝑃 for the surface charge density below -30 mC/m2 can be explained by 

enhanced charge exclusion by the enlarged Debye length (or electric double layer) caused by the 

low surface charge density of the device wall. As shown in Figure 4.17, The nanopore device with 

more negative surface charge density has a higher number of charge carriers inside the nanopore. 
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The increased number of charge carriers inside the nanopore results in a decreased nanopore 

resistance and thus a lower 𝐸𝑧 within nanopore, which subsequently leads to a higher 𝐸𝑧 outside 

the nanopore. This explains the behavior of 𝐹𝐸𝑃 for the surface charge density below -30 mC/m2.  

 

                               (a)                                                                                  (b) 

Figure 4.17. (a) Simulation model with DNA at nanopore entrance; (b) Distribution of charge 

carriers within the nanopore along the red line indicated in the simulation model (from nanopore 

center to nanopore wall) for a 10 nm nanopore with -20 mC/m2 (blue), -30 mC/m2 (green), -50 

mC/m2 (red) and -80 mC/m2 (light blue) surface charge density. Nanopore with more negative 

surface charge density has more charge carriers within nanopore, which leads to a decreased 

nanopore resistance and thus a lower 𝐸𝑧 within the nanopore. This results in an increased 𝐸𝑧 at the 

DNA surface outside the nanopore under the same applied voltage. 

Figure 4.18(a) presents 𝐹𝑒𝑓𝑓  obtained from the simulated 𝐹𝐸𝑃  and 𝐹𝐸𝑂𝐹  using Equation 

4.25 as a function of surface charge density for different nanopore diameters. The solid triangle of 

Figure 4.18(a) presents 𝐹𝑒𝑓𝑓 for a 10 nm diameter nanopore obtained from Figure 4.16(a) and 

4.16(c). Overall, 𝐹𝑒𝑓𝑓  decreases as the surface charge density becomes more negative. 

Interestingly, the sign of 𝐹𝑒𝑓𝑓  is reversed at a threshold surface charge density of -50 mC/m2, 

indicating that the DNA molecule cannot be driven into the nanopore when the surface charge 

density is more negative than this threshold surface charge density value.  
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Figure 4.18. (a)  𝐹𝑒𝑓𝑓 for a rod-like DNA placed at the mouth nanopores with different pore sizes 

and various surface charge densities; (b) 𝐹𝑒𝑓𝑓 for a rod-like DNA placed inside nanopores with 

different pore sizes and various surface charge densities. Insets indicate DNA location in 

simulation model.  

We further simulated 𝐹𝑒𝑓𝑓 versus surface charge density for different nanopore diameters 

of 3 nm and 5 nm which is also shown in Figure 4.18(a). For nanopores with the same surface 

charge density, 𝐹𝑒𝑓𝑓 decreases with decreasing the nanopore size, indicating that it is more difficult 

to drive the DNA molecule through smaller nanopores by electrophoretic motion. The negative 

effect of the tapered inlet structure on 𝐸𝑍 and 𝐹𝑒𝑓𝑓 becomes smaller for larger nanopores because 

the DNA is further away from the tapered wall. 𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑  is reduced from -50 mC/m2 to -41 

mC/m2 as the pore diameter decreases from 10 nm to 5 nm. For the 3 nm pore, 𝐹𝑒𝑓𝑓 is always 

negative irrespective of the magnitude of the negative surface charge density, indicating that it is 

not possible to drive the DNA molecule through the pore with any nanopore devices with negative 

surface charge density (when 1× TE buffer is used). 

Our results indicate that the negative effect from the tapered inlet structure on 𝐹𝑒𝑓𝑓 can be 

reduced with an abrupt inlet structure. Figure 4.19 shows the simulation model of the abrupt inlet 
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structure, and 𝐹𝐸𝑃, 𝐹𝐸𝑂𝐹 and 𝐹𝑒𝑓𝑓 versus surface charge density for a nanopore of 10 nm diameter. 

Both 𝐸𝐸𝑃 and 𝐸𝐸𝑂𝐹 increase with surface charge density. While 𝐹𝑒𝑓𝑓 decreases with the surface 

charge density, the 𝐹𝑒𝑓𝑓 values are always positive irrespective of the surface charge density used 

for the simulation, indicating that DNA molecules reaching at the nanopore mouth are readily 

introduced into the nanopore. An interesting conclusion can be deduced from the simulation 

results; a tapered inlet structure built prior to a nanopore or nanochannel has been known to be 

helpful to reduce the entropic barrier to capture DNA molecules into a nanopore or nanochannel 

[33, 64, 65]. However, this merit is accompanied by the negative effect of reduced or even inverted 

𝐹𝑒𝑓𝑓. Therefore, this trade-off needs to be considered in the design of nanopore or nanochannel 

devices to improve the capture of the DNA molecules.  
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(a)

 

                                       (b)                                                                            (c) 

Figure 4.19. (a) COMSOL simulation model of a double-stranded DNA molecule at the nanopore 

mouth of a nanopore with an abrupt inlet. The DNA molecule is shown in color for illustration; 

(b) 𝐹𝐸𝑂𝐹 and 𝐹𝐸𝑃 are plotted as a function of surface charge density. Unlike the nanopore with a 

tapered inlet, for an abrupt inlet 𝐹𝐸𝑃 increases slightly along with surface charge density. This is 

because of the enhancement of electric field z-axis component at the DNA surface. The number of 

charge carriers within nanopore increases as surface charge density increases, which leads to the 

enhancement for electric field z-axis component at DNA surface.  𝐹𝐸𝑂𝐹  increases along with 

surface charge density because of stronger EOF. (c) As the difference of 𝐹𝐸𝑃  and 𝐹𝐸𝑂𝐹 , 𝐹𝑒𝑓𝑓 

decreases as surface charge density (absolute value) increases. 

For comparison, we also simulated  𝐹𝑒𝑓𝑓 for a DNA molecule placed inside the nanopore 

of different diameters as shown in Figure 4.18(b). Similar to the previous case of DNA at nanopore 

mouth, 𝐹𝑒𝑓𝑓 decreases as the surface charge density becomes more negative and increases along 
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with the nanopore size. Because of the greater confinement in the nanopore, the contribution of 𝐸𝑍 

by external applied voltage becomes larger, thus resulting in an overall increase in 𝐹𝑒𝑓𝑓 . The 

𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 values for 3 and 5 nm pores are -22 and -61 mC/m2, respectively. For the 10 nm pore, 

𝐹𝑒𝑓𝑓  show always positive values within the range of the surface charge density values 

investigated. The results clearly show that the location of the DNA molecule is critical to properly 

understand the capture behavior of the molecule from the nanopore mouth into the nanopore 

through the numerical simulation.  

4.3.2 Surface charge density measurement  

Prior to DNA translocation experiments, surface charge densities of PEGDA-COC, 

PMMA-COC and COC-COC devices were experimentally determined by measuring conductance 

through the nanochannel devices for different KCl concentration. When the KCl concentration is 

greater than 10-2 M, measured conductance fits linearly to the theoretical bulk conductance. At 

lower salt concentration, however, conductance saturates at a value which is dependent on the 

surface charge density and device geometry. From the transition point on the plot, the effective 

surface charge density, 𝜎𝑠 , can be calculated through Equation 4.25 [58, 62].                                                                              

Figure 4.20 shows the nanochannel conductance as a function of salt concentrations for 

different hybrid devices. The effective surface charge densities obtained from Equation 4.25 were 

−24.1 mC/m², −51.7 mC/m², and −73.8 mC/m² for PEGDA-COC, PMMA-COC and COC-COC 

devices, respectively [62]. Surface charge density of O2 plasma treated PMMA and COC are close 

to the values reported in the previous studies [58, 66]. It should be reminded that the simulated 

𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 of the 10 nm pore was -50 mC/m2, from which we hypothesize that DNA molecules 

could only be driven through the nanopore made of PEGDA-COC, not devices made of PMMA-

COC and COC-COC.  
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Figure 4.20. Nanochannel conductance for PEGDA-COC, PMMA-COC and COC-COC as a 

function of salt concentration. 

4.3.3 Optical and electrical detection of λ-DNA translocation 

In order to verify the surface charge dependent DNA capture behavior in nanopores, we 

conducted optical observation and electrical measurements for λ-DNA translocation through 

nanopore devices with tapered inlet/outlet made of different hybrid substrates. We used 1× TE 

buffer to ensure enough binding strength between YOYO-1 dye and λ-DNA backbones [41, 42]. 

Figure 4.21 shows fluorescence images when the stained λ-DNA molecules were driven towards 

the nanopore electrophoretically. For all the devices, fluorescence signals from λ-DNA molecules 

were seen in the nanopillar array region up the nanopore mouth, indicating that DNA molecules 

captured from the microchannels were accumulated in the nanopillar array region. However, their 

translocation behavior through the nanopore was different. For PEGDA-COC device, λ-DNA 

molecules translocated through the nanopore under bias voltage as low as 100-400 mV, which is 

similar to driving voltages reported for λ-DNA translocation through vertical nanopores [1, 32, 

67]. We also observed that stretched λ-DNA molecules hesitated for a short time prior to entering 

into the nanopore, similar to a previous report for DNA translocation through an in-plane 

nanochannel [33]. When applying high driving voltage, this phenomenon became more obvious 
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as λ-DNA molecules piled up at the nanopore entrance region while the molecule can still enter 

into the nanopore. For PMMA-COC and COC-COC devices, on the other hand, λ-DNA molecules 

were stretched by pillar arrays and delivered to the nanopore mouth, but could not enter into the 

nanopore. We reversed the bias several times and also increased the driving voltage up to 10 V. 

However, no translocation events were observed while the molecules piled up prior to the 

nanopore.  

 

Figure 4.21. Sequential fluorescence images of stained λ-DNA translocation through in-plane 

single nanopore devices fabricated on (a) PEGDA, (b) PMMA and (c) COC.  λ-DNA molecules 

passed through PEGDA nanopore under bias voltage as low as 100 mV but they could not do 

through PMMA and COC nanopore even under 10 V. The white arrows in Figure 4.21(a) indicate 

translocated λ-DNA molecules through PEGDA nanopore. Scale bar, 5 µm in white. 
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Immediately after fluorescence observation, we used the same nanopore devices for 

electrical detection of DNA translocation by using same 1× TE buffer as electrolyte. Figure 4.22 

(a) shows ionic current traces measured from PEGDA-COC, PMMA-COC and COC-COC devices 

under a driving voltage of 1 V, which is the maximum value that can be applied with a commercial 

patch clamp used. Electrical measurement results were in an agreement with the optical 

observation. Current blockage events from translocated λ-DNA molecules occurred only for 

PEGDA-COC device, while no current blockage events were observed for PMMA-COC and 

COC-COC devices. Both the optical and electrical measurements support our hypothesis set based 

on the simulation results that λ-DNA molecules can be threaded into the in-plane nanopore only 

when the surface charge density of the device is less negative than 𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑. In other words, the 

simulated 𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑  value is the parameter that can be used to determine the translocation of 

biopolymers in the design of nanopore devices.  
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Figure 4.22. (a) Long duration current trace for stained λ-DNA translocation through PEGDA, 

PMMA and COC based in-plane nanopores; (b) Scatter plot of DNA translocation events in 

PEGDA device; (c) Typical unstretched, partially stretched and fully stretched current blockade 

events. 

For vertical nanopore membranes, the blockade event of a nanopore by a DNA molecule 

at low salt concentration usually gives rise to an increased transient current peak due to the 

enhanced flow of counterions along the DNA molecular chain [5, 68, 69]. In our experiments, 

despite the use of 1× TE buffer with low salt concentration, all the transient current peaks were 

downward. The reason of decreased transient current peaks at low salt concentration is still not 

clear, but such opposite results have been reported for DNA translocation through transverse  

electrodes [43, 70] and carbon nanotubes [71]. Moreover, the event rate of λ-DNA translocation 

in PEGDA device was significantly low compared to that for vertical nanopores reported (> 1 
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event/ 10 s for 5 ng/μl λ-DNA under a 200 mV driving voltage) [2, 14]. Possible explanations for 

the low event rate maybe thicker EDLs at the DNA molecule and the nanopore surfaces that make 

DNA translocation more difficult [14, 72, 73].  

We further analyzed the current transient peaks from λ-DNA translocation events in 

PEGDA-COC device. Figure 4.22(b) shows a scattered plot for the current drop and dwell time. 

Three regimes can be identified: (1) short dwell time regime, (2) short current drop regime, and 

(3) transition between (1) and (2) regimes. In Figure 4.22(c) is shown a representative current 

transient peak corresponding to each regime. Different current transient peaks indicate that λ-DNA 

molecules translocated through the nanopore in different translocation modes, i.e. unstretched, 

partially stretched, and fully stretched, which is similar to λ-DNA translocation observed in 

vertical solid-state nanopores.[1, 44] Generally speaking, fully stretched translocation events lead 

to a smaller current drop, longer dwelling time. Partially stretched or unstretched (e.g. single local 

folded, double local folded or fully folded) events show a larger current drop and shorter dwelling 

time. In addition to high rate fabrication modalities, polymer in-plane nanopores are advantageous 

in that both optical and electrical measurements can be performed in a single chip and that high 

throughput manufacturing modalities are readily available. Our results indicate that polymer in-

plane nanopores can be an alternative platform to vertical nanopore membranes in obtaining 

biophysical information of biopolymers.  

Since λ-DNA can be more easily translocated through PEGDA-based nanopore, we 

conducted more DNA translocation experiments using such devices with 1 M KCl as electrolyte. 

As discussed above, compared with low concentration electrolyte such as 1× TE, 1 M KCl is more 

ideal for electrical detection of λ-DNA due to thinner EDL and higher conductivity. Figure 4.23 

shows simulated 𝐹𝑒𝑓𝑓  for the same model in Figure 4.14 with different concentration KCl as 
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electrolyte. Higher KCl concentration (ion strength) leads to thinner EDL and therefore less 

negative effect on 𝐹𝐸𝑃 , especially for nanopore with higher surface charge density (absolute 

value).Therefore, adding high concentration salt into buffer system could be one way to facilitate 

DNA translocation. 

 

Figure 4.23. Effective driving force simulation for the same model with different concentration 

KCl as electrolyte.  

 Figure 4.24 shows current blockade vs. dwelling time for λ-DNA (without fluorescence 

label) translocation through a 18-nm diameter PEGDA nanopore filled with 1 M KCl under 

different driving voltages. Similar to the results summarized in section 4.1.2, current blockade 

decreases along with driving voltage while dwelling time responses in a opposite trend. Moreover, 

compared with λ-DNA translocation in 1× TE buffer, 1 M KCl leads to a higher event rate due to 

stronger 𝐹𝑒𝑓𝑓. 
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Figure 4.24. Current blockade vs dwelling time plots for λ-DNA translocation through PEGDA 

nanopore filled with 1 M KCl. (a) 1000 mV. (b) 800 mV. (c) 600 mV. 

4.4 Conclusions 

The effect of the surface charge density of in-plane nanopore devices with tapered 

inlet/outlet on the translocation of  λ-DNA molecules was studied numerically and experimentally. 

The simulation results indicate that 𝐹𝑒𝑓𝑓  can be lowered or even reversed when the nanopore 

device is made of materials with highly negative surface charge, hindering DNA translocation by 

electrophoretic motion. This effect becomes more significant for smaller nanopores and nanopores 

with a tapered inlet structure. The simulated 𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 at which the sign of 𝐹𝑒𝑓𝑓 is reversed can 

be used as an indicator to determine the molecular translocation through nanopore devices, as 

verified by DNA translocation experiments where devices with the measured surface charge 

density more negative than the simulated 𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑  did not allow translocation of λ-DNA 

translocation. Compared with PMMA and COC based devices, PEGDA based nanopore fabricated 

by UV-NIL has the potential to replace Si based solid-state nanopore in the future due to its low 

surface charge, hydrophilic nature and large-scale fabrication possibility.    
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Chapter 5. Discrimination of dNMPs Through Polymer Dual-Nanopore 
 

Since our final goal is to discriminate single nucleotides cleaved from dsDNA, after 

demonstrating single molecule detection ability of polymer in-plane nanopores, focus is given on 

the discrimination of mononucleotides by ToF measurement through polymer dual-nanopore 

devices. First, previous studies of mononucleotides detection via biological/solid-state nanopores 

and biomolecules sensing by dual-nanopore devices are summarized. Then mononucleotides 

discrimination was conducted using PEGDA dual-nanopore devices with various experimental 

conditions (including buffer pH, flight tube length and driving voltage), aiming to optimize 

discrimination resolution.  

5.1 Introduction: Mononucleotides detection via biological/solid-state nanopores and 

biomolecules sensing by dual-nanopores 

5.1.1 Mononucleotides detection via biological/solid-state nanopores 

Mononucleotides identification was first explored for exonuclease-based DNA sequencing 

via biological nanopores by Bayley et al. in 2006 [1]. Physical properties of dNMPs are 

summarized in Table 5.1. Discrimination of four 2′- deoxyribonucleoside 5′-monophosphates 

(dNMP) was demonstrated by a mutant αHL nanopore with a positively charged transient adapter 

(cyclodextrin). The adapter can reduce the size of mutant nanopore further and at the same time 

assist dNMPs capture [1, 2]. dNMP translocation was conducted under 130 mV in 25 mM Tris·HCl, 

1 M KCl, pH 8.0 at 22.5 °C [1]. As shown in Figure 5.1(a) and (b), the amplitudes of current 

blockade due to four dNMPs are in a decreasing order of dGMP> dTMP> dAMP > dCMP. Though 

the results from this work is promising, there are some problems preventing this method from real 

application: (1) the adapter was not covalently attached to nanopore; (2) the resolution of bases 

was not sufficient enough; and (3) the experimental conditions were not optimal for exonuclease 

activity (for example, salt concentration and temperature).  In their later work published in 2009, 
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Bayley et al. presented dNMPs discrimination by mutant αHL nanopore with covalently attached 

adapter under various experimental conditions. Current blockade events were detected and 

analyzed using both individual nucleotides and mixture of nucleotides. As shown in Figure 5.1(c) 

and (d), residual current values for four dNMPs are in the same trend as their previous work but 

with more difference. Base-calling accuracy for four dNMPs and even DNA methylation (5-

methylcytosine, m5C) is as high as 99% (in 800 mM KCl). Dwell time for each dNMP was also 

reported and long dwell time was observed for dNMPs due to binding with adapter, especially for 

dTMP.  

Table 5.1. Physical properties of dNMPs. Size of nucleotides (VN) and DNA bases (VB) in Å3 

and surface area of nucleotide (AN) and DNA bases (AB) in Å2. 

Base MW (Da) VN (AN) [3] VB (AB) 
Net charge at 

pH 8.3 [4] 

Net charge at 

pH 10.3 

dGMP 

347.3 359 (351) 168 (177) -3 -4 

dAMP 

331.2 349 (340) 157 (166) -3 -3 

dTMP 

322.2 339 (331) 150 (163) -3 -4 

dCMP 

307.2 324 (319) 133 (147) -3 -3 

One highlight of this work is that it presented preliminary results of exonuclease-

sequencing by engineered mutant biological nanopore with sufficient discrimination accuracy, as 

illustrated in Figure 5.2. In consideration of the practical scenario for exonuclease-sequencing, 

several experimental conditions were optimized. For example, a asymmetric salt condition: 200 

mM KCl at cis side to promote enzyme activity and 500 mM KCl at trans side to maintain high 
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conductance for good discrimination. Besides, the optimal driving voltage was studied in order to 

prevent dNMP’s re-entering. 

 

Figure 5.1. Top: mutant αHL nanopore with transient adapter. (a) Current trace for detection of 

mix dNMPs; (b) Histogram of residual current due to dNMPs translocation. Bottom: mutant αHL 

nanopore with permanent adapter. (c) Current trace for detection of mix dNMPs; (d) Histogram of 

residual current due to dNMPs translocation. 

 

Figure 5.2. Detection of nucleotides cleaved from ssDNA by exonuclease.  

Stimulated by biological nanopores, solid-state nanopores have been regarded as an ideal 

platform for biomolecules sensing due to better stability under various extreme experimental 

conditions. Biomolecules such as DNA [5], proteins [6], exosomes [7] have been successfully 

detected by solid-state nanopores, but it is still challenging for solid-state nanopore to achieve 

single nucleotide resolution for DNA sequencing (both strand-sequencing and exonuclease-
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sequencing). Few results have been reported for single nucleotides discrimination by solid-state 

nanopores. There are two main reasons: (1) temporal resolution, fast translocation speed of 

nucleotides within solid-state nanopore and (2) spatial resolution, nanopore size variation during 

fabrication, which affects both signal-to-noise ratio and discrimination accuracy. Here we include 

three papers of single nucleotides detection by solid-state nanopores: one is by traditional Si3N4 

nanopore [8], one is by MoS2  monolayer nanopore [9] and the last one is by nanogap electrode 

[10]. 

Fabrication of Si based nanopores has been well developed since 2001 [11] but for a long 

time the application Si based nanopore was limited to the detection of dsDNA or ssDNA 

translocation. Recently Chen et al. reported the use of Si3N4 nanopore for single nucleotides 

discrimination [8]. A 1.8 nm-diameter nanopore was produced on 10 nm-thickness low-stress 

Si3N4 by FIB followed by TEM sculpting. For nucleotides sensing, the nanopore was filled with 1 

M KCl containing 10 mM Tris-HCl and 1 mM EDTA. Unlike previous studies for DNA sensing, 

four nucleoside triphosphates (dNTPs) were introduced from trans side (positive electrode side) 

rather than cis side. Both their experimental results and molecular dynamic (MD) simulation 

(shown in Figure 5.3) confirmed that the dNTPs translocation were dominated by EOF due to the 

surface charges on nanopore walls. Compared with biological nanopore with positively charged 

adapter, the translocation mechanism in negatively solid-state nanopore is much more complicated 

and has not been well studied. Their work provides insights for solid-state nanopore researchers 

working on small biomolecules with less surface charges. The current blockades for dNTPs 

followed the same order of the volume of each nucleotide, i.e., dGTP > dATP > dTTP > dCTP. 

Besides, the mobility of four dNTPs was studied by comparing their dwell time. Due to strong 

EOF, the dwelling time for dNTPs can last to hundred microseconds, which is much longer than 
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translocation speed derived from DNA strand sensing. Interestingly, larger nucleotides were found 

to have higher mobility due to higher driving force resulting from more surface area exposed to 

EOF. 

 

Figure 5.3. MD simulation of forces affecting nucleotides translocation. (a) Nanopore with zero 

surface charge density, electric force is dominant; (b) Nanopore with surface charge density of -

53 mC/m2, viscous drag force by EOF is dominant. 

Compared with thick Si based nanopore, nanopores drilled on monolayers such as 

graphene[12-14], MoS2 [15, 16] and boron nitride (BN) [17] have better longitudinal resolution 

for strand sequencing and provide an alternative way to monitor tunneling current change during 

biomolecules translocation. Feng et al. reported single nucleotides identification by 2.8 nm 

diameter MoS2 nanopores (negatively charged). As illustrated in Figure 5.4(a), a gradient (in both 

viscosity and concentration) electrolyte system, BmimPF6/ 2M KCl was used to slow down 

translocation speed. For example, the dwell time for λ-DNA was increased from 1.4 ms (in 2 M 

KCl) to 130 ms (in gradient system) without current amplitude reduction. Current blockade for 

dNMPs was shown in Figure 5.4(b) and it was in good agreement with previous studies by 

biological nanopores. However it is not easy to distinguish four nucleotides by their dwell time. 

They also explored the nanopore size effect on the differentiation of nucleotides and they found 

nanopores larger than 4 nm didn’t allow a good differentiation. Their work proved monolayer 
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nanopores with gradient electrolyte system have the potential to be used for both strand sequencing 

and exonuclease-sequencing due to high spatial and temporal resolution. 

 

Figure 5.4. (a) Experiment configuration. Cis and trans chamber having gradient electrolyte are 

separated by MoS2 nanopore. (b) Scatter plot and histogram of current blockade and dwell time 

of dNMPs. 

As mentioned earlier, dNMPs can be discriminated by tunneling current measurement 

when translocated through graphene nanopore [13, 18] or nanogap electrode [10, 19]. Kawai et al. 

demonstrated single nucleotides identification by using gold electrodes with 1 nm inter gap [10]. 

Such electrodes was fabricated by bending gold nanoscale junctions shown in Figure 5.5(a) in a 

three-point bending configuration. Dissolved dNMPs were detected when diffused through the 

nanogap and tunneling current increase was observed during translocation. As presented in Figure 

5.5(b), the current change was in a decreasing order of dGMP> dCMP > dTMP (dAMP was not 

presented due to specific binding to Au electrode). A mixture of dGMP and dTMP in solution can 

be discriminated by current change histogram as plotted in Figure 5.5(c). Besides, voltage 

dependent translocation event was also presented for dGMP. Tunneling current change increases 

along with applied voltage, while dwelling time has minor difference. 
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Figure 5.5. (a) Gold nanoscale conjunctions before bending [20]. Inset: schematic of tunneling 

current measurement of single nucleotide translocated through nanogap electrode in water. (b) 

Histogram of dNMPs tunneling current under 0.75 V (measured individually). (c) Histogram of 

current drop of nanogap electrode immersed into a solution containing equimolar amounts of 

dGMP and dTMP.    

Table 5.2 summarizes the results and the critical experimental details of above mentioned 

methods. In summary, single nucleotides discriminating was well-studied in biological nanopores 

with high resolution and in consideration of practical application scenario. Solid-state nanopores 

(including nanogap electrodes) are still under developing: Si based nanopore and nanogap 

electrodes are suitable for exonuclease-sequencing; while monolayer nanopore can be used for 

both strand sequencing and exonuclease-sequencing. For solid-state nanopores, more efforts 

should be made on increasing discrimination resolution, molecule motion control and practical 

application issues, for example, optimal experimental conditions for enzyme activity.  
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Table 5.2. Summary of single nucleotides discrimination work. 

Sensing modality Schematic Pore materials Experimental conditions Results 

Ionic Current 

 

Mutant α-HL with 

covalently 
attached adapter 

[21] 

400 mM KCl at pH 7.5; 

180 mV, baseline current 54 pA, cis to trans; 
Individual/mix dNMPs (5 μM) and exonuclease-

sequencing demonstrated  

𝐼𝐺 > 𝐼𝑇 > 𝐼𝐴 > 𝐼𝐶  

𝑇𝑇 > 𝑇𝐶 > 𝑇𝐺 > 𝑇𝐴 

 

Si3N4 nanopore 

(1.8 nm diameter, 
10 nm thick) 

[8] 

1 M KCl at pH 7.5, trans to cis; 
Individual dNTPs (20 nM) 

𝐼𝐺 > 𝐼𝐴 > 𝐼𝑇 > 𝐼𝐶  

𝑇𝑇 > 𝑇𝐶 > 𝑇𝐴 > 𝑇𝐺 

 

MoS2 nanopore 

(2.8 nm diameter) 
[16] 

BmimPF6/ 100 mM KCl at pH 7.5  

200 mV cis to tans 
Individual dNMPs (5 μg ml-1)  

𝐼𝐺 > 𝐼𝐴 > 𝐼𝑇 > 𝐼𝐶  

𝑇𝐴 > 𝑇𝐺 > 𝑇𝑇 > 𝑇𝐶 
 

Tunneling current 

 

Gold electrodes 

with 1 nm gap 

[10] 

dNMP dissolved in water, no driving voltage  

individual dNMPs and mix of dGMP/dCMP (5 μM) 
𝐼𝐺 > 𝐼𝐶 > 𝐼𝑇 

 

5.1.2 Biomolecules sensing by dual-nanopores 

Inspierd by biomolecules sensing via single nanopores, stacked nanopores in series were 

fabricated to provide more biological information and identification accuracy [22-24]. As 

illustrated in Figure 5.6(a), such structure was first built in Si3N4-Si to study the escape time of 

different analytes from the cavity by fluorescence observation [23]. Later on, the same device was 

used to study dsDNA mobility by analyzing the time-of-flight (TOF) during DNA translocation 

[25]. The schematic image in Figure 5.6(b) shows how does the device work: when DNA passed 

two pores with different sizes, it triggers two signals (paired peaks) with differenr amplitudes, and 

the time delay between two signals can be used to calculate DNA mobility. Compared with single 

nanopore experiment, the key issue for dual-nanopore experiment is how to correlate current 

change signals to paired peaks. As mentioned in their work, the experiment was conducted with 
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10 kbp dsDNA in low concentration (100 pM) to make sure they could observe isolated paired 

peaks. For data processing, they first define the maximum TOF (here 75 ms) as the “correlation 

range” to help assign current change signals to pore 1 and pore 2. Simply put, a moving window 

(75 ms width) was used identify the paied peaks on current recording trace (details can be found 

in supplementary information).  

 

Figure 5.6. (a) How to fabricate stacked nanopores on Si3N4 coated Si; (b) How does the pore-

cavity-cavity work and examples of paired peaks. Si3N4 pore 28 nm diameter, Si nanopore 23 nm 

by 23 nm. Data collected at pH 8.0 under 300 mV in 1 M KCl. 

The same concept was realized by e-beam lithography in the format of in-plane nanopores 

by Jacobson et al., as shown in Figure 5.7(a). As discussed earlier, in-plane nanopores have several 

advantages over vertical nanopores, such as easy fabrication and the possibility of simultaneous 

observation of biomolecule translocation from fluorescence signals and ionic current change 

signals. Jacobson et al. used Si based in-plane dual-nanopore to detect single virus capsids, and 

the example of paired peaks is shown in Figure 5.7(b). 

All these previous work on single nucleotides discrimination and biomolecules sensing by 

dual-nanopore devices provide insights for our research on mononucleotides sensing via polymer 

in-plane dual-nanopore. In the next section, dNMPs discrimination via polymer based dual-

nanopore devices will be presented. 



144 
 

 

Figure 5.7 (a) SEM image of in-plane dual-nanopore, 50 nm wide, 50 nm deep and 40 nm long. 

(b) Examples of paired peaks, data was collected at pH 7.5 in 1 M NaCl. 

5.2 Experiments 

5.2.1 Device design and fabrication 

As described in chapter 2 and chapter 3, polymer-based in-plane dual-nanopore devices  

were fabricated via NIL using UV-resin molds. An example of bitmap used for generating dual-

nanopore, a Si master mold milled by FIB and a bonded PEGDA-PEGDA device are shown in 

Figure 5. 8. As presented in Figure 5.8(a) and (b), the channels connecting nanopores were defined 

in grey scale color with gradient to reduce the barrier for biomolecule translocation.  

 
Figure 5.8. (a) Bitmap containing two nanopores with 500 nm flight tube. (b) Si master mold 

containing dual nanopores milled by FIB using bitmap in Figure 5.8 (a). (c) Bonded PEGDA-

PEGDA device with access microchannels highlighted in food color and dual-nanopores indicated 

in a black box. 
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PMMA (ePlastics) and COC (COC6013, Tg=142 °C, TOPAS) based devices were 

imprinted using TPGDA resin molds at 135 °C, 3.5 MPa and 160 °C, 5 MPa for 15 min, 

respectively. PEGDA (MW = 200, Sigma-Aldrich) based devices were imprinted using MD 700 

molds via UV-NIL. Prior to bonding, imprinted PMMA and COC substrates were treated with O2 

plasma under 450 mTorr, 50 W for 30 s to enhance solution wetting and assist bonding. A thin 

COC cover (COC8007, Tg=70 °C, TOPAS) was used to bond imprinted PMMA and COC at 70 °C, 

1 MPa for 15 min. A 125 μm thickness PEGDA coated PMMA sheet was used for PEGDA device 

bonding at 70 °C, 1 MPa for 7.5 min. Dimensions of nanopore after thermal bonding were 

examined by coducting ionic current measurement on polymer devices filled with 1 M KCl 

(Sigma-Aldrich).  For dual-nanopore devices with 500 nm flight tube and 1 μm flight tube, a ionic 

conductance of 50 nA and 40 nA (equal to the conductanc of a 10 nm diatemer nanopore, as shown 

in Figure 5.9) was applied as a creterion to determine whether a chip is suitable to use. 

 
Figure 5.9.  Conductance vs. nanopore size plot for dual nanopore size estimation (based on 1 M 

KCl as electrolyte). (a) Dual-nanopore with 500 nm flight tube; (b) Dual-nanopore with 1 μm flight 

tube.  

 

5.2.2 Experiment set-up and data analysis 

After filling with 1 M KCl, the device was checked under microscope to make sure the 

device was filled completely with no air bubbles trapped inside microchannels, especially at the 
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interface between microchannels and funnel inlet structure. In our experiment, we used both 

commercial patch-clamp, amplifier Axo-patch 200B with digitizer 1440A (Molecular Devices) 

shown in Figure 5.10 (a) and home-made amplifier (from our collaborator Dr. Collin Mckinney in 

UNC) with NI DAQ card (NI PXIe-1073, National Instruments) shown in Figure 5.10 (b) for data 

acquisition. Ionic current was then measured more than 10 min until the baseline current was stable, 

no any fake peaks were observed and the current reading was below the critical value. dNMP 

(Sigma-Aldrich) solution with certain concentration was introduced from cis or trans side 

reservoirs. After collecting enough data for one nucleotide, the device was washed (fill and 

withdraw by electric pump) with 1 M KCl several times and ionic current was measured more than 

10 min to make sure no more peaks from previous nucleotide before introducting a new nucleotide. 

 
Figure 5.10. (a) Commercial patch-clamp. (b) Home-made patch-clamp by Dr. Collin Mckinney 

from UNC with sample stage in a home-made Faraday cage. 

 

After collecting the ionic current data (current vs. time trace), we analyzed the data with 

the similar manner as described in Ref. [25]. The ideal case for ToF measurement is that after one 

molecule pass both two nanopores, the second molecule starts to approach to the first nanopore. 

Since we didn’t use any enzyme to control the nucleotides feeding rate and even though we tried 
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to use dNMP solution with low concentration, it is challenging to avoid signal “cross-talk” between 

two nanopore sensors. Therefore, in this initial developing stage, we only collect ToF data from 

isolated peaks and we also have an estimated ToF value as “our corrolation range” based on the 

mobility measured from fluorescence labeled dNMPs in Ref. [4]. For 500 nm flight tube with 1 V 

as driving voltage, the estimated ToF for dNMPs is around 1 ms (Estimated ToF =

 
𝑓𝑙𝑖𝑔ℎ𝑡 𝑡𝑢𝑏𝑒 𝑙𝑒𝑛𝑔𝑡ℎ

𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑓𝑖𝑒𝑙𝑑∗𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑚𝑜𝑏𝑖𝑙𝑖𝑡𝑦
=

500 𝑛𝑚

(2×105 𝑉

𝑚
)×2×10−5𝑐𝑚2

𝑉𝑠

) [4]. Thus we mannually selected pair peaks 

with time difference (from the end point of the first peak to the start point of the second peak ) 

aroud 1 ms and at the same time there are no any other peaks before and after at least 10 ms (10 

times of the estimated ToF) of the selected pairs. As shown in Figure 5.11(a), although peak pairs 

1-2, 3-4 seems to be paired and have reasonable time interval, they are not isolated peaks. As for 

peak pair 5-6, they are isloated from other peaks but their time interval is much greater than the 

estimated ToF value. In Figure 5.11 (b), first three pairs are well isolated from each other and with 

reasonable ToF. It can be clearly seen that pair 4 ovelaps with unpaired signals due to poor feeding 

rate control, therefore in this case we still use its ToF information. For the final device, nucleotides 

feeding will be controlled by enzyme and ToF data analysis should be done by software. Some 

ideas for ToF data analyis software design based on above criterion are discussed in chapter 7.  

 

Figure 5.11. Example of paired peaks: (a) Current trace for 10 ng/μl dTMP detected by PEGDA-

PEGDA device having 500 nm flight tube filled with 1 M KCl at pH 8.0 under 800 mV (driven by 

EP, baseline current 20 nA). (b) Current trace for 10 ng/μl dCMP detected by PEGDA-PEGDA 
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device having 500 nm flight tube filled with 1 M KCl at pH 10.0 under 3 V (driven by EOF, 

baseline current 11 nA).  

5.3 Results and discussion 

dNMPs discrimination experiment was initially conducted by using PMMA based devices 

replicated from Si mold shown in Figure 5.12. Based on SEM and AFM measurement, the 

nanopore at T side (24 nm in depth) is slightly smaller than the one at C side (25 nm in depth). 0.1 

ng/μl dAMP was introduced from C side reservoir and a positive bias voltage ranging from 300 

mV to 1000 mV was applied across two pores ( C side ground/reference electrode, T side working 

electrode) as described in previous works [5, 9, 21]. Suprisingly, we have few current peaks 

detected at various driving voltages but they were all paired peaks. The snapshots of these peak 

pairs and ToF vs. driving voltage are shown in Figure 5.13. All the paired peaks follow the order 

of small-big, which conincides with dAMP’s moving direction, from cis (smaller pore) to trans 

(larger pore). Moreover, as driving voltage increases, the ToF deceased due to enhanced electric 

field within flight tube. For a driving voltage more than 800 mV, we expect a ToF of less than 3 

ms and with less variation , which provides hints for ToF values in the future work. 
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Figure 5.12. Si master mold (April 2nd ) for dNMPs discrimination experiments at initial stage. 

Top: SEM images of Si mold; Bottom: AFM measurement of Si mold: values in brackets were 

nanopore/nanochannel depth measured by AFM and values outside brackets were measured by 

SEM.  Both confirmed a smaller pore at cis (C) side and a larger pore at trans (T) side.      

 

 

Figure 5.13. (a) Snapshots of paired peaks for dAMP translocation through PMMA based dual-

nanopore device having 500 nm flight tube filled with 1 M KCl under various driving voltage. (b) 

ToF of dAMP vs. driving voltage. Error bars (standard variation) of ToF data at 600 mV, 700 mV 

and 800 mV were not shown due to limited data.   

Initial experiments above proved the feasibility of using polymer dual-nanopore devices 

for nucleotides discrimination via ToF measurement. However, we couldn’t get enough data 

(sometimes no events) from PMMA based devices after many trials. It was documented in previous 
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studies that small negatively charged biomolecules such as proteins and nucloetides sometimes 

can’t be driven through negatively charged nanopore electrophoretically due to relatively low 

effective driving force, 𝐹𝑒𝑓𝑓, resulting from less charges from shorter biomolecule chain [6, 8]. In 

order to study the translocation kinetic of nucleotides, we simulated 𝐹𝑒𝑓𝑓  for dsDNA with different 

length (2 nm, 5 nm, 10 nm, 15 nm, 30 nm) translocation through different size nanopore (3 nm, 5 

nm and 10 nm in diameter) having various surface charge density (-20 mC/m2, -40 mC/m2 and -

60 mC/m2). dsDNA was choosen because they can be treated as 2 nm-diameter stiff cylinder when 

its length shorter than its persistence length, 50 nm. The simulation model is similar to the one 

used in chapter 4 and the biomolecules were located in front of nanopore with no initial velocity. 

The simulation results are presented in Figure 5.14. For certain nanopore size, 𝐹𝑒𝑓𝑓  decreases as 

surface charge density increases due to higher viscous drag force from stronger EOF. Moreover, 

longer biomolecules lead to higher 𝐹𝑒𝑓𝑓  because of more charges on biomolecule surface. In 

general, 𝐹𝑒𝑓𝑓 decreases as nanopore size decreases, which can be explained by the electric field 

strength reduction in front of nanopore. Overall, it is hard to drive small nucleotides 

electrophoretically througn tiny nanopores with high surface charge density, which is in agreement 

with experimental and MD simulation results from Ref. [8]. For biomolecules driven by 

electrophoretic motion, a nanopore with low surface charge density is preferred. Therefore, we 

replaced PMMA based devices with PEGDA based devices in order to assist nucleotides 

translocation as presented below.  
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Figure 5.14. Feff simulation for dsDNA with different length translocation through nanopore with 

different size having various surface charge density. 1 M KCl was used as electrolyte, the same as 

experimental conditions. (a) 10 nm-diameter nanopore. (b) 5 nm-diameter nanopore. (c) 3 nm-

diameter nanopore.  

Figure 5.15- Figure 5.17 show 10 ng/ μl dTMP translocation data (current blockade, dwell 

time and ToF) under different driving voltages through PEGDA based dual-nanopore devices. 

Compared with PMMA nanopores with higher surface charge density, it is easier to translocate 

dNMPs through PEGDA nanopores as indicated in Figure 5. 14 (c). Figure 5. 15 and Figure 5.16 

show both current drop and dwell time increase with driving voltage. In this case, much more 

events can be detected (which can be contributed to a higher 𝐹𝑒𝑓𝑓  and a higher nucleotides 

concentration), therefore paired peaks were manually selected based on the criterion described 

above. ToF vs. driving voltages for dTMP is plotted in Figure 5.17, ToF of dTMP decrease as 

driving voltage increases, same as the ToF data of dAMP in Figure 5. 13(b). 1000 mV driving 

voltage leads to a ToF value less than 2 ms, which is also close to the one of dAMP. Moreover, 

the standard deviation of ToF reduces as driving voltage increases, which indicates a weakened 

interaction between dTMP and nanochannel walls. Therefore a slightly higher driving voltage is 

preferred to achieve high identification accuracy. 
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Figure 5.15. Histograms of the current blockade for dTMP transolation through PEGDA dual-

nanopore device having 500 nm flight tube filled with 1 M KCl under different driving voltage. 

Current blockade values are extracted from manually selected paired peaks based on the criterion 

described above.  

 

 

Figure 5.16. Histograms of dwell time for dTMP transolation through PEGDA dual-nanopore 

device having 500 nm flight tube filled with 1 M KCl under different driving voltage. Dwell time 

values are extracted from manually selected paired peaks based on the criterion described above. 

Standard variation of dwell time at 700 mV and 800 mV is high, therefore the histograms of dwell 

time distribution under 700 mV and 800 mV are shown here.  
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Figure 5.17. ToF vs. driving voltage for dTMP transolation through PEGDA dual-nanopore 

device having 500 nm flight tube filled with 1 M KCl under different driving voltage. 

5.3.1 pH 8.0 vs. pH 10.0 

After getting initial dTMP ToF data from PEGDA device, we tried to get ToF information 

of all dNMPs one after another through the same PEGDA device in order to avoid the variation 

factor from device fabrication. Same as dTMP translocation experiment, all dNMPs were driven 

through nanopore electrophoretically. While the electrolyte changed from 1 M KCl only to 1 M 

KCl containing 1× TE at pH 8.0. As shown in Figure 5.18, the ToF values for dNMPs are slightly 

smaller than the values shown above for dAMP and dTMP (around 2 ms), which can be attributed 

to the control of pH and the existence of TE buffer. More importantly, the ToF of dNMPs follows 

the order of dGMP > dAMP > dCMP > dTMP, which is in agreement with MD simulation except 

for dCMP and dTMP (smooth wall case) [26]. The slow motion of larger nucleotides in flight tube 

can be attributed to their larger surface area (higher viscous drag force) and larger mass (smaller 

acceleration). Besides, the interations between the nucleotides and nanochannel walls could be 

another reason for the flight time difference. Overall, by examing the ToF of the dNMPs, four 

nucleotides can be barely dicriminated at pH 8.0 under 1 V. Inspired by the work by O’Neil et al., 
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we then tried to use electrolyte with higher pH to increase the resolution and the results are shown 

in Figure 5.19.  

 

Figure 5.18. ToF values of dNMPs collecting from the same PEGDA dual-nanopore device having 

500 nm flight tube filled with 1 M KCl containing 1× TE at pH 8.0 under 1 V (dNMPs were driven 

electrophoretically). At this condition, dNMPs can’t be distingushed well and therefore 

identification accuracy was not calculated. 

 

 

Figure 5.19. ToF values of dNMPs collecting from the same PEGDA dual-nanopore device having 

500 nm flight tube filled with 1 M KCl containing 0.5× TBE at pH 10.0 under 3 V (dNMPs were 

driven electroosmotically). Compared with pH 8.0, dNMPs can be distinguished better with an 

average identification accuracy of 55%. 
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Interestingly, at pH 10.0 we couldn’t detect any events when we tried to drive dNMPs 

electrophoretically in PEGDA devices as before. However, we can have events deteced when 

reversing the polarity of electrodes (electric field). This can be explained by the surface charge 

density enhancement of nanopore/nanochannel wall due to a higher pH. Though PEGDA has 

relatively low surface charge density, at pH 10.0 the stronger EOF is dominant over electrophoretic 

motion. Moreover, a higher driving voltage was required for dNMPs translocation at pH 10.0, 

which can also be attributed to the relatively lower 𝐹𝑒𝑓𝑓 due to stronger EOF. Therefore, we used 

the home-made patch-calmp system to collect data, which can provide driving voltage up to 9 V. 

Figure 5.19 shows the ToF data of dNMPs translocation through the same PEGDA device 

containing dual-nanopore. Though the translocation mechanism is different from pH 8.0, the ToF 

of dNMPs follows the same decreasing order of dGMP > dAMP > dCMP > dTMP at pH 8.0, 

which is same as the order of labeled dNMPs mobilitiy measured in nanochannel [4]. In order to 

explain this phenomenon, we can simply model the nucleotides translocation within nanochannel 

as linear motion with constant acceleration and no initial velocity (illustrated in Figure 5. 20), 

1

2
𝑎 ∙ 𝑇𝑜𝐹2 = 𝐿 (1) 

𝐹𝑒𝑓𝑓 =  |𝐹𝐸𝑃(𝐸, 𝜎𝑛𝑢𝑐𝑙𝑒𝑜𝑡𝑖𝑑𝑒) − 𝐹𝐸𝑂𝐹(𝐸, 𝐴, 𝜎𝑛𝑢𝑐𝑙𝑒𝑜𝑡𝑖𝑑𝑒, 𝜎𝑛𝑎𝑛𝑜𝑐ℎ𝑎𝑛𝑛𝑒𝑙 )| = 𝑚𝑎 (2) 

ToF =  √
2𝐿𝑚

|𝐹𝐸𝑃−𝐹𝐸𝑂𝐹|
 (3) 

where 𝑎 is the constant acceleration, 𝐿 is flight tube length, 𝐸 is electric field within nanochannel, 

𝜎𝑛𝑢𝑐𝑙𝑒𝑜𝑡𝑖𝑑𝑒 and 𝜎𝑛𝑎𝑛𝑜𝑐ℎ𝑎𝑛𝑛𝑒𝑙 are surface charge density of nucleotide and naochannel, respectively, 

𝐴 is surface area of nucleotide and 𝑚 is the mass of nucleotide. 
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Substituting Equation 5.2 to Equation 5.1, we get Equation 5.3, indicating ToF is affected 

by flight tube length, nucleotide mass, surface charge density of nucleotide and nanochannel wall, 

electric field inside nanochannel and nucleotide surface area. At pH 10.0, 𝐹𝐸𝑂𝐹 is dominant over 

𝐹𝐸𝑃, however dGMP as the nucleotide with larger surface area has the longest travel time, which 

can be explained by its higher drag force FEP by higher net charge and a larger mass value. In fact, 

the translocation process is quite complicated, therefore more study is required to explore the 

factors affecting nucleotides mobility within nanochannel. Overall, the average identification 

accuracy of dNMPs is 55%, much better than the results at pH 8.0.  

 

Figure 5.20. (a) Simple linear motion with constant acceleration model to calculate ToF. (b) 

Schematic image showing dNMPs translocation in PEGDA nanopore device at pH 8.0, where 𝐹𝐸𝑃 

is donimant over 𝐹𝐸𝑂𝐹  and 𝐹𝑒𝑓𝑓  is toward anode. (c) Schematic image showing dNMPs 

translocation in PEGDA nanopore device at pH 10.0, where 𝐹𝐸𝑂𝐹 is donimant over 𝐹𝐸𝑃 and 𝐹𝑒𝑓𝑓 

is toward cathode. 

Histogram of current drop for dNMPs translocation through dual-nanopore is also 

presentented in Figure 5.21. Since the baseline current varied during dNMPs detection, the current 

drop (conductance drop) values were normalized by the total conductance. As shown below, the 
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trend of conductance drop follows a decreasing order of dAMP > dGMP > dCMP > dTMP, which 

is slightly different with previous studies and with poor identification accuracy.   

 

Figure 5.21. Histograms of the conductance drop for dNMPs transolation through the same 

PEGDA dual-nanopore device having 500 nm flight tube filled with 1 M KCl containing 0.5× TBE 

at pH 10.0 under 3 V. Conductance drop values are extracted from manually selected paired peaks 

based on the criterion described above. 

5.3.2 500 nm flight tube vs. 1 μm flight tube 

Based on Equation 5.3, by increasing flight tube length, the ToF values difference between 

four nucleotides can be increased, which could be helpful to improve the discrimination resolution. 

A Si master mold containing two nanopores with 1 μm flight tube was built for this purpose. The 

ToF values for dNMPs translocation through dual-nanopore with 1 μm flight tube filled with 1 M 

KCl containing 0.5× TBE at pH 10.0 under 3 V are presented in Figure 5.22. As flight tube length 

becomes double, the ToF values for all four dNMPs are more than two times larger than their 

values for 500 nm flight tube. This can be explained by the flight tube length increase and electric 

field strength reduction within longer flight tube. Again, the trend of ToF of dNMPs follows a 

decreasing order of  dGMP > dAMP > dCMP > dTMP at pH 10.0 under 3 V for 1 μm flight tube. 

Although the distribution of flight time becomes broader, the average identification accuracy is 

improved to 75%. A longer flight tube can help to improve discrimination resolution and a higher 

driving voltage may be preferred to minimize the flight time variation. 
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Figure 5.22. ToF values of dNMPs collecting from the PEGDA dual-nanopore device having 1μm 

flight tube filled with 1 M KCl containing 0.5× TBE at pH 10.0 under 3 V (dNMPs were driven 

electroosmotically). Compared with 500 nm flight tube device, dNMPs can be distinguished with 

an improved average identification accuracy of 75%. 

5.3.3 ToF measurement of mix dGMP and dTMP under different driving voltage 

Like previous studies with biological nanopores [21], a mix solution of dGMP/dTMP 

(volume ratio 7:3) was introduced in order to test the device performance. For mix solution, as 

shown in Figure 5.23, two distinct peaks can be identified at 1.5 V with a flight time of 0.8 ms and 

3.0 m, respectively. Compared with ToF data from individual dNMPs at 3V, these two peaks (left 

to right) can be assigned to dTMP and dGMP. At 1 V, due to the broad distribution of ToF and 

limited data, we can barely assign two peaks with flight time of 4.3 ms and 9.5 ms to dTMP and 

dGMP, respectively. Compared with ToF values at 1.5 V and 3 V and in consideration of Equation 

5.3, the long ToF at 1 V indicates that strong interaction between biomolecules and flight tube 

could be a problem at low driving voltage. Another interesting finding is, there are more paired 

peaks found for dTMP compared with dGMP although there are more dGMP in mix solution. This 

phenomenon can be attributed to the higher mobility for dTMP at pH 10.0, which is the same 

reason for dTMP’s lowest ToF value. 
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Figure 5.23. Left: ToF values for individual dGMP and dTMP from the PEGDA dual-nanopore 

device having 500 nm flight tube filled with 1 M KCl containing 0.5× TBE at pH 10.0 under 3 V. 

Right: ToF values for a mix solution of dGMP and dTMP from the PEGDA dual-nanopore device 

having 500 nm flight tube filled with 1 M KCl containing 0.5× TBE at pH 10.0 under 1.5 V and 1 

V.  

5.3.4 Reproducibility of ToF measurement 

In order to avoid the variation from device difference, previous ToF data of four 

mononucleotides were collected under different experimental conditions from single devices. 

However, during the long-time ionic current recording, we observed an increase in baseline current 

especially for PEGDA device, which could affect the accuracy of ToF measurement. In order to 

demonstrate the reproducibility of ToF measurement, we collected ToF data of dGMP from two 

devices with 1μm flight tube at pH 10.0 with different baseline current values.   

 

Figure 5.24. Histogram of dGMP ToF collected from dual-nanopore device with different baseline 

current. 
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As shown in Figure 5.24, ToF value collected from a nanopore device with lower baseline 

current is less than that from a device with higher baseline current. A lower baseline current 

indicates a smaller nanopore and a slightly smaller nanochannel after thermal bonding. Figure 5.25 

presents the effective driving force, 𝐹𝑒𝑓𝑓, of biomolecules inside nanopore with different sizes. For 

biomolecules driven by EOF, as nanopore size decreases, the absolute value of  𝐹𝑒𝑓𝑓 increases, 

which leads to a higher initial velocity entering the flight-tube. Such explanation was supported 

by the fact that the dwell time for lower baseline current device was 0.42 ms, which was less than 

that from a higher baseline current device of 1.02 ms. 

 

Figure 5.25. 𝐹𝑒𝑓𝑓 simulation for dsDNA with different length translocation inside nanopore with 

different size having various surface charge density. 1 M KCl was used as electrolyte, the same as 

experimental conditions. (a) 10 nm-diameter nanopore. (b) 5 nm-diameter nanopore. (c) 3 nm-

diameter nanopore.  

5.4 Conclusion 

In this chapter, we present discrimination of dNMPs via ToF measurement using polymer 

dual-nanopore devices. At first, ToF of individual dNMP was measured using dual-nanopore 

devices having 500 nm flight tube with different surface charge density and pH values. At pH 8.0, 

nanopore with low surface charge density was preferred to drive small nucleotides 

electrophoretically. The ToF values for four dNMPs follow a decreasing order of dGMP > dAMP > 

dCMP > dTMP. But the discrimination resolution of four dNMPs was poor. Inspired by the work 

by O’Neil et al., which measured the mobilities of labeled dNMPs in nanochannel, a higher pH of 
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10.0 was tested to increase discrimination resolution. At pH 10.0, dNMPs translocation mechanism 

changes: even though PEGDA devices were used, 𝐹𝐸𝑂𝐹  is dominant over 𝐹𝐸𝑃 due to increased 

surface charge density of nanopore/nanochannel walls at higher pH. Surprisingly, the ToF values 

follow the same decreasing order of dGMP > dAMP > dCMP > dTMP. At pH 10.0 under 3 V, an 

average identification accuracy of 55% was achieved. In order to improve resolution further, a 

device with longer flight tube of 1 μm was used to achieve an  average identification accuracy of 

75% at pH 10.0 under 3 V. At last, a mix solution of dGMP and dTMP was introduced and two 

distinct peaks were distinguished in a dual-nanopore device with 500 nm flight tube.  

Overall, this work proves the idea of discrimination dNMPs using ToF measurement with 

dual-nanopore devices. A higher pH, a longer flight tube and a higher driving voltage are preferred 

to achieve better resolusion. Other factors affacting dNMP translocation within flight tube such as 

molecules mass, molecule/nanochannel surface charge density and molecule/nanochannel wall 

interaction should also be studied carefully in future work. 
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Chapter 6. Surface Charge Density Manipulation Using Multivalent Salt 

 In chapter 5, we’ve demonstrated dNMPs discrimination using PEGDA based dual-

nanopore devices with low surface charge density at various conditions. However, we noticed that 

molecules pile-up issue still occurred during dNMPs translocation, which could be troublesome 

for data analysis even with enzyme-assisted motion control. Unlike long chain DNA (such as λ-

DNA), which has to overcome high entropy barrier by sufficient 𝐹𝑒𝑓𝑓  , the pile-up issue for 

particle-like nucleotides can be attributed to the ion selection property of nanopore, which has the 

same negatively charges as nucleotides. In order to assist nucleotides translocation, this chapter 

focuses on how to reduce the surface charge density of polymer surface further by using 

multivalent salt.    

6.1 Introduction: Surface charge density of polymer surface and its modification 

Unique transport phenomena and high sensitivity in nanoscale make nanofluidic devices 

such as nanochannels [1, 2] and nanopores [3, 4] ideal platforms for single molecule analysis. In 

recent years, nanofluidic devices made of thermoplastics such as poly(methylmethacrylate) 

(PMMA) [5], cyclic olefin copolymer (COC) [6] and polycarbonate (PC) [7] have drawn 

tremendous attention as the best candidate to replace silicon(Si) and glass based nanofluidic 

devices due to their low-cost and large-scale fabrication features. However, the hydrophobic nature 

of pristine polymer substrates prevents a good reagent filling into micro- and nanochannels and 

therefore proper surface modification of polymer substrates via O2 plasma or UV/O3 treatment is 

prerequisite [8-10]. When polymer substrates are treated with O2 plasma or UV/O3, polar 

functional groups (e.g. carboxyl groups) are normally formed on polymer surfaces [10, 11]. Such 

functional groups improve the wetting property of polymer substrate by increasing surface energy 

and the modified hydrophilic surface prevents non-specific binding to analytes such as DNA, RNA, 
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protein or cell. Upon contacting with aqueous solution, the modified polymer surface develops 

negative surface charges due to the dissociation of carboxyl groups given by: 

𝐶𝑂𝑂𝐻 ⇌ 𝐶𝑂𝑂− + 𝐻+ (1) 

These surface charges play an important role in manipulating biomolecules motion during 

electrophoresis within nanofluidic devices. For large biomolecules with negative surface charges, 

e.g. double-stranded (ds)DNA, negative charges on polymer surfaces prevent an efficient capture 

of DNA into nanofluidic devices. Since the negative charges on polymer substrates leads to a 

strong electroosmotic flow (EOF), which is opposite to DNA drift velocity by electrophoresis [12-

14]. Such strong EOF leads to an insufficient effective driving force (𝐹𝑒𝑓𝑓) for folded long chain 

DNA to overcome entropy barrier [15, 16] or for pre-stretched long chain DNA [17, 18] to be 

threaded through nanochannel/nanopore. On the contrary to this, for small biomolecules with 

negative surface charges, e.g. proteins and mononucleotides, viscous force by EOF (𝐹𝐸𝑂𝐹 ) is 

dominant over electrophoretic force (𝐹𝐸𝑃), working as the main driving force for biomolecules 

translocation [19, 20].  In this case, a stronger EOF may lead to high translocation speed, which is 

a challenging for the detection electronics with limited bandwidth [21-23]. Moreover, selective 

ions (analytes) transport [24] due to electrostatic repulsion is dominant especially for nanofluidic 

devices with extreme small length scale. 

Because of aforementioned reasons, polymer nanofluidic devices with low and controllable 

surface charge density is desirable for single molecule analysis. There are several ways to 

manipulate surface charge density of nanofluidic devices. Poly(ethylene glycol) (PEG) has been 

successfully grafted on polymer substrates, such as PMMA [8, 25] and Polydimethylsiloxane 

(PDMS) [26], to suppress EOF and non-specific molecules binding. Compared with PEG coating, 

dynamic coating using surfactant such as polyvinylpyrrolidone (PVP) is more convenient and has 
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been used mostly for Si or glass based nanofluidics devices [27-29]. However, the existence of 

surfactant in buffer may affect the accuracy of biomolecule analysis based on resistive-pulse 

sensing and mass spectrometry [8]. A simpler way to manipulate the substrate surface charge is by 

introducing multivalent metal salts into buffer system [30, 31]. Unlike commonly used monovalent 

electrolytes (such as KCl [4], NaCl and LiCl [32]) for biomolecule sensing, both numerical and 

experimental studies demonstrated multivalent ions (such as Mg2+ and Al3+) can reduce or even 

invert the negative surface charges on Si or glass based substrates [30, 31]. One drawback of 

introducing multivalent metal salt into buffer or using it directly as buffer [33] is that it may affect 

the fluorescence dye stability [2], unexpected noise or fake peaks during current measurement or 

even alter the polarity of biomolecules surface charge [34]. 

In this chapter, we present an easy method to manipulate surface charge density of polymer 

nanofluidic devices by using multivalent metal salts to facilitate biomolecule sensing. We mainly 

focus on a modification of COC substrate. Since it has excellent optical property and various glass 

transition temperature (Tg) for different applications [35] but has a higher surface charge density 

than other commonly used thermoplastic substrates based on literature [6] and our previous work. 

However, the method can be applicable for most polymer substrates even Si or glass substrates. 

Unlike previous studies, we expect to modify polymer surface charge density by the multivalent 

ions anchored to its surface, while keeping the original suitable buffer system for either 

fluorescence observation or ionic current measurement. Surface charge density change was 

determined by measuring the conductance of nanochannels imprinted on polymer substrates with 

and without modification. Then, the performance of modified device was tested by translocating 

biomolecules through polymer in-plane nanopore. 
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6.2 Experiments 

6.2.1 Fabrication of polymer nanochannel devices and their surface modification 

Surface charge density modification by using multivalent metal salts was conducted on 

three different polymer substrates with their surface charge density in a decreasing order of: COC > 

PMMA > PEGDA as shown in chapter 4. Polymer devices were fabricated via thermal- and UV-

nanoimprint lithography (NIL) using UV-resin molds. First, a Si master mold containing two 

access microchannels and five nanochannels was fabricated by standard photolithography, wet 

etching and focused ion beam (FIB) milling. The patterns on the Si master mold were then 

transferred to UV-resin molds by UV-NIL. Finally, the mix-scale structure was imprinted on target 

substrates using the replicated UV-resin molds via thermal-NIL (COC and PMMA) and UV-NIL 

(PEGDA) at different imprinting conditions. Prior to bonding with a thin COC cover sheet, 

imprinted substrates (except for PEGDA) and the cover sheets were activated by O2 plasma at 50 

watt, 450 mTorr for 30 s. Substrates and cover sheets were then bonded at 70 °C, 1 MPa for 15 

min. Bonded devices are denoted as COC-COC (substrate-cover), PMMA-COC and PEGDA-

COC, respectively. Details and more information regarding device fabrication can be found in our 

previous chapters. 

 For manipulating surface charge density with multivalent metal salts, MgCl2 (Sigma-

Aldrich) and AlCl3 (Sigma-Aldrich) were used as bivalent and trivalent metal salts, respectively. 

Protocol of conductance measurement before and after modification by multivalent metal salts is 

illustrated in Figure 6.1. We first measured the nanochannel conductance filled with 10-6 M KCl 

as a reference value. The KCl solution was then withdrawn from the nanochannels and replaced 

with different concentrations of MgCl2 (e.g. 10 mM, 100 mM, 500 mM and 1M). After the 

nanochannel was filled with MgCl2 having certain concentrations, we waited 20 min to allow a 
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sufficient time for Mg2+ ions binding on the negatively charged polymer surface. Then, MgCl2 

solution was withdrawn from the nanochannels and replaced with 10-6 M KCl solution by repeating 

withdraw-and-refill process. We measured the nanochannel conductance every four withdraw-

and-refill cycles. Finally, we stopped the washing process until measured conductance is stable 

(which indicated the surface charge density of substrate after modification) and proceed to the next 

MgCl2 concentration. The same procedure was applied to surface charge modification with AlCl3. 

 

Figure 6.1. Schematic image illustrating the protocol of conductance measurement. Step 1: the 

nanochannels filled with 10-6 M KCl and conductance is measured as reference before modification; 

Step 2: KCl is withdrawn first, then the nanochannels are refilled with MgCl2 or AlCl3 with 

different concentration and wait for 20 min for “reaction”; Step 3: Withdraw-and-refill process are 

repeated several times to remove all the residual free multivalent ions in nanochannel; Step 4: 

conductance of modified nanochannels is measured when the nanochannel filled with 10-6 M KCl. 
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6.2.2 Translocation of λ-DNA through modified polymer nanopore 

Before taking biomolecule translocation experiments, a binding behavior of negatively 

charged biomolecules to COC-COC device modified by AlCl3 with different concentrations (0 M, 

10 mM, 100 mM, 500 mM and 1M) was studied by introducing 5 ng/μL lambda-DNA (New 

England BioLabs) stained with YOYO-1 (ThermoFisher Scientific) into microchannels. DNA 

solution was withdrawn after 2 min and the device was washed twice with 1× TE buffer (Sigma-

Aldrich). DNA molecules binding to microchannel walls was observed by a fluorescence 

microscope (Olympus IX70) with a 100× oil immersion objective (Olympus). Fluorescence 

images were captured by a CCD camera (Photon Max, Princeton Instruments) and the number of 

binding molecules on microchannel surface was determined by ImageJ (National Institutes of 

Health).  

For biomolecule translocation experiments, 5 ng/μL stained lambda-DNA was driven into 

the same COC-COC single nanopore device filled with 1× TE buffer before and after 100 mM 

AlCl3 modification. DNA translocation was observed by fluorescence microscope and the images 

were captured by a CCD camera. 

6.3 Results and Discussion 

6.3.1 COC surface charge density modification by MgCl2 and AlCl3  

In order to quantify surface charge density change after modification, we measured and 

monitored the conductance of nanochannel filled with a low salt concentration, e.g. 10-6 M KCl 

because the conductance depends on the surface charge density at a low salt concentration. 

Normally, the total conductance of nanochannel, 𝐺𝑇, can be expressed as the sum of bulk solution 

conductance, 𝐺𝐵, and surface conductance, 𝐺𝑆 . 

𝐺𝑇 = 𝐺𝐵 + 𝐺𝑆 (2) 
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𝐺𝐵 = 103(𝜇𝐾+  + 𝜇𝐶𝑙−)𝑐𝑁𝐴𝑒
𝑛𝑤ℎ

𝐿
 (3) 

𝐺𝑆 = 2𝜇𝑜𝑝𝑝 𝜎𝑠𝑛
(𝑤+ℎ)

𝐿
 (4) 

, where 𝜇𝐾+  and 𝜇𝐶𝑙−  are the ion mobilities of 𝐾+  and 𝐶𝑙−  ions, 𝑐  is the bulk electrolyte 

concentration, 𝑁𝐴 is Avogadro’s number, 𝑛 is the number of nanochannels in the device and 𝑤, 𝐿 

and ℎ are the nanochannel width, length and height, respectively, 𝜇𝑜𝑝𝑝  is the mobility of the 

counterion, and 𝜎𝑠  is the effective surface charge density of polymer substrates. At high salt 

concentration, the number of charge carriers within nanochannel is determined by bulk solution 

concentration. Therefore, the second term in Equation 6.2, 𝐺𝑆, can be neglected and 𝐺𝑇 = 𝐺𝐵 , 

which is dependent on 𝑐. However, at low salt concentration, the number of charge carriers within 

nanochannel is determined by 𝜎𝑠. The first term in Equation 6.2, 𝐺𝐵, can be neglected and 𝐺𝑇 =

𝐺𝑆, which is dependent on  𝜎𝑠. 

COC-COC nanochannels were modified by MgCl2 and AlCl3 salt solutions with different 

concentrations. Figure 6.2 shows the conductance of nanochannels filled with 10-6 M KCl solution 

as a function of MgCl2/AlCl3 concentration. For both cases, nanochannel conductance decreases 

as salt concentration increases, which indicates a surface charge density reduction. Because of 

strong electrostatic attraction, the bare negative charges on COC surface were screened by 

multivalent ions, Mg2+ and Al3+, leading to a net surface charge reduction. However, unlike 

previous studied on Si based [30] and glass based [31] nanofluidic devices, surface charge 

inversion was not observed for modified COC substrates with Mg2+ and Al3+ concentration up to 

1 M. One possible reason is that when multivalent metal salt is used as buffer directly, multiple 

layers of counter ions are built against the negatively charged polymer surface, and all these 

counter ions help to neutralize substrate’s bare charges [36]. While for our method, most Mg2+ and 

Al3+ ions left in nanochannel are anchored to polymer surface and form a thin layer of counter ions 
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with few counter ions in diffuse layer. Moreover, Figure 6.2 presents Al3+ can reduce COC surface 

charge density more efficiently than Mg2+ due to its stronger binding energy to negatively charged 

polymer surface [37], which is in good agreement with previous numerical [37, 38] and 

experimental [30, 31, 34, 39] studies.  

Because of a similar manner, Al3+ can be more effectively anchored on more negatively 

charged polymer substrates, resulting in more efficient surface charge reduction. Figure 6.3 

compares conductance of COC-COC, PMMA-COC and PEGDA-COC nanochannels after 

modification using AlCl3. In chapter 4 we have shown PMMA and PEGDA have lower surface 

charge densities than COC. As AlCl3 concentration increases, conductance of all three hybrid 

devices decrease. Though the surface charge density of AlCl3 modified COC by is still higher than 

pristine PEGDA, considering its stability and broad Tg range, AlCl3 modified COC is still an ideal 

candidate as nanofluidic devices substrate for biomolecules detection. And the performance of 

PEGDA device for nucleotides sensing could be improved due to surface charge reduction.  

 

Figure 6.2. Conductance of nanochannels after modification with multivalent salt having different 

concentration. (a) COC-COC device modified by MgCl2 bivalent salt; (b) COC-COC device 

modified by AlCl3 trivalent salt. The numbers in brackets indicate the reduction rate of 

conductance (surface charge density). 10 devices were measured for each modification method. 
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Figure 6.3. Conductance measurement of COC-COC, PMMA-COC and PEGDA-COC devices 

modified by AlCl3 with different concentration. For all three devices, nanochannel conductance 

decrease as AlCl3 concentration increases. Moreover, polymer substrates with higher surface 

charge density have more surface charge reduction due to a stronger electrostatic interaction with 

Al3+ ion. Error bar not shown for better illustration, 10 devices were examined for all data points.  

 Although surface charge reduction by multivalent ions has been reported in previous works 

[30, 31], meanwhile, few of them studied the stability of modification. When multivalent ions are 

present in nanofluidic device, negative charges on polymer surface attract multivalent ions to form 

a stern layer, while some multivalent ions within the diffuse layer can also be attracted close to 

polymer surface and form a loose layer [36]. During device filling or operation, multivalent ions 

close to polymer surface, especially in the diffuse layer can be removed by shear flow, leading to 

a surface charge density recovery, as illustrates in Figure 6.4(b). Besides, the O2 plasma treated 

polymer surface also suffer from recovery [40], which may also affect the stability of surface 

charge modification. Figure 6.4(a) presents the conductance of nanochannel as a function of 

withdraw-and-refill cycles after treated with different concentration AlCl3. In the first two cycles, 

conductance of modified nanochannel is even higher than its initial value because it is difficult to 

withdraw the AlCl3 solution from nanochannels completely. After 4-6 cycles, nanochannel 

conductance saturates to a value which is lower than its initial value, indicating the remaining Al3+ 

ions in nanochannel are attached to polymer surfaces. We kept recording the conductance of 
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nanochannel modified by 500 mM AlCl3 for 2 hours. Long time exposure to strong EOF may result 

in the removal of Al3+ ions in the loose layer or even from the stern layer. The conductance of 

modified COC nanochannel increases 9.3% but it is still much lower than its initial value. 

 

Figure 6.4. Study on the modification stability. (a) Conductance vs. wash-and-refill cycles. For 

500 mM AlCl3 modification, surface charge density recovers 9.3% after 2 hours continuous 

measurement (exposure to EOF). (b) Schematic image showing counter ions layers formed against 

surface charges. Shear flow can remove the counter ions in diffuse layer, leading to surface charge 

density recovery. 

6.3.2 Translocation of λ-DNA through surface modified COC-COC nanopore 

Prior to biomolecules translocation experiments, we studied biomolecules binding to 

multivalent metal salt modified COC surface. Figure 6.5(a) show fluorescence images of lambda-

DNA molecules stuck on COC substrates modified by AlCl3 with different concentration. The 

number of binding DNA increased by increasing AlCl3 concentration, as shown in Figure 6.5(b). 

DNA binding to COC substrates can be explained by the strong electrostatic interaction between 

the Al3+ ions on polymer surface and the negatively charged dsDNA. Although COC surface 

charge density decrease as AlCl3 concentration increases, too much Al3+ ions on COC surface may 

aggravate the specific binding of DNA on modified COC substrates. Therefore, for COC surface 

charge reduction, a moderate AlCl3 concentration is preferred for actual nanochannel devices in 

order to translocate biomolecules, for example 100 mM. 



174 
 

 

Figure 6.5. Negatively charged DNA binding to Al3+ modified COC surface. (a) Fluorescence 

images of stained DNA binding to COC surface after modified with different concentration AlCl3. 

(b) Number of binding DNA vs. AlCl3 concentration plot. 1 M data not shown due to many 

stretched DNA instead of point-like unstretched DNA.  

 Figure 6.6 shows fluorescence image of lambda-DNA translocation through in-plane 

nanopore made of COC. Before AlCl3 modification, all incoming DNA molecules pile up in front 

of nanopore without translocation like previously shown in chapter 4. After treated with 100 mM 

AlCl3, DNA molecules can pass through the nanopore due to lower surface charge density. 

Compared with fluorescence image of COC without modification, the image after AlCl3 

modification is blurry, which can be attributed to DNA molecules stuck on COC surface due to 

electrostatic interaction.  
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Figure 6.6. λ-DNA translocation through COC-COC single nanopore device before and after 

modified by 100 mM AlCl3, with 1× TE as buffer.  

6.4 Conclusion 

In this work, we present the manipulation of surface charge density of polymer nanofluidic 

devices using multivalent metal salts. Polymer surface charge density manipulation by multivalent 

salts is dependent on the valence of ions and the bare surface charge density of polymer substrates. 

Once introduced into nanofluidic device, multivalent ions bind to negatively charged COC 

substrate due to electrostatic attraction and thus neutralize COC substrate’s bare charges. 

Compared with Mg2+, Al3+ can reduce COC surface charge density more efficiently. Yet none of 

them can invert its surface charge, which is different from previous studied on Si- and glass-based 

nanofluidic devices. This modification method was also applied to PMMA and PEGDA with 

different surface charge densities. Conductance measurements revealed that surface charge 

reduction by Al3+ is more effective for polymer substrate with higher surface charge density.   

Biomolecules translocation was also conducted to test the performance of Al3+ modified 

COC nanopore device. However, multivalent ions on polymer surface can bind negatively charged 

biomolecules because of strong electrostatic interactions. Therefore, a moderate multivalent salt 

concentration is preferred to modify polymer surface charge density. λ-DNA can be successfully 

translocated through COC-COC single nanopore after 100 mM AlCl3 modification, which 
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confirmed the surface charge density reduction. Thus, modified COC has the potential to replace 

PEGDA for dNMPs detection due to its insoluble property. PEGDA device performance could be 

improved with Al3+ modification, minimizing the pile-up issue for nucleotides due to ion selective 

transport.  
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Chapter 7. Conclusion and Future Works 

7.1 Conclusion 

The goal of this study is to develop polymer dual-nanopore device for DNA sequencing 

and the focus is given on dNMPs discrimination assuming they have been cleaved from raw DNA. 

This goal has been achieved by accomplishing the following objectives: (1) fabrication of polymer 

dual-nanopore devices using high throughput nanoimprint lithography (NIL); (2) demonstration 

of single molecule sensing ability by conducting λ-DNA translocation experiments in polymer 

single nanopore devices with different surface charge density; (3) discrimination of dNMPs by 

ToF measurement using polymer dual-nanopore devices under various experimental conditions.  

Chapter 3 focuses on the fabrication of polymer in-plane nanopore using NIL by 

investigating the whole fabrication process including Si master mold fabrication, UV-resin mold 

replication, polymer device imprinting and sealing. Nanopore dimensions, especially depth, in Si 

mater mold can be well controlled by milling time and proper bitmap design. Moreover, metal-

assisted FIB milling was demonstrated to target sub-10 nm 2D nanopore. In order to achieve a 

sufficient replication fidelity for UV-resin mold fabrication and subsequent thermal-NIL, physical 

properties of UV-resin (monomer size, surface energy and Young’s moduli) and geometry of 

master mold structure should be considered. With well copied UV-resin molds, nanopore patterns 

were successfully transferred to COC, PMMA and PEGDA via thermal- and UV- NIL, 

respectively.   

Fabricated polymer single-nanopore devices were then used to studied the surface charge 

density effect on 𝐹𝑒𝑓𝑓 for DNA translocation and demonstrated single molecule sensing ability. 

COMSOL simulation predicted nanopore with a surface charge density higher than -50 mC/m2 

could prevent DNA translocation through nanopore filled with 1× TE, due to low 𝐹𝑒𝑓𝑓 resulting 
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from strong EOF. Simulation results were then validated by conducting λ-DNA translocation in 

10 nm-diameter nanopore fabricated on three polymer substrates with their surface charge density 

in a decreasing order of COC (-73.8 mC/m2) > PMMA (-51.7 mC/m2) > PEGDA (-24.1 mC/m2). 

Both fluorescence observation and ionic current measurement confirmed that λ-DNA translocation 

could only occur in PEGDA devices with the lowest surface charge density of -24.1 mC/m2. 

Results in this chapter provide insights for device design and nanopore material selection, in order 

to increase event rate and facilitate biomolecule translocation. Besides, based on the current drop 

signals from λ-DNA we expected to detect nucleotides by using dual-nanopore devices with 

smaller pore size. 

Chapter 5 demonstrates the discrimination of dNMPs via ToF measurement using polymer 

dual-nanopore devices under various experimental conditions. At pH 8.0, nanopore with low 

surface charge density was preferred to driving mononucleotides by electrophoretic motion. Four 

dNMPs can be barely discriminated by their ToF values, in a decreasing order of dGMP > dAMP > 

dCMP > dTMP. At pH 10.0, even with PEGDA nanopore, all dNMPs were driven through 

nanopore electroosmotically due to stronger EOF. Four dNMPs can be discriminated with an 

average identification accuracy of 55% in the same order as pH 8.0. Resolution can be improved 

further to 75 % by using 1 μm flight tube instead of 500 nm. Finally, a mix solution of dGMP and 

dTMP were introduced and identified based on their ToF difference.  

Though dNMPs were translocated through PEGDA nanopores, we still observed dNMPs 

pile-up issue during translocation, which could be troublesome for subsequent ToF data analysis. 

In order to solve the pile-up issue for particle-like dNMPs resulting from ion selective transport, 

chapter 6 presents surface charge density reduction by using multivalent salt. MgCl2 and AlCl3 

with different concentration were introduced to bonded polymer devices, aiming to neutralized 
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their surface charges after electrostatic binding. Due to stronger electrostatic interaction, Al3+ has 

better surface charge reduction effect over Mg2+. Based on the same manner, COC has the highest 

surface charge reduction over PMMA and PEGDA. With 100 mM AlCl3 modification (50.6% 

surface charge reduction), λ-DNA translocation was demonstrated in COC-COC device. The 

results indicated COC could replace PEGDA for dNMPs sensing due to its insoluble property. 

7.2 Future works 

7.2.1 DNA translocation kinetics through in-plane nanopores 

DNA translocation kinetics through vertical nanopore has been extensively studied as 

summarized in chapter 4 [1-5].  As a new type of sensing platform, DNA translocation kinetics 

through in-plane nanochannel/nanopore has not been systematically studied. Unlike traditional 

vertical nanopore, DNA translocation kinetics through in-plane nanopore can be easily studied by 

fluorescence observation rather than electrical measurement. As shown in Figure 7.1(a), a simple 

in-plane nanochannel device usually consists of an inlet/outlet structure for DNA capture from 

microchannel and a nanochannel for DNA sensing.  

Jiahao et al., studied the effect of inlet structure shape on DNA capture from microchannel 

to nanochannel and they found a funnel shape inlet could lead to an up to 5 times capture rate 

increase compared with rectangular shape inlet [6]. We applied the similar inlet structure design 

and we found that most time DNA molecules can be delivered easily to nanochannel/nanopore 

mouth however it took some time for captured DNA to be translocated through 

nanochannel/nanopore [7]. Thus DNA translocation through in-plane nanochannel/nanopore 

device is in entropy barrier limited regime. Entropy barrier for DNA translocation through vertical 

nanopore used to be studied in consideration of nanopore size and DNA chain length only. [1, 4, 

8, 9]. However, for in-plane nanopores, DNA molecules are captured and confined by the 
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nanoscale inlet structures in front of the nanopore as illustrated in Figure 7.1(b). It causes that most 

part of the DNA molecule is exposed to the EOF and therefore EOF effect on entropy barrier 

cannot be neglected. For in-plane nanopores with EOF present, the DNA chain tends to stay away 

from nanopore mouth rather than get close. Bayley et al. found a threshold driving voltage decrease 

when the internal surface charges of biological nanopore change from negative to positive [10]. 

Therefore it is reasonable to conclude different surface charge density value can lead to different 

entropy barrier height. We have studied surface charge density effect on 𝐹𝑒𝑓𝑓 by assuming DNA 

molecules were fully stretched by pillar arrays in front of nanopore. It is worthy to study surface 

charge density effect on entropy barrier for in-plane nanofluidic devices to assist single molecule 

manipulation (such as sieving [11, 12] and trapping [13]).  

 

Figure 7.1. (a) Schematic image of a simple in-plane nanochannel device. Funnel inlet/outet are 

connected to microchannels and nanochannel. DNA molecules in microchannel are capture by 

inlet and delivered to naochannel mouth. (b) Captured DNA in front of nanochannel (cross-

sectional view along nanochannel). Entropy barrier is dependent on EOF strength. 
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7.2.2 Signals correlation  

In the developing stage, we didn’t use enzyme to control the feeding of nucleotides to 

nanopore. Moreover, nucleotides pile-up issue could occur even with low analyte concentration. 

As shown in Figure 7.2(a), there could be multiple nucleotides passing one nanopore in a short 

time before the first nucleotide reaches the second nanopore. Such scenario could make trouble 

for data analysis when we trying to figure out which peak comes from which pore. There are two 

feasible ways to help assign current drop signals to their corresponding nanopore (1) by using 

three-electrode system, or (2) by designing dual-nanopore with different dimensions as described 

in chapter 3. Figure 7.2(b) shows a Si master containing two nanopores and an ionic channel which 

can be used as the third electrode. When analyte passes the first pore, it triggers a downwards 

current drop signal and it triggers a upwards signal when it passed the second pore. A special 

amplified needs to be built in order to fulfill this goal. In the similar manner, signals can be 

assigned to corresponding nanopores by using dual-nanopore having different dimensions. 

Compared with nanopore diameter (depth and width), it is easier to build dual nanopore with 

different length as illustrated in Figure 7.2(b). Longer nanopore leads to longer dwell time and 

shorter nanopore leads to shorter dwell time on current trace.  
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Figure 7.2. (a) Current trace example multiple peaks which can be attributed to multiple 

nucleotides pass nanopores. For current peak 1-4, it is difficult to determine which two peaks are 

paired, 1-2 and 3-4 or 1-3 and 2-4; (b) SEM image Si master mold with dual-nanopore and ionic 

channel as the third electrode, and corresponding current trace; (c) Schematic image of dual-

nanopore with different nanopore length. Both Figure 7.2(b) and (c) assume biomolecules pass 

pore #1 first. 

7.2.3 ToF data analysis 

In this work, ToF data was collected manually based on certain criterion discussed in 

chapter 5. However, it is necessary to develop a software for data analysis in order to have 

consistent results. There are many well-developed softwares for peaks detection, for example 

OpenNanopore [14], which works well for detecting current blockade and dwell time from 

biomolecule translocation through single nanopore. The similar peak detection algorithm can be 

applied for processing data collected from dual-nanopore device. However, since the ultimate goal 

is to get ToF information from paired peaks, the challenging task is to define the paired peaks. A 

flow chart describing the ToF data analysis process is presented in Figure 7.3. 

 Assuming all events are detected by dual-nanopore and by peak detection software: start 

time, end time and current blockade are extracted from current trace. The first step is to assign 

detected peaks to the corresponding nanopores. The second step is to pair the assigned peaks based 
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on an estimated ToF. There are several ways to estimate ToF: (1) find isolated paired peaks and 

use their ToF as estimated ToF similar to the process described in chapter 5, or (2) use previous 

results as reference. If most assigned peaks can be paired using estimated ToF, then we can get the 

average of all the ToF value and save it for discrimination. If only a few peaks are paired, a new 

estimated ToF should be generated and repeat the pairing process again. Again, some complicated 

issues for example peak missing is not considered in this session. The software can be easily tested 

using data collected from nanoparticle translocation through dual-nanopore. 

 

Figure 7.3. Flow chart of ToF data analysis.  
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