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Abstract
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Nanopores have emerged as a special class of single-molecule analytical tool that offers
immense potential for sensing and characterizing biomolecules such as nucleic acids and
proteins. As an alternative to biological nanopores, solid-state nanopores present remarkable
versatility due to their wide-range tunability in pore geometry and dimension as well as their
excellent mechanical robustness and stability. However, being intrinsically incompatible with
biomolecules, surfaces of inorganic solids need be modified to provide desired functionalities
for real-life sensing purposes. In this thesis, we presented an exploration of various surface
engineering strategies and an examination of several surface associated phenomena pertaining
specifically to solid-state nanopores. Based on the parallel sensing concept using arrayed pores,
optical readout is mainly employed throughout the whole study.

For the surface engineering aspect, a list of approaches was explored. A versatile surface
patterning strategy for immobilization of biomolecules was developed based on selective
poly(vinylphosphonic acid) passivation and electron beam induced deposition technique. This
scheme was then implemented on nanopore arrays for nanoparticle localization. In addition,
vesicle rupture-based lipid bilayer coating was adapted to truncated-pyramidal nanopores,
which was shown to be effective for the minimizing DNA-pore interaction. Further, HfO2

coating by means of atomic layer deposition was employed to prevent the erosion of Si-based
pores and to shrink the pore diameter, which enabled reliable investigations of DNA clogging
and DNA polymerase docking.

For the surface associated phenomena, several findings were made. The lipid bilayer
formation on truncated pyramidal nanopores via instantaneous rupture of individual vesicles was
quantified based on combined ionic current monitoring and optical observation.  The probability
of pore clogging appeared to linearly increase with the length of DNA strands and applied bias
voltage, which could be attributed a higher probability of knotting and/or folding of longer
DNA strands and more frequent translocation events at higher voltage. A free-energy based
analytical model was proposed to evaluate the DNA-pore interaction and to interpret observed
clogging behavior. Finally, docking of DNA polymerase on nanopore arrays was demonstrated
using label-free optical method based on Ca2+ indicator dyes, which may open the avenue to
sequencing-by-synthesis enabled by the docked polymerase.
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“The craftsman who wishes to do his work well 
must first sharpen his tools.” 

— Confucius, The Analects   
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1. Introduction: The hole story 

How a tiny hole can serve as an exploring tool for the mankind to “observe” 
the world? The answer may vary greatly through history. In the 5th century 
B.C., the Chinese philosopher Mozi recorded the formation of an inverted im-
age with a pinhole and presupposed the pinhole phenomenon as a demonstra-
tion that light travels in straight lines. Till the16th century, this image-forming 
ability of a tiny hole led to the invention of camera obscura and the develop-
ment of pinhole photography [1]. Into the 20th century, the brilliant technology 
advances have made it possible for us to witness the celestial beauty through 
space telescopes with sophisticated pinhole cameras. Towards the other end 
of observing scale, an idea of using a nanosized hole to probe biomolecules 
arose a mere few decades ago. This new type of pinhole “camera” is called 
nanopore sensor. In less than three decades, the nanopore sensor has proven 
to be a surprisingly powerful tool to interrogate individual biomolecules in-
cluding nucleic acids and proteins. Applications of this tiny nanopore offer a 
giant glimpse into the future for advancing biological science and improving 
human healthcare, one of the most important being reading the sequence of 
nucleobases of a DNA strand. Today, with having the envisioned future in 
mind, thousands of researchers, hundreds of laboratories and about a dozen of 
commercial enterprises worldwide are striving in the nanopore field to explore 
the full potential of this tiny hole. 

1.1 Emergence of nanopore sensors 

It might appear a bit cliché to quote Richard Feynman’s landmark lecture 
“There’s Plenty of Room at the Bottom” to introduce nanotechnology at the 
start. However, after revisiting his famous talk, you would always find it re-
markably prescient about how life science will advance when envisaging if 
we can maneuver and observe entities down to nanoscale, as he stated in 1959: 
“What are the most central and fundamental problems of biology today? They 
are questions like: What is the sequence of bases in the DNA? What happens 
when you have a mutation?  How is the base order in the DNA connected to 
the order of amino acids in the protein? ...” “... It is very easy to answer many 
of these fundamental biological questions; you just look at the thing! …” [2] 
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Indeed, to truly look into the marvelous biological system at nanoscale, we 
need experimental techniques that is not just time-averaged and population-
based conventional methods, rather is to probe and identify single-molecules 
directly and resolve their structure and spatial dynamics in real-time. In the 
mid 1990’s, a method of doing so started entering the stage, known as na-
nopore technology [3].  The principle of this method is exceedingly simple: a 
nanometer-sized pore that spans across an insulating membrane connects two 
chambers containing electrolyte solutions, and a constant ion flow through the 
pore forms when applying an external bias voltage across the membrane. If 
biomolecules are present in the solution, they will partially impede the ion 
flow when driven through the pore electrophoretically and/or electroosmoti-
cally. Typically, by analyzing ionic current changes, characteristic infor-
mation of the passing molecules can be extracted. Figure 1.1 depicts a sche-
matic diagram of the working principle of nanopore sensor. 

 
Figure 1.1. A schematic showing the principle of single-molecule nanopore 
sensing techniques.  

This operating principle of nanopore is a reincarnation of the classic Coulter 
counter, which is a hole-based sensing technique to count and size particles 
that can be traced back to the 1950’s. However, the vast gap between the two 
techniques is that the hole is not of millimeter or micrometer but of nanoscale 
dimensions, which provides a sensing capability of target analytes at the sin-
gle-molecule level. This exciting leap sparks an ambitious goal of using na-
nopores for DNA sequencing, where a linearized single-strand DNA (ssDNA) 
threads through the nanopore and individual bases can be directly identified 
from the changes of ionic current blockades during the translocation. Two sig-
nificant features of nanopore sequencing are envisioned: (1) amplification of 
the DNA is not required and (2) the nucleobase sequence of much longer 
strands can be determined. This promise has fuelled the boom of nanopore 
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research in academic and industrial interest over the last two decades. In 2012, 
with the development of enzyme-based methods of ratcheting polynucleotides 
through the nanopore, the first sequence read of DNA strands using nanopores 
was published [4]. Two years later, Oxford Nanopore Technologies (ONT) 
released the first commercial nanopore sequencer MinION, a compact and 
portable device weighing only about 100 g shown in Figure 1.2. 

 
Figure 1.2. A demonstration of the difference between the popular movie char-
acter Minion and the first nanopore DNA sequencer MinION from ONT. 

From the earliest radical proposal of nanopore senquencing to the ongoing 
commerical realization of sequencing instruments, it shows the immense 
potential of nanopore sensor as a single-molecule sensing tool. Today, not 
only in the context of DNA sequencing, nanopore-based sensing is rapidly 
developing in expanding applications, such as fundamental biophysical 
studies[5], clinical diagnostics [6, 7], biological screening [8] and even protein 
sequencing [9, 10].   

1.2 Biological vs. Solid-state nanopores 
How to obtain a tiny pore in an insulating membrane then? Thanks to the rapid 
advances in bio- and nanotechnologies, two major types of nanopores have 
been developed for biosensing purposes.  

The first type consists of biological protein pores that exist in almost every 
living thing on the planet. They are a vital type of nanoscale machinery that 
serves a variety of functions in nature, including gating ion flow for chemical 
energy generation, shaping action potentials for nerve signaling, regulating 
biomolecular transportation across the cell membrane, and much more. 
Among a plethora of protein pores, two in particular have been widely used in 
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the nanopore research: α-hemolysin (αHL) and Mycobacterium smegmatis 
porin A (MspA), with diameters of 1.4 nm and 1.2 nm at the narrowest channel 
region, respectively, comparable with the width of ssDNA (0.9 ± 0.1 nm). The 
first DNA translocation experiments were performed using αHL pores [11]. 
According to the resistive pulse sensing principle, the ionic conductivity is 
particularly sensitive at the constriction region, so the narrowest aperture part 
of the nanopore serves as its sensing region. MspA has an aperture length 
about 0.6 nm [12] and an effective sensing length of about 1.2 nm [4, 13], 
which is much shorter than αHL as shown in Figure 1.3. With using a DNA 
polymerase as a molecule motor to slow down the DNA translocation velocity, 
the first read of DNA sequence by nanopore was accomplished on the MspA 
pore [4]. 

 
Figure 1.3. Three representative biological pores: αHL (PDB ID: 3M4D), 
MspA (1UUN) and CsgG (4UV3). Protein structure images are obtained from 
Protein Data Bank (PDB) (www.rcsb.org) with the sensing region and nar-
rowest pore diameter indicated. 

There are numerous desirable properties of biological pores: they have ex-
tremely reproducible geometry at the atomic level; they can self-insert into the 
lipid bilayer membrane that has very low capacitance and excellent noise per-
formance in electrical measurements; they are versatile to be mutated by ge-
netic engineering to tweak their physical and chemical features on specific 
sites. Currently, the nanopore DNA sequencers from ONT uses a heavily en-
gineered mutant amyloid secretion channel, CsgG [14](shown in Figure 1.3). 
While biological pores have enabled DNA sequencing, for future sensing of 
an expanding analytes and manufacturing with a scalable approach, they are 
ill-suited due to their small diameters preventing the detection of large ana-
lytes and the intrinsic fragile nature of lipid bilayer and protein pores. They 
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can be easily damaged by mechanical stresses, high electrical field, tempera-
ture variations and harsh pH and this further limits the integration of biological 
pores with other nanodevices.  

Being aware of the limitations of biological pore, a second type of na-
nopores was developed by fabricating pores on solid-state membrane materi-
als, usually named solid-state nanopores. Compared to their biological coun-
terparts, solid-state nanopores have a wide-range tunability in pore geometries 
and dimensions as well as excellent mechanical robustness and stability.  

Over the last decade, various materials have been used to fabricate the free-
standing membrane, such as Si [15], Al2O3 [16], TiO2 [17], HfO2 [18], and 2D 
materials like graphene [19], MoS2 [20] and transition metal carbides 
(MXenes) [21], while the most widely used is SiNx. Meanwhile, a handful of 
approaches have also been developed to generate pore structures on the exist-
ing thin membrane, with each approach having its own advantages and limi-
tations. Figure 1.4 shows the schematic illustrations of some common fabri-
cation techniques that are discussed in the following paragraph.  

 
Figure 1.4. Fabrication methods of solid-state nanopores: (a) direct drilling 
by focused electron/ion beam; (b) controlled dielectric breakdown; (c) lithog-
raphy combined with reactive ion etching; (d) lithography combined with wet 
chemical etching. 

For instance, direct drilling techniques of using focused ion/electron beam 
with an ion microscope or a transmission electron microscope (TEM) can 
achieve reliable sub-10 nm pore size [22-24]. Particularly, the current state-
of-the-art TEM-based drilling can fabricate pores down to a single-nanometer 
level [25], making it the main workhorse of nanopore fabrication. However, 
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both methods share considerable drawbacks of high cost, low throughput and 
instrumentation availability. In contrast, controlled dielectric breakdown 
(CDB) servers as a simple and cost-effective pore making strategy [26-28]. In 
CDB, by applying high electric field across the insulating membrane in the 
electrolyte solution, single nanopores as a result of localized breakdown will 
form at a random position on the membrane [29]. Though CDB is an attractive 
alternative to beam-based drilling techniques, it suffers from the incapability 
of forming multipore arrays to realize parallel detection. Another group of na-
nopore fabrication techniques is based on the lithographic process combined 
with different etching processes, including dry etching, wet chemical etching 
and electrochemical etching [30-32]. With using these processes well-estab-
lished in the semiconductor industry, this group of strategies can easily 
achieve massive production of nanopore devices with a range of pore sizes 
and various arrangements. However, it is difficult for this type of methods to 
fabricate sub-10 nm pores reliably due to the variation along the multistep 
fabricating process and the spatial resolution of lithography. Therefore, post 
pore shrinking by deposition or oxidation is usually needed to obtain desirable 
pore size [33-35]. Figure 1.4 shows the schematic illustrations of the men-
tioned fabrication techniques. 

It appears that an arsenal of fabrication techniques is already available to 
obtain different types of solid-state nanopores, yet still a series of challenges 
lies ahead to realize high-selectivity and high-sensitivity biosensing, as the 
performance that biological pores reached for DNA sequencing. 

1.3 Surface tailoring for solid-state pores 
One major challenge to be addressed for solid-state nanopores is its surface 
incompatibility with biomolecules. This mainly concerns two aspects of the 
solid-state surfaces: one is the tendency of pore surfaces to non-specifically 
adsorb biomolecules, which may lead to clogging of the pores and affect the 
sensing efficacy; the other one is the lack of functional groups on pore walls 
such as carboxylic acid and amines, unlike biological pores, to site-specifi-
cally modify pore properties or tether receptor ligands. 

The nonspecific interaction between analytes and pore walls is an outcome 
of hydrophobic interaction, electrostatic attraction, and van der Waals forces 
[36]. To reduce the strength of all the contributing forces, applying surface 
coatings is the most effective solution by utterly refashioning surface proper-
ties. Organic coatings are commonly employed through various coating strat-
egies, such as physisorption of surfactants [37, 38], layer-by-layer self-assem-
bly of charged polymers [39, 40], chemical modification via salinization [41], 
self-assembled monolayers (SAM) of thiols on gold [42-44], and coating of 
the fluid lipid bilayer [45, 46]. The majority of organic coating strategies are 
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solution-based and self-assembled processes, which enable a continuous cov-
erage of the coating layer on the inner pore surfaces. While applying organic 
coatings has proven to be effective for reducing nonspecific interaction, long-
term stability and success rate of preparing high-quality organic coatings re-
main challenging for quantitative and reproducible nanopore experiments. 
Figure 1.4 shows the illustrated representations of common organic coating 
strategies for solid-state nanopores. 

 
Figure 1.5. Idealized illustration of the common organic coating strategies for 
solid-state nanopores: (a) coating prepared by layer-by-layer self-assembly 
of negatively and positively charge polymers; (b) coating prepared by salini-
zation; (c) coating of SAM by alkanethiols on gold; (d). coating with a fluid 
lipid bilayer.  

Alternatively, deposition of inorganic materials by means of atomic layer dep-
osition (ALD) inside the nanopore is a well-suited deposition method because 
ALD can conformally cover the recessed feature of nanopore [47, 48]. More 
importantly, it can achieve atomic precision with an excellent control of layer 
thickness and uniformity [49]. In contrast to organic coating methods, inor-
ganic coating by means of ALD is easy to operate and stable to various con-
ditions. However, it is relatively neutral to minimize nonspecific interactions 
because mere electrostatic attraction can be altered by employing materials 
with different surface charge properties.  
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Figure 1.6. Idealized illustrations of receptor modification or insertion of bi-
ological pores into solid-state nanopores: (a) a protein molecule captured by 
a nanopore modified by SAM of alkanethiols on gold; (b)a protein molecule 
carried through a nanopore via membrane diffusion of a lipid anchor; (c) in-
sertion of a αHL into a solid-state nanopore; (d) insertion of a DNA origami 
pore into a solid-state nanopore.  

For improving sensing selectivity, introducing active ligands on the pore walls 
to prolong the residing time of target analytes has proven to be a promising 
route. It is mainly achieved based on surface coating methods with using a 
mixture of coating reagent that parts of it are anchored with receptors. For 
instance, metallized SiNx nanopores modified with nitrilotriacetic-acid recep-
tors via a thiol-terminated SAM allowed observation of reversible binding and 
unbinding of proteins inside nanopores [44]. Likewise, a biomimetic approach 
was developed employing lipid bilayer coating with certain lipids with recep-
tors to capture and carry proteins through the pore via lipid membrane diffu-
sion [46]. This method showed the potential of using solid-state pores to esti-
mate the protein shape and dipole moment [45, 50]. In addition, another strat-
egy able to achieve pore functionalization is to dock or attach a biological pore 
to a solid-state pore. Ideally, this hybrid type of nanopore could combine the 
advantages of both two types of pores.  The first demonstration was realized 
by electrophoretically inserting a DNA tethered αHL pore into a 3.6 nm SiNx 
pore [51]. Other demonstrations of hybrid pores using DNA origami channels 
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[52] and viral portal proteins [53] were later achieved. Yet, signal fluctuations 
are often observed in the hybrid pore system, mainly caused by the loosely 
fixed protein pores resulting in leakage current. Figure 1.6 shows the illustra-
tions of aforementioned functionalization strategies. 

1.4 Electrical vs. Optical nanopore sensing  
The aforementioned surface dressing strategies for solid-state nanopores keep 
trying to better mimic their biological analogues. However, from a materials 
and engineering perspective, solid-state nanopores offer a remarkable versa-
tility of inventing novel architectures and enabling various sensing modalities, 
which biological pores do not possess. This great versatility renders higher 
chances for nanopore technology to achieve multiplexed detection, high-
throughput analysis, and enhanced sensing selectivity and sensitivity. 

In general, the emerging sensing strategies can be classified into two cate-
gories: electrical sensing and optical sensing. For electrical sensing, apart from 
the prevalent ionic current detection based on resistive pulse sensing, integrat-
ing nanopores with field-effect transistor (FET) and quantum tunneling junc-
tions have been explored. The sensing principle for FET is based on monitor-
ing the change in source-drain conductance upon binding/attaching of charged 
analytes on the gate surface [54]. By integrating FET with nanopore, it allows 
an active transport of the analyte to the transistor to facilitate the detection, 
and in the meantime the nanopore-based ionic current measurements can be 
synchronized (as illustrated in Figure 1.7a). In the case of DNA sensing, FET 
signals are generated from a change in local potential at the gate induced by 
capacitive coupling during DNA translocation [55, 56]. FET structures incor-
porated with nanopore using Si nanowires [55], graphene nanoribbons [57, 
58], carbon/gold electrodes [59] have been successfully demonstrated to 
achieve DNA detection. In a similar but different fashion, a quantum-tunnel-
ing configuration of two electrodes placed close to each other can be built into 
nanopore structure to form a tunneling junction (as illustrated in Figure 1.7b). 
The idea of this approach is to use tunneling current to probe the translocating 
DNA and differentiate single nucleotides with the advantage of near-atomic 
resolution of tunneling effect, as initially demonstrated by scanning tunneling 
microscopy (STM) [60]. Particularly, 2D materials like graphene [61, 62] and 
MoS2 [63] have been demonstrated to be the promising candidates as the elec-
trode materials, as their atomic thickness and high conductivity can achieve 
the ultimate spatial resolution for individual nucleotides and amino acids. 
Nevertheless, for the sophisticated integration of FET and quantum tunneling, 
extensive fabricating optimization and surface functionalization are still 
needed to achieve a high device yield and sensing selectivity.  
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Figure 1.7. Illustrations of different sensing modalities:(a) integration na-
nopore with FET structure; (b) integration nanopore with tunneling junction; 
(c) fluorescence detection of labeled analytes; (d) Raman scattering detection 
with plasmonic nanopores.  

Although substantial progress has been made to improve the performance for 
electrical sensing on solid-state nanopores, to date, two major factors have 
been stunting employing electrical sensing for real-life applications: noise and 
throughput. The electrical signal collected from nanopore measurements is of-
ten hindered by non-ideal noise spectra, especially at high bandwidth (≥ 100 
kHz) for achieving high temporal resolution [64]. At low frequencies (<100 
Hz), flicker (1/f) noise associated with many physical phenomena dominates. 
At high frequencies (>1 kHz), dielectric noise associated with the capacitance 
of device materials dominates [65, 66]. The noise behavior of solid-state na-
nopores is regarded as a key limiting factor of resolving fine molecular fea-
tures, which single-molecule sensing generally requires. Furthermore, the 
throughput of electrical sensing, particularly for ion current measurement, is 
often limited to a single nanopore. It is engineering challenging to construct a 
massive pore array with each nanopore having individual electrode and reser-
voirs. If multiple pores share a same pair of electrodes, current signals from 
individual pores will be convoluted and subtle changes cannot be discrimi-
nated [67].  

To complement the deficiency of electrical sensing, there has been a drive 
to develop optical sensing strategies. As a fundamentally independent method 
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from electrical sensing, optical approach can provide extra information on top 
of ionic current that relies on photons rather than electrons [68]. The typical 
optical sensing approach is to detect the fluorescently labelled molecules that 
are temporally confined in nanopores via fluorescence microscopy (as illus-
trated in Figure 1.7c). Importantly, optical signals from individual pore can be 
separately analyzed with retained single-molecule resolution, which allows 
high detection throughput by using pore arrays in the same membrane. In ad-
dition, fluorophores covering a broad spectral range enables versatile strate-
gies to discriminate molecular structure. One of the pioneer work is using two 
types of fluorophore barcode to achieve optical recognition of different DNA 
sequence on nanopore arrays [69].  Also, the diffusive and voltage-drive mo-
tion of DNA molecules has been observed by tracking the fluorescence emis-
sion from dye-labelled DNA [70-73]. On top of labelling analytes and intro-
ducing ion dye indicator, building plasmonic structure onto nanopore has been 
another striving direction for optical sensing [74-76].  Plasmonic nanostruc-
ture can produce a localized electromagnetic field, known as plasmon reso-
nance, which can enhance the light intensity and attenuate background noise 
(as illustrated in Figure 1.7d). Thereafter, plasmonic nanopores are particu-
larly powerful to readout optical signals, including scattering light, Raman 
scattering and fluorescence. For example, an enhancement of fluorescence by 
a factor of 10 was achieved for a single dye-labelled DNA using a plasmonic 
nanowell [77].  

Nevertheless, as an emerging field, optical nanopore sensing has several 
issues to be addressed with continuous efforts, such as photoluminescence of 
membrane materials, photothermal heating induced bubble generation and 
thermophoresis, and photoconductive effect caused interference for high-
bandwidth optoelectrical sensing.      

1.5 Scope of the thesis 
As previous sections have alluded, various efforts are needed to push forward 
the ever-growing field of solid-state nanopore sensing, including surface tai-
loring to minimize nonspecific interaction and introducing specific binding 
site, parallel detection with multipore arrays to improve throughput, and com-
plementation with optical readout to gain extra information beyond ionic cur-
rent. This thesis aims to make contributions toward all aforementioned points, 
to be more specific, to engineering surfaces of solid-state nanopore arrays for 
optical-based sensing of biomolecules.  Towards this objective, novel and ex-
isting surface tailoring strategies have been developed and adopted for solid-
state nanopore arrays, and based on that, several dynamic processes associated 
with pore surfaces have been studied through optical observation. The struc-
ture of this thesis, following the introduction chapter, can be summarized as 
follows: 
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Chapter 2 introduces the fundamental theories at the intricate interfaces of 
solid/solution/biomolecule in a nanopore sensing system, which provides the 
basic information for discussions in the following chapters. Subsequently, the 
main work of this thesis is divided into four parallel chapters based on the 
three surface tailoring strategies used and the corresponding studies.  

Chapter 3 demonstrates a novel and versatile surface patterning technique 
for site-specific immobilization of target analytes (Paper I), which has proven 
to be compatible with nanopore array structures (Paper II).  

Chapter 4 focuses on an adaption of lipid bilayer coating on truncated py-
ramidal shape pores and the corresponding study of its formation mechanism 
and kinetics (Paper III), as well as the optical observation of its anti-adsorption 
property for DNA translocation (Paper IV).  

Chapter 5 presents the effort for obtaining a photoluminescent-free and du-
rable nanopore by depositing HfO2 on Si pore arrays, and the investigation of 
DNA clogging dynamics relied on the device (Paper V).  

Chapter 6 shows the attempts of docking DNA polymerase onto solid-state 
nanopores by utilizing the detection methods of both ionic current measure-
ment and label-free optical observation (Paper VI). 

Finally, Chapter 7 summarizes the different attempts of surface engineering 
strategies, concludes the gained knowledge and briefly outlines the future out-
looks.  
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2. Theoretical background: Interface matters 

The aphorism “God made the bulk; surfaces were invented by the devil.” at-
tributed to Wolfgang Pauli, seems to be spot-on when applying in the field of 
solid-state nanopore sensing. In this intricate interfacial system of solid/solu-
tion/biomolecule, knowing the basis of surface physics and chemistry is nec-
essary for the understanding of surface associated phenomena and problems. 
In this chapter, basics of electrostatic properties at the interfaces and nanopore 
conductance are first introduced in section 2.1 & 2.2; essential electrokinetic 
phenomena in the electrolyte solution are focused in section 2.3; surface 
chemistry of SiNx/Si/SiO2 erosion in electrolytes is brought up in section 2.4; 
different biomolecule-surface interactions are briefly summarized in section 
2.5. These provide the theoretical background for the later discussions in the 
characterization of fabricated nanopores and the investigation of surface asso-
ciated dynamic processes in the following chapters.  

2.1 Surface charge & Electrical double layer  
When an object is exposed to a fluid, surface charges are often formed at the 
interface. The object might be a solid surface, a DNA strand, a protein com-
plex, even a gas bubble or another type of liquid droplet. In the nanopore sys-
tem, the concerned objects bearing surface charges are the solid-state mem-
brane and the biomolecular analytes. For different materials, several proposed 
mechanisms for developed surface charge are: adsorption of mobile ions, ion-
ization of surface groups (acidic or basic groups), dissolution of ions from 
crystal lattice. Besides, at the presence of an across membrane electric field, 
induced charge can generate on the surface of dielectric material due to polar-
ization [78].                      

To describe the surface charge property of a solid material or a molecule in 
an aqueous solution, point of zero charge (PZC) or isoelectric point (pI) is 
generally used, which refers to the pH value at which the net surface charge is 
zero. For molecules, their pI value can be directly obtained from their acid 
dissociation constant value pKa. For example, an amino acid with only one 
amine and one carboxyl group, the pI can be calculated from the mean of the 
two pKa values of this molecule: pI= (pKa1+pKa2) 2⁄ . In the case of DNA, the 
backbone of DNA is linked by phosphodiester bonds containing phosphate 
group. Because the phosphate group has a pKa near 0, DNA molecules are 
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negatively charged at the physiological pH of 7.4. For the widely used mem-
brane materials, SiNx and SiO2 have PZC value around 4 and 2 [79, 80], re-
spectively. When the solution pH is higher than the PZC, SiNx and SiO2 sur-
faces become negatively charged via deprotonation. The net surface charge 
will form an electrostatic field. To reach equilibrium, this electrostatic field, 
in combination with thermal motion of the ions, attracts the counter charge 
ions to the vicinity of the surface, which electrically screens the net surface 
charge. According to the Gouy-Chapman-Stern theory, a two-layer structure 
forms, known as the electric double layer (EDL) [81]. The internal layer called 
the Stern layer is comprised of adsorbed ions, which are immobile relative to 
the surface. The outer layer called the diffusive layer, where the distribution 
of ions is governed by local potential and follows the Boltzmann distribution. 
In turn, the distribution of ions shapes the local potential via the Poisson equa-
tion. By solving a linearized Poisson-Boltzmann model proposed by Peter De-
bye and Erich Hückel, two important characteristic parameters can be ex-
tracted, Debye length λD and zeta potential ζ [81]. 

 
Figure 2.1. A schematic of the electric double layer using the Gouy-Chapman-
Stern model. The charge distribution and potential profile at a negatively 
charged surface are illustrated and important parameters are indicated. 

The Debye length λD is a decay constant that equals the perpendicular distance 
from the surface to the point where the electric potential decreases to e-1 of the 
surface potential.  It describes the length scale of the screening effect of EDL. 
In electrolyte solution with monovalent ions, the Debye length is expressed as 
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 λD =ඨ
kTε

2NAe2C
 (2.1) 

where k is the Boltzmann constant, T absolute temperature, ε the permittivity 
of the solution, NA Avogadro’s number, e the unit charge and C the molar ion 
concentration. For 1 M and 100 mM KCl solution, λD is about 0.3 nm and 1 
nm, respectively. Zeta potential ζ is defined as the electric potential at the slip-
ping plane, which is the boundary plane between the Stern layer and diffusive 
layer. ζ is regarded as the apparent surface potential that is a critical parameter 
in studies of electrokinetic phenomena, and also a key indicator to evaluate 
the degree of electrostatic interactions between adjacent charged surfaces in 
the solution.   

2.2 Pore conductance: Bulk & Surface 
An understanding of the conductance of a nanopore is the basis for any na-
nopore study, especially for electrical measurements. In general, at a high salt 
concentration, e.g. 1 M KCl (commonly used for nanopore experiments), the 
effect of surface charge on pore conductance can be neglected due to a small 
λD of the EDL as previously discussed. In this case, only the bulk ionic con-
ductance of the pore is considered. The bulk conductance is determined by 
two parts, the pore resistance and the access-region resistance. For a simple 
and ideal cylindrical pore geometry, with the assumption of a uniform electri-
cal conductivity, the total pore conductance is expressed as [82] 

 G = σ(
4h

πdp
2 +

1

dp
)
-1

 (2.2) 

where σ is the solution conductivity, h the membrane thickness and dp the pore 
diameter. The first term in the parentheses represents the pore volume re-
sistance and the second term describes the resistance of two access-regions.  
To treat various pore geometries conveniently, such as hour-glass, conical and 
truncated-pyramidal shapes, a versatile conductance model based on the con-
cept of effective transport length Leff has been introduced by Wen et al [83]. 
Leff  is defined as the distance along the pore axis (perpendicular to membrane) 
between the two points in each reservoir, where the electric field intensity falls 
to e-1 of the maximum intensity Emax in the system (as illustrated in Figure 2.2). 
According to Gauss’s law, the strongest electric field Emax exists at the most 
constraint region for electric field distribution, in this case, at the minimum 
cross-section area Smin in the nanopore. Thus, the total conductance in this 
model can be described as 

 G = σ
Smin

Leff
 (2.3) 
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Then, the relationship between Leff and pore geometry can be derived based 
on Ohm’s law and an estimation of the equi-field surface area of the access-
region, detailed derivation and expression for different pore geometries can be 
found in [84]. For example, the Leff of a conical nanopore shape with a conical 
angle 𝜃 can be expressed as 

 Leff = 0.46dp ൬1+
1

√1-sinθ
൰  , ൫h>Leff൯  (2.4a) 

 Leff = 0.92dp+h൫1-√1-sinθ൯ , ൫h<Leff൯ (2.4b) 

Since Leff is determined by h and dp, and Smin is determined by dp, the bulk 
conductance G can be obtained by substituting Leff  into equation 2.3. Or con-
versely, by measuring conductance G, the nanopore diameter can be calcu-
lated, which serves as an alternative way to determine the nanopore size be-
sides using high-resolution electron microscopy. 

 
Figure 2.2. A schematic showing the Leff-based conductance model for cylin-
drical and conical shape pore. Image is not to scale. 

If the nanopore diameter is comparable to the EDL thickness, the effect of 
surface charge on nanopore conductance should be considered. In such a case, 
the total nanopore conductance G is contributed by two parts: bulk conduct-
ance Gb and surface conductance Gs: 
 G = Gb+Gs   (2.5) 

The calculation of bulk conductance has already been discussed above. The 
surface conductance is determined by the surface charge density σs and the 
corresponding ion mobility μ in the EDL. For a cylindrical shape pore, the 
expression of Gs is given as 

 Gs = μσs

πdp

h
 (2.6) 

For a conical pore with an uneven cross-section area, Leff  can be used instead 
of h in the case h>Leff. In the case h<Leff, same expression as cylindrical pores 
can be used as an estimation: 

 Gs = μσs

πdp

Leff
 , ൫h>Leff൯ (2.7a) 



 31

 
Gs = μσs

πdp

h
 , ൫h<Leff൯ (2.7b) 

Based on the aforementioned model of bulk and surface conductance model, 
the nanopore diameter and the surface charge can be extracted by fitting the 
conductance G obtained at different electrolyte conductivity σ. Later, a real 
example of extracting surface charge density of nanopore is given in section 
5.2.3. 

2.3 Electrophoresis & Electroosmosis 
Under an electric field, two types of electrokinetic phenomena are of particular 
interest in the nanopore system. One is electrophoresis, which concerns the 
motion of charged analytes; the other is electroosmosis, which describes the 
motion of liquid with respect to the charged surface. 

In electrophoresis, the charged objects in the fluid are driven by the elec-
trostatic Coulomb force and will gain a velocity determined by the electropho-
retic mobility μep and the electric field E: 

 v⃗ep = μepEሬሬ⃗  (2.8) 

For large objects, e.g. a sphere particle with radius much larger than its Debye 
length, the surface charge is shielded by the EDL. In this case, the electropho-
retic mobility μep is given by 

 μep = 
εζ

η
 (2.9) 

where ζ is the zeta potential of the particle, ε and η is the permittivity and the 
viscosity of the fluid, respectively.  

In the case of DNA in a bulk solution, the electrophoretic force posed on 
DNA is determined by the electric field E and DNA’s effective charge Qeff: 

 Fሬሬ⃗ ep = QeffEሬሬ⃗  (2.10) 

Qeff is smaller than the DNA’s bare charge Q, which is the result of screening 
of negatively charged phosphate group by tightly associated counter ions, ac-
cording to the Manning condensation theory. At a monovalent ion concentra-
tion of 100 mM, Qeff was found about 25% of Q [85]. In a nanopore system, 
the DNA molecules freely diffuse when they are far from the pore, because 
the electric field intensity is negligible there. Close to the pore, there is a non-
zero electric field that decays approximately radially away from the mouth of 
the pore due to the finite access resistance.  The voltage in the vicinity of a 
cylindrical pore can be approximately expressed as 

 V(R) = 
dp

2

8hR
ΔV (2.11) 

where R is the radial distance from the pore mouth and ΔV is the total voltage 
drop across the system [86]. As a DNA strand approaches the pore, the DNA 
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motion starts being dominated by the electrophoretic drift at a characteristic 
length scale, called the capture radius R* (as illustrated in Figure 2.3). This can 
be obtained by balancing the diffusive motion against the electrophoretic drift, 
when setting V(R*) = Ddi ⁄μep where Ddi is the DNA diffusion coefficient [86]. 
Thus, the capture radius can be written as  

  R*= 
dp

2μep

8hDdi
ΔV (2.12) 

 
Figure 2.3. Illustrations showing the electrokinetic phenomena inside the na-
nopore and the capture radius of the nanopore. Image is not to scale.  

Assuming that the process inside the capture region is limited by the time re-
quired for DNA to arrive at the pore, and not by the final translocation process, 
a capture rate rc can be derived by the Smoluchowski theory for absorption by 
a hemisphere of radius R*: 

 rc = 
πdp

2μep

4h
CDΔV (2.13) 

where CD is the DNA concentration. This formalism predicts that, in this dif-
fusion-limited regime, rc of DNA is proportional to its concentration and the 
applied voltage, while independent of DNA length, because µep is observed to 
be independent of DNA length above 400 base pairs [87-89]. This barrier-free 
model has been confirmed to be valid for large solid-state nanopores when 
capturing double-stranded DNA (dsDNA) molecules, as indicated by the lin-
ear dependence of the capture rate on voltage [86, 90]. In contrast, for small 
pore diameters, such as protein pores, there is a free energy barrier against 
DNA threading through the pore. This energy barrier can originate from the 
confinement of DNA end in the coiled configuration, as well as possible un-
favorable interactions of the highly charged DNA with the pore. In this case, 
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the rc has an exponential dependence on voltage, which has been experimen-
tally observed and theoretically explained [86, 91]. All the experiments per-
formed in this thesis are done in the diffusion-limited regime, and a later dis-
cussion of DNA translocation frequency in section 5.2.1 involves this model. 

In electroosmosis, the counterions in the diffusive layer of EDL migrate 
under an electric field tangential to the charged surface. This motion of ions 
will drag water molecules along with them, which forms a liquid flow, called 
electroosmotic flow (EOF), see Figure 2.3. In the nanopore system, EOF often 
exists in the nanopore channel and imposes an additional force on the translo-
cating analytes. Depending on the net charge of the molecule and the charge 
polarity of pore walls, EOF can either plays as a countering or an accelerating 
role to the electrophoretic force. Similar to electrophoresis, the velocity of 
EOF can be written as  
 v⃗os = μosEሬሬ⃗  (2.14) 

where µos is electroosmotic mobility. If the Debye length on the pore wall 
surface is much smaller than the pore diameter, µos in the nanopore can be 
expressed as 

 μos =െ
εζ

η
 (2.15) 

For moderately charged and neutral analytes, such as certain proteins or na-
noparticles, EOF is the dominating driving force for the translocation through 
the nanopore. 

2.4 Erosion of SiNx/Si/SiO2 surface 
As discussed in section 2.2, the nanopore conductance is determined by the 
pore size and its geometry, and especially sensitive to the pore diameter. 
Therefore, the stability of nanopore diameter is critical for quantitative and 
reproducible nanopore experiments. SiNx is the most widely used membrane 
material for fabricating nanopores and considered chemically and mechani-
cally robust, e.g., SiNx pores can be aggressively cleaned by a hot Piranha 
solution (a mixture of H2SO4 and H2O2) or an O2 plasma treatment before 
measurements. However, it has been noticed that the diameter of SiNx na-
nopore gradually enlarges in the electrolyte solution, indicating a slow erosion 
of SiNx. It has been found that, for TEM-drilled SiNx pores, there is a thinned 
ring around the pore where N is depleted and Si/SiO2 is rich [92]. For SiNx 
pores fabricated by the lithographic process with reactive ion etching (RIE), 
SiO2 is also found at the pore walls with a less extended Si-rich region [92]. 
Thereafter, the slow degradation of Si and dissolution of SiO2 in water are 
believed to be one of the reasons for SiNx pore expansion [92, 93]. This phe-
nomenon has been studied in great detail previously, e.g. in the context of 
seawater minerals [94] and biocompatibility of Si/SiO2 nanoparticles [95]. It 
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is because that the Si/SiO2 material surface is hydrolytically unstable and dis-
solves overtime into water-soluble silicic acid, and the following equilibrium 
is established: 
 SiO2 + 2H2O ↔ H4SiO4 (2.16) 

In the nanopore experiments, a variety of factors can affect the etch rate of this 
erosion process, including salt concentration, temperature, pH value, and ap-
plied voltage [92, 96-98]. Under certain conditions, for example, high applied 
voltage or high salt concentration under continuous operation, the etch rate 
can be sufficiently fast to result in a noticeable pore expansion and uncertainty 
in quantitative experiments. Additionally, this erosion reaction has been used 
to thin down SiNx membrane and fabricate pores under laser illumination [99-
101], in which the authors argued that the etching of SiNx is accelerated for 
Si-rich membrane as a result of accelerated dissolution of SiO2 in higher pH 
and elevated temperature [99, 102]. In Chapter 5 and Chapter 6, coating of 
HfO2 on Si nanopores is employed to prevent pore expansion in repeated 
measurements. 

2.5 Surface-biomolecule interactions 
Surface-biomolecule interactions have always been one of the central topics 
in the biosensing field [103-105]. In nanopore sensing, the interactions be-
come even more prominent due to the nanoscale confinement of the biomole-
cule and is inseparable for any nanoscale interface problem. As briefly men-
tioned in Chapter 1, untreated solid-state surface can non-specifically adsorb 
various biomolecules, which is troublesome for potential nanopore sensing of 
complex biological fluids, such as serum, urine or cerebrospinal fluid. There-
fore, understanding the interactions between biomolecules and surfaces is cru-
cial to engineer surfaces with desired properties for nanopore applications.   

In particular, as an increasingly common analyte, proteins are prone to in-
teract with solid surfaces. As proteins are composed of amino acids with side 
groups having either positive or negative charge, or being polar or apolar, it 
makes proteins both amphiphilic and amphoteric [106]. The latter is often re-
lated to the net charge that protein carries at physiological pH. Hence, protein-
surface interactions are a result of a wide range of physicochemical interac-
tions, which are driven by interfacial energy differences, including increasing 
entropy, Coulomb forces and hydrogen bond [106, 107].  

To evaluate if proteins will be adsorbed onto the surface, the change of 
Gibbs free energy ΔG provides the criteria [106], which is defined as  
 ΔG = ΔH െ TΔS (2.17) 

where ΔH is the change in enthalpy, T absolute temperature and ΔS the change 
in entropy. If ΔG < 0, protein adsorption occurs. If ΔG > 0, surface repulses 
protein. First, electrostatic interaction is one of the factors that can influence 
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both protein and DNA, because DNA often carries negative net charge in the 
solution. When their sign of net charge is opposite to that on the surface, the 
Coulomb attraction force will lead to a decrease of ΔH of the system, which 
prompts the adsorption, and vice versa [108]. Second, if the hydrophobic re-
gions of proteins contact with the hydrophobic surface, it will result in an in-
crease of entropy of the water phase [109]. Since ΔS rises and thus ΔG drops, 
this hydrophobic interaction drives protein adsorption. On the contrary, hy-
drophilic surfaces promote the adsorption of a thin water layer on the substrate, 
which keeps the system of low interfacial energy. This water layer provides a 
repulsive barrier to hydrophobic moieties, known as hydration force, and 
therefore hinders protein adsorption [110]. Furthermore, another factor rises 
when surfaces are covered by hydrophilic polymers of certain chain length. 
Adsorption of biomolecules on such surfaces requires conformation change of 
polymers from a state of high degree of freedom of mobility to that of a re-
duced degree, which leads to a decrease in entropy and thus a raising of ΔG 
[111]. In reality, to control surface-biomolecule interactions, solid surfaces 
can be modified by different chemical functional groups, considering the 
aforementioned factors (as illustrated in Figure 2.4.).  

 
Figure 2.4. Surface-protein/DNA properties and their resulting Gibbs free en-
ergy, hindering or facilitating adsorption, respectively. For ΔG < 0, protein 
adsorption is promoted, for ΔG > 0, protein adsorption is hindered.  

In this thesis, surface passivation by negatively charged polymers presented 
in Chapter 2 is effective to prevent DNA and protein adsorption through elec-
trostatic repulsion and hydration forces. In addition, lipid bilayer coating 
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demonstrated in Chapter 3 is a well-known non-fouling surface, against non-
specific adhesion via steric repulsion and also hydration forces. 
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3. Surface patterning on solid-state nanopore 
arrays 

Aiming at minimizing nonspecific adsorption of biomolecules and localizing 
target binding sites in the vicinity of nanopores, one of the main efforts in this 
thesis has been put on developing a novel surface patterning strategy that is 
compatible with nanopore arrays. To date, to introduce specific binding sites 
near or inside the nanopore, most of the reported strategies have done that 
through stochastic distribution of the receptors on the organic coating cover-
ing the membrane.  This approach is limited by the poor spatial controllability 
of the receptor between different coating batches and the high consumption of 
analytes bound to ligands outside of the sensing region. One feasible solution 
is to build a local chemical contrast in the nanopore region, which allows the 
ligand molecules selectively locate at the desirable positions. For nanopore 
arrays, this solution resembles well-established surface patterning techniques 
[112]. However, common surface patterning techniques are ill-suited to apply 
on solid-state nanopore arrays. Because, for already fabricated nanopores, the 
free-standing membrane is normally too fragile to experience further pattern-
ing process, while for integration patterning process along with nanopore fab-
rication, it may require complicated fabrication process and be practically dif-
ficult. Thus, our approach is to use a direct-write resist-less nanopatterning 
technique, electron beam induced deposition (EBID), to generate a chemical 
contrast near the prefabricated nanopores. In EBID, a substrate spot exposed 
to a focused electron beam can result in the localized deposition of materials 
from a dissociated vapor precursor [113]. By combining EBID with surface 
passivation of poly(vinylphosphonic acid) (PVPA), we can build carbon 
nanodomains aligned with nanopores, which serve as binding sites for target 
analytes. In addition, the PVPA passivation layer prevents nonspecific adsorp-
tion of biomolecules and also acts as the precursor for EBID process.   

In this chapter, this versatile surface patterning technique is first demon-
strated on planar Al surface (section 3.1) and shown the capability for immo-
bilization of biomolecules (section 3.2), and then it is adapted on nanopore 
array structures (section 3.3) for localizing nanoparticles in the vicinity of na-
nopores (section 3.4).  
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3.1 Surface patterning of carbon nanoarrays 
The idea of our surface patterning strategy is inspired by the demonstration of 
PVPA passivation against adsorption of biomolecules in single-molecule real-
time (SMRT) sequencing [114], and surface biofunctionalization with EBID 
technique on a poly(ethylene glycol) (PEG)-coated glass substrate [115]. 
Since PVPA can selectively passivate Al or Al2O3 surface, which the latter 
could be easily deposited on nanopore surface by means of ALD, it motivates 
us to use this passivation for the later adaption on solid-state nanopores.  With 
the EBID technique, carbon-containing nanofeatures can be directly written 
on the surface, as PVPA layer serves as precursors. Thus, first, we demonstrate 
the PVPA passivation on planar Al surface to prevent non-specific adsorption 
and the capability of biofunctionalization of EBID fabricated carbon 
nanodomains. Then, for a further demonstration of this method, we place 
DNA polymerase with a streptavidin tag onto the carbon nanodomain with the 
assistance of an intermediate immobilization of biotinylated nanoparticles. 
We verify the well-defined localization and perseveration of enzyme activity 
by performing rolling circle amplification (RCA) and detecting the synthe-
sized DNA products by fluorescence microscopy.  The complete process flow 
from carbon nanoarray generation on passivated Al surface to immobilization 
of target biomolecules is schematically presented in Figure 3.1.  

Figure 3.1. Schematic illustration of localization of target DNA polymerase 
and RCA on PVPA-passivated Al surface via EBID nanopatterning. Adapted 
with permission from Paper I. Copyright (2018) American Chemical Society. 

3.1.1 Selective PVPA passivation against nonspecific adsorption 
The molecular structure of PVPA is shown in Figure 3.2a, with each molecule 
containing about 200 phosphonic acid groups. A thermal deposition process 
was carried out to treat the patterned mixed material surface with aqueous 
PVPA solution. With a thin layer of native Al2O3 on the Al surface, the phos-
phonic acid groups can specifically react with the hydroxyl groups to form Al-
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O-P bonds [116]. The selective deposition of PVPA on Al was confirmed us-
ing XPS (Figure 3.2b). The typical P 2p peak at 135 eV observed in PVPA-
treated Al surface indicates the successful passivation of Al by PVPA [117].  

 
Figure 3.2.  Selective passivation of Al against nonspecific adsorption of pro-
tein and DNA by PVPA modification. (a) Molecular structure of PVPA. (b) 
XPS spectra of P 2p on PVPA-treated and untreated Al surfaces. (c) Fluores-
cence micrographs of neutravidin (green) and oligonucleotide (red) adsorp-
tion on Al micropatterns on top of SiO2, with (w/) and without (w/o) PVPA 
treatment. (Scale bars, 20 µm.) (d) Quantitative results of the fluorescence 
intensity on the two material surfaces with or without PVPA treatment. 
Adapted with permission from Paper I. Copyright (2018) American Chemical 
Society. 

The PVPA-mediated anti-adsorption property was investigated by incubating 
the micropatterned surface with neutravidin and oligonucleotide as two test 
biomolecules. The presence of neutravidin was visualized with the assistance 
of biotinylated fluorescent nanoparticles and the oligonucleotide was directly 
labeled with Texas Red dye. As shown in Figure 3.2c, Without PVPA treat-
ment, both neutravidin and oligonucleotide could adsorb to the Al surface with 
high density. On the PVPA-treated surfaces, the adsorption of neutravidin and 
oligonucleotide on Al surface was substantially suppressed and an excellent 
contrast of neutravidin adsorption over the surrounding SiO2 surface was ob-
served. Qualitative intensity analysis of the fluorescence micrographs verified 
that the PVPA-passivated Al surface was effectively repellent to neutravidin 
and oligonucleotide (Figure 3.2d).  

3.1.2 Preparation and characterization of nanopatterns by EBID 
To conduct EBID for generating carbon domains, a commercial EBL system 
was employed with the benefit of high reproducibility in defining designed 
patterns. Under electron beam irradiation, the volatile carbon residue in the 
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EBL chamber and the PVPA layer in the exposed area can be decomposed. 
As a result, the formation of carbon-containing nanodomains on the PVPA-
passivated surface will mirror the geometrical arrangement of the e-beam ex-
posure. Carbon square domain arrays were generated on the PVPA-passivated 
Al surface (Figure 3.3a).  

 

Figure 3.3. Morphological characterization of carbon nanodomains via EBID 
on PVPA passivated Al surface. (a) The SEM image of the nominal 100 nm 
nanodomain array with a lateral interval of 1.5 µm. (b) Influence of electron 
dose on the real size of the nanodomain. (c) SEM images of nanodomains 
fabricated with different doses and sizes. Scale bar: 100 nm. (d) SEM image 
of the 200 nm carbon nanoarray fabricated with an electron dose of 15 C/m2. 

The main technical parameter that govern the EBID process is the electron 
dose in our fabrication process, which determines the dwell time of the elec-
tron beam. As shown in the statistical results (Figure 3.3b) and SEM images 
(Figure 3.3c), the electron dose only had a minor influence on the written fea-
ture size. The nanodomain profile was difficult to recognize below 20 C/m2 
electron dose under SEM, which implied that the amount of carbon material 
at such conditions was too low to produce distinguishable secondary electron 
contrast (Figure 3.3d).   

3.2 Site-specific immobilization of various analytes 
To assess the feasibility of selective biofunctionalization of the EBID fabri-
cated carbon nanoarrays, we first use fluorescent labelled streptavidin and ol-
igonucleotide to demonstrate. Then, immobilization of biotinylated fluores-
cent nanoparticles is further demonstrated, which provides a versatile ap-
proach for immobilization strategies. And finally, considering the importance 
of DNA polymerase in the application for DNA sequencing, we show the ca-
pability of positioning DNA polymerase with streptavidin tag on the carbon 
domains with retained activity of synthesizing DNA via RCA. 
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3.2.1 Streptavidin and oligonucleotides 
First, streptavidin and oligonucleotides were tested as examples for biomole-
cules. As shown Figure 3.3a, Cy3-streptavidin can be selectively physio-
sorbed to the carbon nanoarrays with a significantly higher contrast over the 
non-patterned passivating PVPA regions. For oligonucleotides, direct adsorp-
tion and indirect bio-affinity approaches were both examined by incubating 
biotinylated Texas Red labeled oligonucleotides with plain carbon nanoarrays 
and neutravidin-decorated nanoarrays. As a result, the labeled DNA molecules 
were unable to directly adsorb on the plain nanoarrays (Figure 3.3a, right). Via 
biotin-avidin interaction, a distinct localization of the biotinylated DNA was 
observed on neutravidin-decorated nanoarrays (Figure 3.3a, middle). The sta-
tistical results confirm that outstanding localization selectivity was achieved 
for direct adsorption of streptavidin and neutravidin mediated binding of bio-
tinylated DNA, on the 100 nm and 200 nm nanoarrays (Figure 3.3b). The 
mechanism underlying the excellent selective localization of streptavidin is 
due to the strong nonspecific adsorption on carbon nanodomains and the anti-
adsorption property of the PVPA layer, further discussion can be found in Pa-
per I.  

 
Figure 3.3. Biofunctionalization of carbon nanoarrays with streptavidin and 
oligonucleotide. (a) Fluorescence images of 100 nm carbon nanoarrays im-
mobilized with fluorescently-labeled protein and DNA: Cy3-streptavidin-dec-
orated nanoarrays (left); neutravidin-decorated nanoarrays immobilized with 
biotinylated Texas Red labeled oligonucleotide (middle); carbon nanoarrays 
directly incubated with biotinylated Texas Red labeled oligonucleotide (right). 
(Scale bar: 5 µm) (b) Statistical results of the immobilization specificity of 
biomolecules on different size nanoarrays. Adapted with permission from Pa-
per I. Copyright (2018) American Chemical Society. 

3.2.2 Biotinylated nanoparticles 
To exploit the latent capacity of the presented nanopatterning approach, fluo-
rescent biotinylated nanoparticles of 40 nm in diameter were tested to incubate 
with neutravidin-decorated nanoarrays fabricated with various electron doses. 
As shown in Figure 3.4a and b, the biotinylated particles were selectively lo-
calized on the nanodomains and the particle occupation rate was influenced 
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by the electron dose. The statistical results (Figure 3.4c) show that the occu-
pancy of biotin particles increased with the increase of electron dose. With a 
similar target area, a higher density of binding sites led a higher probability of 
nanoparticle immobilization. The dependence of the occupancy of biotinyl-
ated particles on electron dose is due to the difference of local neutravidin 
density, which could be adjusted by the electron dose of the EBID process 
[115].  

 
Figure 3.4. Positioning of biotinylated nanoparticles onto neutravidin-deco-
rated nanoarrays. (a) Fluorescence images of localization of 40 nm biotinyl-
ated nanoparticles on different size neutravidin-decorated nanoarrays with 
various doses (upper) and magnified portion of the arrays (lower) at an elec-
tron dose of 115 C/m2. (Scale bar: 5 µm) (b) SEM image of particle loaded 
nanoarrays with observed localization of single and double particles.  (c) Sta-
tistics of particle occupancy rate with the electron dose. Reproduced with per-
mission from Paper I. Copyright (2018) American Chemical Society. 

The diffusion-based immobilization of nanoparticles should follow the Pois-
son-distribution throughout the nanoarrays [114]. To estimate the number of 
particles on differently sized nanoarrays, the fluorescence intensity distribu-
tion was analyzed from the images of particle loaded nanoarrays by employing 
the Poisson statistics to calculate the percentage of each number group, as 
shown in Figure 3.5. By setting an optimal fluorescence threshold, the 
nanodomains occupied with particles were selected as the target region to give 
the histogram analysis of mean fluorescence brightness. For the 100 nm 
nanoarrays, a narrow peak of around the 500 (arbitrary unit) fluorescence level 
was observed, which could be ascribed to the single particle occupied 
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nanodomains. Hence, the Poisson statistics was employed to establish the re-
lationship between fluorescence intensity and occupancy number. As shown 
in Figure 3.5, the calculated occupancy rate follows the profile of fluorescence 
intensity distribution for both size nanoarrays, indicating the expected Pois-
son-distributed particle loading.  

 
Figure 3.5. Histogram analysis of fluorescence intensity on biotinylated par-
ticle localized nanoarrays of different sizes and different rates of particle oc-
cupancy calculated with the Poisson statistics, except that the zero-particle 
occupancy rate is obtained from experimental results. Reproduced with per-
mission from Paper I. Copyright (2018) American Chemical Society. 

3.2.3 DNA polymerase 
As an essential enzyme to synthesize DNA, DNA polymerase has been exten-
sively employed for DNA cloning, sequencing, labeling and other applications 
[4, 118]. To further demonstrate the compatibility and extensibility of the pre-
sented patterning approach, DNA polymerase with a streptavidin tag was po-
sitioned on the biotinylated particle loaded nanoarrays and in situ RCA was 
subsequently performed to detect the activity and localization of the immobi-
lized polymerase. Before loading onto the biotinylated nanoarrays, the strep-
tavidin tagged DNA polymerase was first bound to a circular DNA tem-
plate/primer. After multiple washing steps to eliminate nonspecifically ad-
sorbed polymerase/template complex, subsequent in situ RCA on the pat-
terned surface was carried out to synthesize ssDNA containing repetitive 
sequences complementary to the circular template. Using complementary 
Texas Red-labeled oligonucleotides as a probe, the amplified DNA strands 
were detected by fluorescence microscopy (shown in Figure 3.6a). For the 
nanoarrays of both sizes, an obviously organized localization of fluorescent 
biotinylated particles and synthesized DNA were observed. This result indi-
cates the successful immobilization of the DNA polymerase and the preserva-
tion of the enzyme activity. The strong colocalization of two fluorescent sig-
nals of superimposed false-color images indicates that the active DNA poly-
merase was localized to the nanoarray via the specific avidin-biotin binding. 
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Figure 3.6. Colocalization of biotinylated particles and single-stranded DNA 
synthesized by immobilized DNA polymerase. (a) Fluorescence micrographs 
of immobilized biotinylated fluorescent particles (green), DNA strand synthe-
sized by RCA (red) and the merged images to show the colocalization. (Scale 
bar: 5 µm) (b) Statistical results of loading percentage of biotinylated parti-
cles, colocalized DNA polymerase and single DNA polymerase on two differ-
ent nanoarrays. Adapted with permission from Paper I. Copyright (2018) 
American Chemical Society. 

The level of colocalization was quantitatively analyzed by a further statistical 
analysis of the biotinylated particles and localization of RCA product (Figure 
3.6b). Similar to the previous assumption, the loading rate of single polymer-
ase can also be estimated by using the Poisson statistics once the missing frac-
tion of colocalization is known. Localization of approximately 10% and 30% 
single polymerase was achieved, respectively, for the 100 nm and 200 nm 
nanoarrays. In conclusion, the combination of PVPA passivation with EBID 
nanopatterning allowed us to specifically position the target enzyme onto or-
ganized nanoscale domains with retained activity. 

3.3 Deposition of carbon nanoarray on nanopore array 
Functional nanoparticles are at the forefront of numerous sensing applications 
in large part due to their ease of functionalization with receptor ligands and 
incorporation with optical sensing methods [119-121]. For nanopore sensors, 
use of nanoscale particles of unique optical, magnetic, electronic or chemical 
properties can enable applications otherwise unconceivable [122-124]. To ex-
plore the potential of the developed patterning technique, we transfer this 
adaptable method to nanopore arrays for nanoparticle localization, as pre-
sented in Paper II. In the following sub-sections, we demonstrate the capabil-
ity of precise localization of streptavidin coated nanoparticles in the close vi-
cinity of the nanopores defined by the pore-specific carbon domains. Further-
more, we study the nanoparticle loading efficiency by comparing diffusion-
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driven loading with electrophoresis-driven loading, as schematically shown in 
Figure 3.7.  

 
Figure 3.7. Schematic of EBID assisted precise localization of nanoparticles 
on solid-state nanopore arrays by diffusion- or electrophoresis-driven load-
ing. Reproduced from Paper II. Copyright (2019) IEEE. 

3.3.1 Fabrication of SiNx nanopore arrays 
To manufacture nanopore arrays, we employ nanopore fabrication method 
based on electron beam lithography (EBL) and RIE. The process steps of SiNx 
nanopore array fabrication are schematically illustrated in Figure 3.8. The fab-
rication started from a 300 μm double side polished silicon wafer. After stand-
ard wafer cleaning, the wafer was thermally oxidized to grow a 50-nm thick 
SiO2 layer. This is followed by the growth of a 25-nm thick low stress SiNx 
by the means of low-pressure chemical vapor deposition (LPCVD). Subse-
quently, etched alignment marks were first fabricated to ensure an accurate 
realignment of carbon nanodomains to the nanopores. Nanopore arrays were 
patterned on the front side with EBL and then transferred into the device layer 
SiNx by means of RIE. Next, a 150 μm window was opened from the rear side 
of the wafer by photolithography. Deep reactive ion etching (DRIE) and KOH 
etching were subsequently carried out to open large cavities in the thick Si 
carrier layer reaching the SiO2 on the front side. This oxide was then stripped 
off in buffered hydrofluoric acid (BHF), completing the generation of na-
nopore arrays in the free-standing SiNx membrane on the front side of the wa-
fer. 
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Figure 3.8: Process for fabrication of a nanopore array in SiNx membrane: 
(a) Thermal oxidation followed by SiNx deposition by means of LPCVD; (b) 
Definition of etched alignment marks; (c) EBL patterning of the nanopore ar-
ray; (d) RIE of SiNx; (e) Rear side window opening; (f) DRIE and KOH etch-
ing and final oxide removal from the rear side. Reproduced from Paper II. 
Copyright (2019) IEEE. 

3.3.2 Deposition of carbon domain in the vicinity of nanopore 
To deposit carbon domains in the vicinity of nanopores, the nanopore array 
was first coated with a 10 nm thick Al2O3 by means of ALD and passivated 
with PVPA subsequently. For the following EBID process, it is worth men-
tioning that the carbon domains were written on the designated surface area in 
virtue of the alignment with prefabricated etched marks in the EBL system. 
Since nanopores were fabricated by using the same alignment mark, carbon 
domains can be generated with an accurate spatial organization with respect 
to nanopores. This capacity of precise alignment cannot be easily achieved 
using other nanopatterning techniques such as nanoimprint lithography and 
nanocontact printing.  

In Figure 3.9a, the SEM image shows a SiNx nanopore array with pores of 
80 nm in diameter. Upon a 10 nm thick Al2O3 coating, the pore size shrank to 
approximate 60 nm in diameter (Figure 3.8b). Since the carbonized area is 
difficult to be recognized in SEM, the patterned nanopores were incubated 
with streptavidin coated nanoparticles to verify the existence of carbon do-
mains. As shown in Figure 3.9b, nanoparticles are selectively localized in the 
vicinity of the nanopores through the adsorption on the carbon surface. In a 
particular case (Figure 3.9c), a large amount of carbon is deposited in the inner 
orifice of the nanopore. This result demonstrates the compatibility of the 
developed surface patterning strategy with fabricated nanopore array 
structures. 
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Figure 3.9: (a) SEM image of a nanopore array with nanopores of 80 nm in 
diameter; (b) SEM image of nanoparticles localized in the vicinity of the na-
nopores; (c) SEM image of the carbonized area around a nanopore with na-
noparticles immobilized nearby. 

3.4 Localization of nanoparticles on nanopore array 
With the natural feature of nanopores allowing for electrophoresis of charged 
nanoparticles, they can be loaded onto carbon domains either by simple diffu-
sion or by electrophoretic forces. We compare the two approaches in the fol-
lowing sub-sections. 

3.4.1 Diffusion-based approach 
In diffusive-loading, we incubated the patterned nanopore surface with strep-
tavidin particles of various concentrations for 30 minutes. As shown in Figure 
3.10a, the loading yield drastically decreases with decreasing nanoparticle 
concentration. In Figure 3.10b, the statistical result verifies that the loading 
fraction drops from 65% to 3% when the particle concentration is decreased 
three orders of magnitude.  This result reflects that the diffusive loading effi-
ciency is highly dependent on the particle concentration based on the diffusion 
kinetics, which could be a major hurdle for applications where only low na-
noparticle concentrations are available. 

 
Figure 3.10: (a) Fluorescence micrographs of nanoparticles immobilized by 
diffusion at different concentrations; (b) Variation of particle occupancy with 
particle concentration. Reproduced from Paper II. Copyright (2019) IEEE. 
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3.4.2 Electrophoresis-based approach 
To enhance the nanoparticle capture efficiency by the carbon nanodomains, 
electrophoretic force was utilized to drive the charged nanoparticles onto the 
carbon nanoarrays around the nanopores. The nanoparticles coated with strep-
tavidin are negatively charged, and can be electrophoretically driven to the 
pore orifice. With a concentration of 2.8×109 particles/mL and at an applied 
voltage of 200 mV for 5 minutes, a nanoparticle occupancy over 90% on the 
nanopore array is observed in Figure 3.11a. To achieve similar localization 
occupancies, the required nanoparticle concentration is three orders of magni-
tude higher for the diffusion-driven loading than for the electrophoresis-driven 
one. The SEM images in Figure 3.11b confirm the nanoparticle localization 
on the carbon nanodomains. Furthermore, the ionic current change along the 
loading process can be monitored. For a smaller array of 5-by-5 pores, the 
ionic current change for individual pores can be recognized, as evident from 
the stepwise blockage of the ionic current trace (Figure 3.11c). Since the av-
erage diameter of nanoparticles of 40 nm is smaller than the pore diameter of 
60 nm, translocation events can occur as indicated by the spikes in the current 
trace. While the pore surface is highly carbonized, continuous current drop is 
observed as a result of pore clogging by the nanoparticles. 

 
Figure 3.11: (a) Fluorescence images of nanoparticles immobilized on na-
nopores by diffusion (left) versus electrophoresis (right); (b) SEM images of 
nanoparticles immobilized in the vicinity of the nanopores by diffusion (left) 
versus electrophoresis (right). (c) Ionic current trace during the electropho-
retic loading of fluorescent nanoparticles on a 5-by-5 nanopore array. Inset 
shows the fluorescence image of the eventual nanopore array localized with 
nanoparticles. (a) and (b) are adapted from Paper II. Copyright (2019) IEEE. 
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4. Lipid bilayer coated on truncated-pyramidal 
Si nanopore arrays 

In the previous chapter, the concept of using EBID fabricated hydrophobic 
carbon domains to capture various nanoscale entities is demonstrated for po-
tential nanopore sensing applications. While for conventional nanopore sens-
ing modalities, a hydrophilic pore surface is often desirable to allow for an 
unperturbed translocation. To provide functionalities of both anti-adsorption 
and active binding sites on pore surface, coating with lipid bilayer has proven 
to be a powerful strategy. Pioneered by Mayer’s research group, this strategy 
has been used to identify geometric profiles and dipole moments of proteins 
with nanopores [45, 46]. However, with the emergence of various types of 
solid-state nanopores, the feasibility of lipid bilayer coating on various pore 
geometries and materials need to be verified. Hence, we adapt this coating 
method on truncated pyramidal Si nanopore (TPP) arrays and study the corre-
sponding mechanism of lipid bilayer formation via electrical monitoring and 
optical observations. Furthermore, to validate the efficacy of the coated lipid 
bilayer against DNA adsorption, we developed an optical characterization 
platform to study the DNA translocation events with the advantage of parallel 
detection using pore arrays. 

In this chapter, the fabrication of TPP arrays is first described in section 
4.1. Then, the mechanism of lipid bilayer formation on TPP arrays is discussed 
in section 4.2. At last, the optical observation of DNA translocation through 
lipid coated pores is presented in section 4.3. 

4.1 Fabrication of truncated-pyramidal nanopore arrays 
One of the motivations for us to develop fabrication process of Si-based TPP 
pores, instead of SiNx pores, is to take advantage of the anisotropic etching of 
crystalline Si to define smaller pore size beyond the limitation of lithography. 
An additional reason is that Si shows negligible photoluminescence (PL), 
which constitutes an ideal substrate for optical detection and will be discussed 
later in 4.3.1. Details of the TPP fabrication are schematically shown in Figure 
4.1. The process started on a 4-inch double side polished silicon on insulator 
(SOI) wafer with a 55 nm thick Si device layer on 145 nm thick buried oxide 
(BOX) layer. A 30 nm low stress SiNx was deposited on both sides of the 
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wafer via LPCVD. This was followed by nanopore arrays patterned on the 
deposited SiNx using EBL and RIE. The substrate was opened with large cav-
ities by DRIE and KOH etching to stop on the BOX with the Si device layer 
protected. In the next step, patterned nanopores in SiNx were transferred to the 
Si device layer with a second KOH etching. After removal of BOX, TPPs in 
a free-standing Si membrane were formed. Finally, thoroughly cleaned TPP 
chip were incubated in solutions with small unilamellar vesicles (SUVs) com-
posed of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) to coat the 
lipid bilayer. 

Figure 4.1. Process flow for fabrication of a Si TPP nanopore array and for-
mation of lipid bilayer coating using small unilamellar vesicles (SUVs). Re-
produced from Paper IV. Copyright (2020) IEEE. 

In Figure 4.2a, SEM images show a 5-by-5 TPP array with a pore spacing of 
1 µm, where inset (i) depicts a higher magnification image of one of the pores. 
The truncated pyramidal shape of the TPPs can be clearly seen in inset (ii). 
Unless otherwise specified, the TPP array used in this work is 5-by-5 with the 
same TPP size (length of the bottom square base) around 60 nm.  

4.2 Formation of lipid bilayer on TPP arrays 
Lipid bilayer formation on the TPP arrays was first monitored in real-time by 
the ionic current change through the TPP arrays. The mechanism of the lipid 
bilayer formation was investigated by a statistical analysis of the current drops 
caused by the adsorption and rupture of vesicles. Then, the optical observation 
verified the proposed mechanism via visualization of the formation process 
using fluorescent labelled SUVs. The detailed experimental description can 
be found in Paper III. 
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4.2.1 Electrical monitoring of lipid bilayer formation 
For electrical monitoring, after adding the vesicle solution to the two reser-
voirs sandwiching the TPP chip, a bias was applied via the Ag/AgCl elec-
trodes connected with a flow cell. The electrolyte on the larger TPP base side 
was set at the given potential values while the opposite electrolyte on the small 
base side was kept at ground. A typical example of monitored ionic current 
trace by adding vesicles with a hydrodynamic radius (RH) of 92 nm at 50 mV 
is presented in Figure 4.2b. As can be clearly seen, the ionic current through 
the nanopores started to decrease step by step when the voltage was applied. 
Initially, the decrease in the ionic current was rapid and then became slower 
and finally tended to level off. The inset in Figure 4.2b shows a close-up view 
of the current trace between 9 s and 16 s. The current drops were all found to 
be discrete steps instead of a continuous decay, indicating that the process 
giving rise to the current drops is instantaneous.  

 
Figure 4.2. SEM images of a TPP nanopore array and the measured ionic 
current through the TPP array at 50 mV after adding vesicles (RH = 92 nm). 
(a) SEM image of a 5 × 5 TPP nanopore array with the pore spacing of 1 um. 
Inset (i) shows a close-up image of the marked pore position. Inset (ii) shows 
a cross sectional SEM image of TPP without a large cavity underneath and 
with the BOX layer intact for easy sample preparation. (b) Vesicles (RH = 92 
nm) dispersed in PBS were added to the two reservoirs sandwiching the TPP 
chip. After connecting with the two Ag/AgCl electrodes, 50 mV was applied 
and the ionic current started to decrease step by step. The inset shows a close-
up view of the steps of current drop between 9 and 16 s. Adapted with permis-
sion from Paper III. Copyright (2020) American Chemical Society. 

Three different scenarios that can cause the current drop are envisioned: lipid 
bilayer formation inside the TPPs that covers the inner TPP side walls; for-
mation of a lipid bilayer that spans the TPPs; and adsorption of an intact ves-
icle in the TPP. Whereas the former leads to a reduction in pore diameter and 
thus the ionic current, the two latter scenarios would lead to blockage of the 
TPP. Assuming that the lipid bilayer is formed inside the TPP completely and 
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uniformly, the ionic current per pore is calculated to drop by 0.27 nA at 20 
mV, 0.71 nA at 50 mV and 1.30 nA at 100 mV. Taking this as unity at respec-
tive bias, the number of size reduced pores (NSRP) can be calculated as dividing 
current drops by unity. NSRP is used to characterize to what extent the interior 
of TPPs are covered by the lipid bilayer and non-integers can appear. If a TPP 
is blocked, the resulting NSRP should be much more than 1. To further deter-
mine the dominant cause of the current drops, careful statistical analysis of the 
current steps was performed for the measurements with different applied bi-
ases, vesicle sizes and concentrations. As illustrated in Figure 4.4a, at different 
conditions, current drop events appear intensely within the first 50 s after the 
bias was applied. In addition, NSRP exhibited a similar distribution, although 
the frequency was slightly different for different conditions (Figure 4.4b). 
Nevertheless, for all conditions, NSRP all appeared most frequently at around 
0.5, indicating that lipid bilayer formed from the vesicle rupture only partially 
covered the interior of a TPP.  

 
Figure 4.3. Statistical analysis of current steps of the recorded ionic current 
trace of 5-by-5 nanopore arrays at various conditions. (a) NSPR versus time at 
different applied bias, sized vesicles and concentrations. (b) Relative fre-
quency of NSPR at different applied biases, vesicles of different sizes and con-
centrations. Reproduced with permission from Paper III. Copyright (2020) 
American Chemical Society. 

From the findings described above, the process of lipid bilayer formation in 
the TPP arrays can be inferred as follows: vesicles diffuse to the TPPs, adsorb 
in the opening of the TPPs and rupture instantaneously to form the bilayer. In 
the presence of TPPs, the truncated pyramidal shape of a TPP creates a larger 
vesicle-solid contact area than that of vesicle on a planar support (Figure 4.4a 
and b). Increased contact area further deforms the vesicle, which leads to an 
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even higher surface tension. When the surface tension reaches a critical value, 
vesicles rupture to lipid bilayer. This could be a plausible explanation of the 
instant rupture of the vesicles in the TPPs. This process is thus different from 
vesicle rupture on a planar support, which is a typical cooperative process that 
the rupture only happens when a critical surface coverage of adsorbed vesicles 
is reached [125, 126].  In addition, the edges of the lipid bilayer formed in the 
TPPs are energetically unfavorable [127, 128]  and can catalyze the rupture of 
vesicles adsorbed in its immediate vicinity [129], which will result in the for-
mation of a lipid patch. More detailed discussion can be referred in Paper III.  

 
Figure 4.4. Schematic representation of the lipid bilayer formation over na-
nopore arrays. (a) Upper part: vesicles rupture spontaneously upon adsorp-
tion in the TPP cavity. Lower part: lipid bilayer formed at high vesicular cov-
erage on a planar support. (b) Schematic representation of the lipid bilayer 
formation over TPP array. Reproduced with permission from Paper III. Cop-
yright (2020) American Chemical Society. 

4.2.2 Optical observation of lipid bilayer formation 
The proposed process is confirmed by imaging the adsorption of vesicles with 
1 mol% lipids labeled with Rhodamine-PE. As can be seen in Figure 4.5a, 
after adding vesicles for a short time (around 1 min for adding vesicles, setting 
up the microscope, finding the free-standing membrane and starting to record), 
the lipid bilayer is preferentially formed across the TPP area and the rest of 
the surface is still covered with intact vesicles or small non-continuous lipid 
patches. The lipid patch then started to grow from the TPP area as time 
elapsed. Figure 4.5b shows a close-up view of TPP area after rinsing the chip 
for 10 min by stopping the lipid bilayer formation in Figure 4.5a at around 2 
minutes. It is worth noting that no bias voltage was applied during the optical 
inspection. These findings indicate that the lipid bilayer formation can be ac-
celerated by predesigned nanocavities on a planar surface. The formation of a 
complete lipid bilayer on the whole substrate is clearly visible (Figure 4.5c) 
after over 30 min exposure of the substrate to the solution of vesicles. 



 54 

Figure 4.5. Fluorescence micrographs of lipid bilayers formed on TPP chip. 
(a) Induced vesicle rupture in the nanopore array structure: (i) Bright field 
(BF) image of a 5-by-5 TPP array; (ii) Fluorescence micrograph of Rhoda-
mine labelled liposome adsorbed and ruptured on TPP area; (iii) Overlay im-
age of (i) and (ii); (iv) A set of fluorescence micrographs in a time series under 
zero voltage bias, the white dashed contour lines mark the formed lipid bilayer 
near the TPP area. (b) Lipid bilayer is preferentially formed over the TPP 
area instead of the planar surface. The inset shows a close-up view of the TPP 
area. (c): (i) Lipid bilayer is completely formed over whole surface of the TPP 
chip. (ii) A close-up view of the TPP area. (iii) BF image of the TPP area. 
Reproduced with permission from Paper III. Copyright (2020) American 
Chemical Society. 

4.2.3 Fluorescence recovery after photobleaching 
To confirm the fluidity of the supported lipid bilayer, experiments of fluores-
cence recovery after photobleaching (FRAP) were performed on the lipid bi-
layer at a location outside, but near the TPP area. A set of consecutive fluo-
rescence images of the FRAP measurement is shown in Figure 4.6a. By ana-
lyzing these images and normalizing the fluorescence intensity to the maxi-
mum intensity before photobleaching, the lateral diffusion coefficient of the 
POPC can be determined by the following equation: 

 DL= 0.224×
r2

t1 2⁄
 (4.1) 

where r is the radius of the bleached spot and t1/2 is the half time of the fluo-
rescence recovery [130, 131]. The obtained values of t1/2 and DL from an ex-
ponential curve fit of the data are 22.9 s and 0.550 μm2s-1, respectively. The 
obtained   value is close to the reported value (0.71 μm2s-1) of POPC on a Si3N4 
surface [132]. 
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Figure 4.6:(a) Consecutive fluorescence micrographs show fluorescence re-
covery after photobleaching experiment. The scale bar is 5μm. (b) Plot of the 
normalized intensity versus time from FRAP experiments performed on a TPP 
chip. Grey points correspond to experimental data. Red line corresponds to 
fitted curve using the diffusion model.  

4.3 Optical detection of DNA translocation on TPPs 
With the successful demonstration of lipid bilayer coating on TPP arrays, it 
motivates us to employ this tailored device for optical sensing of DNA trans-
location and to validate its promised function of minimizing biomolecule-pore 
interaction, which is concluded in Paper IV. 

4.3.1 Photoluminescence of SiNx  
For fluorescence-based optical sensing, photoluminescence (PL) of the mem-
brane is detrimental because it degrades the signal to noise ratio (SNR) and 
impedes the recognition of single DNA translocation, particularly for short-
length DNA with relatively weak fluorescence. Even though SiNx nanopores 
are widely used to perform electrical sensing of DNA molecules, a SiNx layer 
produces significant PL under illumination in the blue-green spectrum range, 
thereby limits its applicability in optical sensing [17, 133]. In our device, a 
SiNx layer serves as a hardmask for the anisotropic Si etching. To evaluate the 
PL emission of the as-fabricated SiNx/Si membrane and to compare it to SiNx 
and Si membrane, the PL spectrum of the following three different membranes 
was recorded under excitation at 532 nm: a 30 nm thick SiNx membrane, a 55 
nm Si membrane, and a double layer membrane of the 30 nm thick SiNx layer 
on the 55 nm thick Si layer. As shown in Figure 4.7a, both membranes with 
the SiNx layer present have a relatively intense and broad PL from 550 nm to 
900 nm, while the Si membrane reveals negligible PL in this range. One of the 
reasons for the reduction of PL intensity of the double layer membrane in 
comparison with the bare SiNx membrane can be a result of optical interfer-
ence. A similar trend can be seen from the more quantitative measurements 
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by using confocal microscopy in Figure 4.7b. Under laser illumination at both 
488 nm and 532 nm, the Si membrane shows negligible PL. Specifically, the 
PL intensity of the Si membrane shows at least a 20-fold decrease as compared 
with those of the other two membranes. Hence, the removal of the SiNx mask 
layer in the fabrication process is a prerequisite to render a PL-free membrane. 
By a further fabrication step of RIE to remove SiNx, only TPP arrays on pure 
Si membrane were used for the following optical observation experiments.  

 
Figure 4.7. PL measurement of a 30 nm thick SiNx membrane, a 55 nm thick 
Si membrane, and a double layer membrane of the 30 nm thick SiNx on the 55 
nm thick Si: (a) PL spectra under 532 nm laser excitation; (b) Confocal meas-
urement data of PL emitted from the same size area of the different membranes 
under 488 and 532 nm laser excitations. The detection wavelength range is 
550-800 nm, and the data are normalized to the excitation laser intensities. 
Reproduced from Paper IV. Copyright (2020) IEEE. 

4.3.2 Fluidic cell and optical setup 
For optical observation, a custom polyether ether ketone (PEEK) fluidic cell 
chamber was made, which allowed the mounted nanopore chips to be illumi-
nated and fluorescence signals in the nanopore region to be collected, as 
shown in Figure 4.8. A pair of pseudo reference Ag/AgCl electrodes were 
mounted in the electrolyte filled chambers to apply the external bias voltage. 
Instead of clamping the nanopore chip by pressing O-rings on both sides, the 
chip was sealed to the upper chamber component by adhesion using a double-
sided tape and a polydimethylsiloxane (PDMS) gasket. The bottom of the cell 
chamber was sealed using a 0.17 mm thick cover glass thereby allowing for a 
short working distance in optical observation. The optical observation was 
conducted using a confocal laser scanning microscope with a hybrid GaAsP 
detector. For all measurements, the fluorescence data were acquired using a 
63× glycerol objective (NA= 1.3) under a 532 nm laser excitation.  
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Figure 4.8: (a) Schematic fluidic cell design for the optical observation; (b) 
and (c): Optical images from the top and bottom view, respectively, of the as-
sembled fluidic cell to host a 1×1 cm2 nanopore chip installed. 

4.3.3 Optical observation of DNA translocation 
To evaluate the efficacy of lipid bilayer coating, we recorded the DNA motion 
and clogging events in a TPP array by means of confocal fluorescence micros-
copy. With the fluorescent labeled lipids visualized, a homogeneous lipid bi-
layer coating can be observed on the TPP array surface (Figure 4.9a and b). λ-
DNA labeled with TOTO-1 was used to conduct the translocation experiment 
under 200 mV applied bias for 10 minutes. As shown in Figure 4.9c, multiple 
pores are obviously clogged by λ-DNA after the translocation experiment. The 
clogged pores show various fluorescent intensities, which implies that multi-
ple λ-DNA strands can clog in a 30 nm TPP. As observed in Figure 4.9d, the 
fraction of clogged pores is significantly reduced, which indicates the excel-
lent non-fouling property of the lipid bilayer to DNA molecules. The clogged 
pores with the lipid bilayer may result from the defects in the lipid bilayer on 
the pore sidewalls. In Figure 4.9e, the statistical result verifies that the per-
centage of clogged pores drops from 36% to 7% after coating with the lipid 
bilayer. Nevertheless, these observations indicate that the irreversible pore 
clogging by DNA poses a serious concern in nanopore sensing applications. 
Figure 4.8f shows a representative confocal fluorescence micrograph that cap-
tures the translocation of a single λ-DNA molecule in the cis chamber and a 
pore clogged with λ-DNA. The image was obtained from an x-z scan (along 
one row of the TPP array) through the membrane. A much higher capture rate 
would be required in future studies and the direct visualization of DNA trans-
location from the cross-sectional view could be further used for the investiga-
tion of the DNA dynamic motion close to the pore.  
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Figure 4.9. Visualization of DNA translocation and clogging in a 30 nm TPP 
array with and without lipid bilayer coating: (a) A fluorescence micrograph 
of the lipid bilayer coated TPP array area; (b) Corresponding bright field 
image of (a); (c) and (d): Fluorescence images of the TPP array clogged with 
fluorescent labeled 48.5 kb λ-DNA after a 10 min translocation at 200 mV 
bias, without or with lipid bilayer, respectively; (e) Statistical results of the 
percentage of clogged pores with λ-DNA after applying a 200 mV bias for 10 
minutes; (f) A confocal cross-sectional view of the fluorescent labeled λ-DNA 
translocation versus clogged in the TPP array, scale bar: 2 µm. Reproduced 
from Paper IV. Copyright (2020) IEEE. 
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5. DNA clogging on HfO2 nanopore arrays 

While the previous two chapters have presented that organic coatings are ef-
fective to reduce nonspecific adsorption, to date, for nanopore-based DNA 
sensing, the most common pretreatment is an aggressive cleaning using Pira-
nha solution, mainly due to ease of implementation and rendered hydrophilic 
surfaces [134]. But under the continuous passage of considerable amounts of 
DNA molecules during the measurement, the tendency to interact with pore 
walls can still lead to occasional DNA clogging in the pore. Without further 
surface coating but only Piranha treatment, DNA clogging in various size na-
nopores has been reported [71, 135]. However, a detailed understanding of the 
clogging mechanism of DNA molecules and the governing experimental fac-
tors is still lacking. This motivated us to systematically investigate the DNA 
clogging behavior based on the developed optical sensing platform (as sche-
matically shown in Figure 5.1). The corresponding experimental design 
should be based upon a nanopore device that enables a reliable and quantita-
tive recognition of DNA clogging events. Therefore, a HfO2 coating is em-
ployed to prevent the pore expansion during the repetitive usage of the Si-
based TPP arrays.  

In this chapter, the characterization of HfO2 coated Si nanopore arrays is 
first presented in section 5.1. In section 5.2, the investigation of DNA clogging 
behavior in sub-20 nm nanopores by direct optical observation is discussed. 
Finally, in section 5.3, an analytical model is developed in order to assist our 
understanding of the experimental results. 

 
Figure 5.1. Schematic setup for optical observation of DNA clogging events 
during the translocation through an HfO2 coated Si nanopore array. 
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5.1 Coating HfO2 on Si nanopore arrays 
The Si TPP arrays were fabricated by aforementioned process and an addi-
tional 5 nm thick HfO2 layer was coated by means of ALD. As seen in Figure 
5.2a, SEM images show a well-defined 10-by-10 HfO2 coated nanopore array 
and a single pore. In a typical nanopore array, the fitted diameter of the bottom 
opening measures 15 nm with a standard deviation of 3 nm (Figure 5.2b). 
Corresponding cross-sectional SEM images in Figure 5.2c demonstrate the 
evolvement of nanopore shape at different steps along the fabrication process: 
(i) the initial Si pore in the truncated-pyramidal geometry resulting from the 
anisotropic etching of Si crystal in KOH solutions;(ii) a slightly concaved in-
terior of the Si pore caused by the RIE for removal of the PL-generating SiNx 
mask layer; and (iii) the conformal 5 nm thick HfO2 coating of the nanopore 
resulting in a homogeneously shrunk pore with a rounded pore edge 

 
Figure 5.2.  Characterization of HfO2 coated Si nanopore arrays. (a) (Left) 
SEM image of the 10-by-10 nanopore array; (Right) Top-view SEM image of 
a single pore. (b) Histogram of the diameter of the small openings of the HfO2 
coated Si nanopore array. The diameter was acquired by fitting the small 
opening profile to an ellipse and averaging the major and minor axes of the 
fitted ellipse. (c) Cross-sectional SEM images of the nanopore structure: (i) 
as-formed and before the removal of the SiNx hardmask. The inset is obtained 
with a 45° tilted viewing angle; (ii) after the removal of the SiNx layer by 
means of RIE. (iii) after ALD of a 5 nm thick conformal HfO2 layer. Repro-
duced from Paper V with an open access permission. 
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The geometry and elemental composition of the HfO2 nanopores were further 
corroborated using TEM and energy dispersive X-ray spectroscopy (EDX) 
analysis, see Figure 5.3. The quantitative EDX mapping images in Figure 5.3 
show the 2D spatial composition of the three involved elements. The Si sig-
nature (red) is strong from the surrounding membrane and starts decreasing 
from the top edge of the pore. Conversely, the EDX maps of Hf (purple) and 
O (green) display a gradual increase in atomic percentage along the radius of 
the pore towards the center. Hence, the HfO2 layer is shown to conformally 
cover the TPP Si pore and the results EDX are consistent with the SEM data. 

 
Figure 5.3.TEM image of the HfO2/Si nanopore and EDX mapping images of 
the detected elements of silicon (red), oxygen (green), and hafnium (purple). 
Reproduced from Paper V with an open access permission. 

5.2 DNA clogging behavior in nanopore arrays 
To take advantage of the array form of pores, we investigated the DNA 

clogging phenomenon by using confocal fluorescence microscopy, especially 
focusing on its dependence on DNA length, applied voltage, and surface 
charge. Detailed experimental description can be found in Paper V.  

5.2.1 Effects of DNA lengths and applied voltages 
A series of fluorescence micrographs are depicted in Figure 5.4a to visualize 
how the 10 kbp dsDNA molecules clog in a 10-by-10 nanopore array at a 600 
mV transmembrane voltage. With passing the DNA molecules through the 
nanopore array, some of the nanopores became clogged as the displayed flu-
orescent signals remain constant in Figure 5.4a. Noticeably, some pores can 
become declogged and an example is marked by the two dashed white ovals, 
obviously a temporary clogging case. The clogged pores can also show vary-
ing fluorescence intensity as a result of single pores being accreted by multiple 
DNA molecules. Three time-integrated fluorescence images are shown in Fig-
ure 5.4b, each representing the accumulated signals from 1034 frames ob-
tained in a 300 s recording.  
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Figure 5.4. Behavior of DNA clogging in HfO2 coated nanopore arrays. (a) 
Fluorescence frames of 10 kbp dsDNA clogged nanopore array biased at 600 
mV. Images are extracted from a real-time recording for 300 s at 3.45 fps 
frame rate. The white dashed ovals mark two pores that are released from 
clogging by comparing with the respective state in the previous frames. Scale 
bar: 2 µm. (b) Images showing the integrated fluorescent signals from 1034 
frames (taken in 300 s) for the 10 kbp dsDNA molecules at the pore positions 
at 200 mV (i), 400 mV (ii), and 600 mV (iii). Reproduced from Paper V with 
an open access permission. 

The difference in clogging extent of the 10 kbp DNA is observed under dif-
ferent bias voltages. The degree of clogging is further analyzed by extracting 
the mean intensity in the nanopore region from the time-integrated images. 
This mean integrated intensity is found in Figure 5.5a to be significantly 
higher at 600 mV than that at 200 mV or 400 mV, indicating a stronger ten-
dency of DNA molecules residing in the nanopores at higher bias voltage. The 
number of clogged pores is found in Figure 5.5b to grow with time and the 
growth appears to be faster at higher bias voltage. The clogging level is eval-
uated every 3 s by comparing with the previous frames. To further assess the 
effect of bias voltage and DNA length on pore clogging, a quantitative analy-
sis of the clogging probability is performed. The percentage of clogging is 
evaluated at the end of 300 s recordings. Results of four independent experi-
ments are taken into the statistical analysis for each data group. A steady in-
crease in clogging percentage with DNA length is evident in Figure 5.5c. The 
bias dependence of clogging is found weaker for the 1 kbp dsDNA than for 
the longer counterparts. In the used bias range, the clogging percentage is be-
low 10% for the 1 kbp dsDNA, whereas it reaches 30%, 40%, and 56% for the 
5 kbp, 10 kbp, and 20 kbp dsDNA, respectively.  
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Figure 5.5. Statistical results of DNA clogging behavior:(a) Mean intensity of 
the integrated fluorescence signals at different bias voltages in the region of 
pore positions obtained from (Figure 5.4b). (b) Plots of the number of clogged 
pores by the 10 kbp dsDNA molecules versus time at different bias voltages. 
The clogging state is evaluated every 3 s. (c) Statistical results of the clogging 
percentage for 1 kbp, 5 kbp, 10 kbp, and 20 kbp dsDNA measured at 200 mV, 
400 mV, and 600 mV. The clogging percentage is extracted from the last 
frames at the end of the 300 s recording. Reproduced from Paper V with an 
open access permission. 

With our nanopores with an average diameter of 15 nm, lengthy DNA strands 
can enter with complex molecular configurations, e.g. coils, multiple folding 
or knots [136], in addition to the simple and ideal linear shape. Such specific 
configurations have been well-characterized using similarly-sized pores in 
previous studies [136-138]. The knotting probability of linear dsDNA mole-
cules is experimentally shown to rise with the DNA length, e.g. a 13.2% knot-
ting probability is found for 20.7 kbp DNA molecules probed with 20 nm SiNx 
nanopores [136]. Hence, the observed dependence of clogging probability on 
DNA length is likely induced by the translocating DNA molecules assuming 
the aforementioned complex configurations. This hypothesis can be rational-
ized by considering that the tendency of folded or knotted DNA molecules 
sticking to the pore surface is higher due to an increased area of interaction 
and a shortened distance between each DNA segment and pore walls. As for 
the voltage dependence of clogging probability, it can be attributed to the dif-
ference in translocation frequency. As previously discussed in section 2.3, the 
translocation of dsDNA molecules in large pores follows a linear dependence 
of translocation frequency on voltage and is dominated by a barrier-free cap-
ture process. Hence, it is reasonable to ascribe the observed increasing clog-
ging probability with voltage to an increased translocation frequency. 

5.2.2 Temporary clogging behavior 
To investigate temporary clogging events, the x-t scan mode provided by the 
confocal microscope was employed to acquire fine time-resolved images with 
a temporal resolution of 0.56 ms. The representative x-t scan image of 10 kbp 
dsDNA translocating the pores at 400 mV displayed in Figure 5.6a (right). It 
clearly shows a temporary clogging event as well as a persistent clogging of 
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the pore in the middle of the column. Probable DNA translocation events 
could also be captured by benefiting from the sub-millisecond scan resolution, 
as noted in Figure 5.6a. To further characterize the temporary clogging behav-
ior, x-t scan measurements for 5 kbp and 10 kbp dsDNA at different bias volt-
ages were performed. Histograms of the lifetime for over 30 temporary clog-
ging events are plotted in Figure 5.6b wherein the characteristic clogging time 
scales and the errors are extracted by curve fitting with an exponential func-
tion. As can be seen, the majority of the events have a lifetime below 2000 
ms. Notably, with the increase of the applied voltage from 200 mV to 600 mV, 
the characteristic clogging time for 5 kbp and 10 kbp dsDNA decreases. The 
near-neutral or positively charged HfO2 surface at pH 7, as the isoelectric point 
of HfO2 is 7∼8 [139], is expected to induce an EOF force that reinforces the 
electrophoretic force exerting on the clogging DNA molecules. Therefore, the 
observed temporary clogging events with our HfO2 pores are most likely 
ended with DNA translocating to the trans chamber under the combined ac-
tion of EOF and electrophoresis.  

 
Figure 5.6. Time-resolved study of temporary clogging of DNA HfO2 na-
nopore arrays by confocal x-t scans. (a) Fluorescence images of pore clogging 
acquired by an x-y scan (left) and an x-t scan (right). The white dashed line in 
the x-y scan marks a row of nanopores that is scanned in the x-t scan mode. 
In the x-t scan image, the horizontal dimension represents the temporal evo-
lution, where the length of the clogging fluorescent signal denotes the lifetime. 
(b) Histograms of the temporary clogging lifetime of 5 kbp and 10 kbp dsDNA 
at 200 mV, 400 mV, and 600 mV. Curve fitting of the histograms with an ex-
ponential function is marked as solid lines, with the fitting parameters given 
in the figures. Adapted from Paper V with an open access permission. 
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5.2.3 Effects of solution pH values  
To investigate the effects of solution pH values, the surface charge density of 
the pore walls was first characterized by measuring the conductance of single 
nanopore in electrolytes of different conductivity and then fitting the conduct-
ance vs. conductivity data based on a well-established procedure [83, 140]. 
The extracted surface charge density is +8.2 mC/m2, +3.9 mC/m2, and –6.2 
mC/m2 at pH of 5, 7, and 9, respectively, see Figure 5.7a. The degree of clog-
ging at different pH was evaluated based on a quantitative analysis of the pore 
clogging percentage after a 300 s optical observation at 200 mV. The average 
clogging percentage displayed in Figure 5.7b for 5 kbp and 10 kbp dsDNA at 
pH 5, significantly higher than those at pH 7 and pH 9. Since the more proto-
nated surface at pH 5 results in higher positive surface charge density, the 
negatively charged DNA molecules are exposed to a stronger electrostatic at-
traction force than that at pH 7. A further factor to consider is how the EOF 
and electrophoretic forces can collaboratively play in the DNA-pore interac-
tions. It has been reported that EOF with an opposing direction to electropho-
retic force can slow down the translocation speed of DNA molecules [141]. In 
this regard, the chance for DNA molecules to interact with pore walls will 
increase. These findings suggest that the DNA clogging probability can be 
modulated by altering the electrolyte pH, whereas it is affected by two distinct 
manners: (i) the strength of electrostatic attraction influenced by the surface 
charge density and (ii) the direction of EOF dragging force determined by the 
surface charge polarity. 

 
Figure 5.7. Effects of electrolyte pH on the nanopore surface charge and clog-
ging probability:(a) Conductance vs. conductivity relationship for single HfO2 
coated nanopore at (i) pH=5, (ii) pH=7, and (iii) pH=9. Fitting curves are 
marked as dashed lines. (b) Clogging percentage of 5 kbp and 10 kbp dsDNA 
in nanopore arrays at different pH, at 200 mV for 300 s. Reproduced from 
Paper V with an open access permission. 

5.3 Analytical model for accounting clogging behavior 
By referring to the previous theoretical studies [142, 143], an analytical model 
is developed to account for the observed DNA clogging phenomenon, based 



 66 

on examining the energy landscape and the mean translocation time during 
the DNA translocation process.   

5.3.1 Model building 
In the model, a DNA molecule threads through a positively charged conical 
pore in three basic steps: (i) the front segments of a translocating DNA strand 
enter the pore from its small opening, (ii) the DNA segments transfer to the 
trans side and the pore is filled with the DNA, and (iii) the tail segments of the 
DNA strand exit from the pore. Since a translocating DNA may assume com-
plex configurations with folding or knotting, the model simplifies the translo-
cating DNA strand as a bundle of different number of DNA strands (illustrated 
in Figure 5.8).  

 
Figure 5.8.  Schematics of DNA translocation process with single-file or bun-
dles through a conical nanopore: (a) Three stages of the DNA translocation 
with single-file configuration: (i) DNA entering the pore; (ii) DNA translocat-
ing the pore; and (iii) DNA exiting from the pore, where dp is the diameter of 
the small opening of the pore, rS and rL are the radius of the small and large 
opening of the pore, respectively, n is the position of the DNA molecule, N is 
the number of base pairs in the DNA strand, M is the number of base pairs 
that can be accommodated by the pore with a single-file configuration, l is the 
average distance between two base pairs, θ is the conical angle of the pore, 
and r(n) is the closest horizontal distance between the nth base pair surface 
and the pore surface. (b) The top views present the hypothesized distribution 
of multiple DNA strands located in the conical nanopore, where Nstrand is the 
number of DNA strands located in the pore and the mathematical expressions 
for calculating r(n) are denoted in different Nstrand cases. 
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By referring to the established models, the energy of the electric field driven 
DNA translocation process is assumed to consist of four energy components: 
(i) conformational entropic energy of DNA (Fen), (ii) electric potential energy 
of DNA gained from the external electric field (Fel), (iii) electrostatic energy 
(εQ), and (iv) hydrophobic interaction energy (εhy) between DNA and pore 
walls (details of mathematical derivation described in the supporting infor-
mation of Paper V). Therefore, the total energy (Ft) of the translocating DNA 
is given by: 
 Ft=Fen+Fel+εQ+εhy (5.1) 

The DNA translocation time is examined in our model to evaluate the level of 
DNA-pore interactions as an important indicator for the occurrence of DNA 
clogging. Based on the derived energy landscapes, the mean translocation time 
(τ) can be calculated with reflecting boundary conditions from the following 
equation [142],  
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where κ is a parameter denoting the local friction of the base pair and defini-
tion of other symbols is described in the caption of Figure 5.8. 

5.3.2 Model results 
Typical Ft landscapes are compared in Figure 5.9a for a single DNA molecule 
of length 5 kbp (N = 5000) translocating in a conical pore. At V = 0 mV, the 
entropic energy dominates with a barrier height of 4.5kT. Hence, translocation 
is an unfavorable process due to loss in conformational entropy. At V = 100 
mV, the electric potential energy dominates with an energy lowering along the 
translocation trajectory. For four types of translocation configurations with 
Nstrand to denote the number of bundled DNA strands, the calculated τ with 
different sets of parameters as a function of dp, V, and σ are plotted in Figure 
5.9b, c, d, respectively. 

In Figure 5.9b, it is apparent that τ increases drastically at different thresh-
old values of dp for different Nstrand; smaller dp allows for translocation of bun-
dles with smaller Nstrand, while bundles of a too large Nstrand can immediately 
clog as indicated by the sharp rises of the curves. The DNA-pore interactions 
are stronger for larger Nstrand due to a combination of a larger number of inter-
acting base pairs with a shorter average distance between DNA strands and 
pore walls. 

In Figure 5.9c, significant increase of τ occurs below 100 mV for Nstrand > 
1, which is again caused by the strong DNA-pore interaction. Hence, DNA 
molecules are more prone to clogging the pore at lower voltages for individual 
translocation events, which is consistent with the observed voltage dependent 
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lifetime of temporary clogging. On the other hand, this effect can be over-
whelmed by the higher translocation frequency at higher voltage, see Figure 
5.5c.  

How τ would vary with σ is illustrated in Figure 5.9d. The electrostatic in-
teraction between DNA and pore walls is obviously insignificant for the trans-
location of unfolded (Nstrand = 1) and double-folded DNA (Nstrand = 2), but 
becomes governing for that of thicker bundles of DNA strands, as evident 
from the rapid increase of τ beyond a certain σ value. In short, a stronger elec-
trostatic interaction at higher surface charge density will lead to a higher prob-
ability of clogging for multi-folded or knotted DNA molecules, supporting the 
preceding experimental observations. In brief, this model, despite its simplic-
ity, appears to provide a good account of our experimental data regarding the 
clogging dependence on DNA length, concentration and solution pH.   

 
Figure 5.9.  Evolvement of total energy during translocation and dependence 
of translocation time on a few representative parameters. (a) Energy land-
scape of DNA translocation at V = 0 mV and at V = 100 mV, M = 200, N = 
5000, dp = 15 nm, θ = 54.7°, σ = +10 mC/m2. Different regimes are denoted: 
(i) DNA entering the pore; (ii) DNA translocating across the pore; and (iii) 
DNA exiting from the pore. (b) τ as a function of dp, V = 50 mV and σ = +10 
mC/m2. (c) τ as a function of V, dp = 15 nm and σ = +10 mC/m2. (d) τ as a 
function of σ, V = 50 mV and dp = 15 nm. Adapted from Paper V with an open 
access permission. 
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6. Docking of DNA polymerase on nanopores 

One significant factor hampering the nanopore-based biosensing is the fast 
translocation of analyte through the pore, which limits the extraction of de-
tailed molecular information of the analyte. The realization of DNA sequenc-
ing based on biological nanopores relies on a critical step of docking a motor 
enzyme, DNA polymerase (DNAP) or helicase, on the pore to drastically in-
crease the residence time of nucleobases in the sensing region. However, stud-
ies utilizing this sensing scheme in solid-state nanopores are few in number. 
One of the concerns is that the docked enzyme may suffer denaturation due to 
the undesirable docking orientation in a confined space or strong interactions 
between the enzyme and the pore surfaces. Hence, such attempts on solid-state 
pores should be pursued in a high-throughput manner, which would allow for 
a thorough examination of both active and inactive enzyme docking. This line 
of thoughts has motivated us to use our developed optical observation plat-
form and nanopore array device to explore the docking behavior of DNAP, as 
illustrated in Figure 6.1. 

In this chapter, characterization of TPP devices with a shrunk pore size and 
label-free optical detection method using Ca2+ indicator dye is first described 
in section 6.1. Then, both electrical and optical detections of phi29 DNAP 
docking on TPPs are discussed in section 6.2.  

 
Figure 6.1. Schematic of the optical read-out setup for label-free detection of 
polymerase-DNA complexes docking on an HfO2 coated nanopore array.  
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6.1 Device and detection system  
6.1.1 Shrinkage of pore diameter by means of ALD 
Due to the limitation of our fabrication process, the initial pore diameter that 
could be reliably obtained in TPP arrays (≥ 20 nm) was too large to dock the 
DNAP. Hence, shrinking the pore diameter was necessary. ALD coating of 
HfO2 was again employed by considering its excellent chemical stability and 
PL-free property shown in the preceding chapter and Paper V. In the ALD 
process, an optimized gas flow of the precursor is prerequisite to obtain a ho-
mogeneous conformal coating layer. However, we found that the chip config-
uration in the reaction chamber and the dimension of nanopore opening size 
could influence the flow of gas phase and result in non-ideal coating. As illus-
trated in Figure 6.2a, with a laying-chip configuration of the nanopore chip, 
the rear-side cavity could create an isolated chamber from the bulk gas phase, 
which would lead to agglomeration of the precursor at the pore opening due 
to the perturbed gas flow there. The TEM images in Figure 6.2a indeed show 
that the laying-chip configuration result in a total pore blockage after coating 
of a 5 nm thick HfO2 on a TPP of an initial diameter above 20 nm. As shown 
in Figure 6.2b, with a standing-chip configuration, the precursor gas could 
reach both sides of the free-standing evenly. TEM images show that an ideal 
conformal coating is achieved with the standing-chip configuration. 

  
Figure 6.2. Illustrations and TEM images of shrinking nanopore by means of 
ALD with two types of chip configuration in the reaction chamber: (a) Illus-
tration (top) of a laying-chip configuration with the rear-side cavity creating 
an isolated chamber from the bulk gas phase. TEM images of the pore before 
(left) and after (right) coating a 5 nm HfO2 show a total pore blockage due to 
precursor agglomeration. (b) Illustration (top) of a standing-chip configura-
tion allowing the precursor to reach the free-standing membrane evenly from 
both sides. TEM images of the pore before (left) and after (right) coating of a 
5 nm HfO2 show a conformal shrinkage of the pore opening. 
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Given that the phi29 DNAP molecule is about 5-8 nm in diameter (shown later 
in Figure 6.5a), a sub-5 nm TPP is necessary to totally prevent the transloca-
tion of DNAP. However, we found that the HfO2 coating tended to bridge 
together and close the pore at such small pore size (see Figure 6.3a), which 
could also arise from an unstable precursor gas flow in the tiny nanopore chan-
nel during ALD process. Therefore, as a compromise, the pore shrinkage by 
means of ALD was set to an average size of 8 nm for the docking experiments. 
SEM images of a shrunk TPP and a TPP array are, respectively, shown in 
Figure 6.3b and c. The slight nonuniformity of the pore size across the TPP 
array was also expected to cause DNAP docking.  

 
Figure 6.3. (a) A blocked TPP pore after coating of HfO2 to shrink the pore 
size. (b) SEM image of a single TPP with the short opening length of 8 nm. (c) 
SEM image of a 5-by-5 HfO2 coated TPP array with a pore spacing of 6 µm. 

6.1.2 Characterization of optical label-free detection method 
To optically detect the docking events of DNAP on the TPP arrays, common 
fluorescent labeling strategies may suffer from limitations such as weak sig-
nals with few labeled fluorophores and the tendency of photobleaching upon 
long exposure to laser excitation. It is also practically difficult to label DNAP. 
Thus, a label-free optical detection method was employed to probe the dock-
ing of DNAP on the TPP arrays. This method, as illustrated in Figure 6.4a, 
uses Fluo-4 as a fluorescent reporter molecule for the Ca2+ concentration in 
the vicinity of the nanopore. The flow of Ca2+ ions can be inferred by measur-
ing the fluorescence signals on site of a nanopore. To confirm that the fluo-
rescence intensity generated in the nanopore region was a positive function of 
the magnitude of Ca2+ flux through the pore, the fluorescence intensity was 
measured using confocal imaging with 20 μM Fluo-4 as a function of both 
Ca2+ concentration and applied bias voltage. As shown in Figure 4b and c, the 
fluorescent intensity is voltage-tunable and rises above the background level 
at an onset voltage of -50 mV and higher intensity values are measured at 
higher bulk CaCl2 concentration at the same voltage.  
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Figure 6.4. (a) Schematic of the label-free optical detection principle with 
Fluo-4 in the cis chamber and CaCl2 in the trans chamber. (b) Fluorescence 
intensity as a function of applied bias voltage at different bulk CaCl2 concen-
tration. (c) Micrographs showing the fluorescence signals from one TPP pore 
at different bias voltages with a bulk CaCl2 concentration of 100 mM.  

6.2 Docking of DNA polymerase 
To investigate the behavior of DNAP docking onto TPPs with a comparable 
size, both electrical measurement and optical detection were carried out. The 
phi29 DNAP was pre-bound to a circular ssDNA template hybridized with a 
primer. Detailed experimental description can be found in Paper VI. 

6.2.1 Electrical detection on single pore 
The negatively charged DNAP-template complex could be electrophoretically 
driven to the TPP. At a +200-mV bias voltage, clear translocation events and 
long-duration docking events of the DNAP-template complex could be iden-
tified by monitoring how the ionic current traces varied with time, and typical 
examples of such traces are shown in Figure 6.5b. Since the pore size of the 
used TPP arrays was not sufficiently small to totally prevent the translocation 
of the DNAP-template complex, the majority of detected events were likely 
related to translocations. A few docking events with sustained current block-
ades were also apparent, as shown in Figure 6.5c. This observation was further 
confirmed by analyzing the distribution of the event amplitude and duration 
in Figure 6.5d. A large population of the detected events had a duration time 
in the range of 1 to 100 ms, while a smaller population was beyond 100 ms 
with a few events lasting for seconds.  
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Figure 6.5. Electrical monitoring of DNAP docking on a single TPP: (a) Mo-
lecular surface structure of phi29 DNAP bound with an ssDNA molecule from 
different viewing angles. Images are obtained from Protein Data Bank (PDB), 
the PDB ID of this complex structure is 2PY5. (b) Typical ionic current traces 
of the phi29 DNAP bound with a circular DNA template at 200 mV pass-
ing/docking an 8-10 nm single TPP: a continuous ionic current trace (black); 
example traces of translocation events (blue) and docking events (green). (c) 
Amplitude and duration of detected events collected from the DNAP docking 
measurement at 200 mV. (d) Event duration vs time analyzed from the current 
trace shown in (b). 

Protein translocation in solid-state nanopores is often characterized by a speed 
exceeding the electrical measurement bandwidth [144-146]. Notably, the 
mean protein translocation time is reported to be about 1 µs for proteins with 
a range of molecular weights [147]. In this study, the prolonged translocation 
events with a dwell time beyond 1 ms is likely due to the electrostatic attrac-
tion between the negatively charged DNA template and the positively charged 
HfO2 pore sidewalls, which has been discussed in Chapter 5 and Paper V. The 
events with a distinctive extraordinarily-long dwell time beyond 1 s and a high 
blockade amplitude were regarded successful in docking of the DNAP onto 
the TPP. Such docking events were unstable because the electrophoretic force 
in collaboration with the electroosmotic force might force the complex to pass 
through the pore once its orientation relative to the pore would favor such a 
movement. The dynamics of this movement have been investigated on dock-
ing streptavidin-DNA complex on a 4 nm SiNx pore [148].  
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6.2.2 Optical detection on pore arrays 
Optical detection of docking DNAP-template complex was carried out on a 5-
by-5 TPP array. As shown in Figure 6.6a, with 20 μM Fluo-4 in cis and 50 
mM CaCl2 in trans at 200 mV, most of the TPPs in the array produced fluo-
rescent signals at t=0 s, indicating the presence of a Ca2+ ion flux. The variance 
of intensity was likely due to the nonuniformity of the pore size with the TPP 
array. Two pores closed by ALD coating showed no signal, which are marked 
with a white dashed circle. With a continuous recording for 30 s, obvious 
docking events can be identified at two pore positions marked with red and 
blue dashed circles by comparing with the respective state in the previous 
frames (Figure 6.6a). The profile of fluorescent intensity vs time at the two 
positions was extracted and shown in Figure 6.6b. The decreased fluorescence 
intensity lasting over seconds for pore 1# is a clear evidence of a DNAP-tem-
plate docking onto the TPP pore. In the case of pore 2#, it was also observed 
that the DNAP-template complex could pass through the pore after roughly 
10 s of docking, which is consistent with the electrical measurement of dock-
ing events on single TPP. Notably, the 50 mM of CaCl2 used in the detection 
here is compatible with the phi29 DNAP for DNA synthesis [149], which is 
desirable for maintaining the activity of the DNAP. 

 
Figure 6.6. (a) A set of fluorescence frames of docking DNAP-template com-
plex onto a 5-by-5 TPP with 20 µM Fluo-4 in cis chamber and 50 mM CaCl2 
in trans chamber at 200 mV. The white dashed circles mark pores without 
fluorescence signal. The red and blue dashed circles mark two pores showing 
docking signals. (b) Fluorescence modulations associated with docking 
DNAP-template complex at 200 mV for the two marked pores in (a). 
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7. Summary and outlook 

Revisiting Confucius’ quote in the preface, to engineer surfaces of solid-state 
nanopores for biomolecule sensing resembles to sharpen craftsman’s tool for 
excelling his work. The work presented in this thesis is both an exploration of 
various surface tailoring strategies and an examination of several surface as-
sociated phenomena on solid-state nanopores. Based on the parallel sensing 
concept using arrayed pores, optical readout is mainly employed throughout 
the whole study. 

For the exploration of various surface engineering approaches, the main 
achievements are: 
 Development of a flexible and general surface patterning strategy for 

specific immobilization of target biomolecules based on selective PVPA 
passivation and EBID technique, which was further demonstrated on SiNx 
nanopore arrays for nanoparticle localization. 

 Adaption of the vesicle rupture-based lipid bilayer coating method onto 
truncated-pyramidal shape Si nanopore arrays, and validation of the effi-
cacy of lipid bilayer to minimize DNA-pore interaction via parallel optical 
observation. 

 Engineering of the membrane materials to be PL-free based on the devel-
oped nanopore fabrication process, which provides an ideal substrate for 
fluorescence-based optical detection. 

 Employment of HfO2 coating by means of ALD for both preventing the 
expansion of Si-based pore and reducing the pore diameter below 20 nm 
in a well-controlled manner, which enabled reliable quantitative measure-
ments of DNA clogging events as well as our first attempts in studying 
DNAP docking. 

For the examination of different surface associated phenomena, the main find-
ings are: 
 Identification of the lipid bilayer formation on truncated pyramidal shape 

nanopores via instantaneous rupture of individual vesicles adsorbed inside 
the nanopores by ionic current monitoring and optical observation. 

 Confirmation of that the probability of pore clogging increases with the 
length of DNA strands and applied bias voltage. The dependence on DNA 
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length can be accounted for by invoking an increased probability of knot-
ting and folding with longer DNA strands, while that on bias is attributed 
to more frequent translocation events at higher voltage.  

 Investigation of that the surface charge on pore walls has a prominent ef-
fect on the probability of DNA clogging through electrostatic attraction or 
induced EOF as a reinforcing or countering factor.  

 Establishment of a free-energy based analytical model employing translo-
cation time to evaluate DNA-pore interaction, which can well explain the 
observed clogging behavior caused by complex translocation configura-
tions and strong electrostatic interactions. 

 Demonstration of DNA polymerase-template complex docked onto HfO2 
coated truncated pyramidal shape nanopores with the detection method of 
both ionic current measurement and label-free optical observation using 
Ca2+ indicator dye. 

Despite of the fact that the field of solid-state nanopore sensing has been ad-
vancing at an astonishing and accelerating pace over the past years, the gap 
between the presented work in this thesis and the promised sensing applica-
tions is still significant. As our research group was a newcomer in this field 
when my study started, the focus of my research has also shifted greatly from 
aiming at DNA sequencing in the beginning to the engineering of pore sur-
faces for tackling different surface-associated issues during the past years. 
However, standing at what we have achieved, the outlook of the future work 
can be focused on several promising directions: 
 The concept of using EBID technique to generate binding domains on na-

nopore structure is only demonstrated by carbon deposition, which is not 
ideal for tailoring the local surface properties. There are a handful of 
choices of metal/metal oxide materials that can be deposited by means of 
EBID with dedicated equipment and precursors. In addition, with focused 
EBID, even 3D nanostructure can be obtained with nanometer resolution. 
In principle, it can be employed for most types of solid-state nanopores 
and enable the manipulation of nanopore structure and surface chemistry 
for improving sensing abilities, and even feasible for building plasmonic 
nanostructures.  

 The adaption of lipid bilayer coating on truncated pyramidal shape na-
nopores can be expanded to different types of lipids with incorporated re-
ceptors or fluorophores for novel sensing approaches. For instance, it has 
been reported phospholipids have different preference to the membrane 
curvature, which is related to the lipid’s molecular shape. Therefore, lipids 
with different spontaneous curvature can be employed for TPPs, where 
the small opening has a sharper angle than the large opening, and it allows 
specific lipids to locate relatively immobile at the small opening of the 
nanopore. 
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 Based on the developed PL-free nanopore arrays, a much higher temporal 
resolution can be achieved for studying the translocating dynamics of bi-
omolecules with advanced optical setup of highspeed readout. And the 
robust HfO2 coating is especially reliable for quantitative studies when 
requiring the consistency of nanopore structure. In addition, electrical 
measurements can be synchronized with optical observation to provide 
extra information. 

 The docking of DNA polymerase onto TPP arrays can be further explored 
by examining its activity. Such efforts should be based on an accurate 
control of pore dimension across the array, as well as a stable control of 
the docking events, where a surface modification to permanently bind the 
docked polymerase may be needed. This type of docking scheme can be 
extended to other enzymes and their reaction kinetics could be probe at a 
single-molecule level by ionic current measurement. 
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Sammanfattning på Svenska 

Nanoporer har kommit att bli en speciell typ av analytiskt verktyg för enstaka 
molekyler som har en enorm potential för detektering och karakterisering av 
biomolekyler som nukleinsyror och proteiner. Normalt innefattar nanopor-
mätningen applicering av en extern spänning för att elektroforetiskt och/eller 
elektroosmotiskt driva biomolekyler genom nanoporer i ett isolerande mem-
bran. Genom att analysera jonströmförändringar erhålls karakteristisk inform-
ation för de passerande biomolekylerna. Som ett alternativ till biologiska 
nanoporer erbjuder fasta nanoporer en anmärkningsvärd mångsidighet för bi-
osensortillämpningar på grund av deras möjligheter att stämma av porgeo-
metrier och dimensioner såväl som deras mekaniska robusthet och stabilitet. 
På grund av deras inneboende oförenlighet med biomolekyler måste dock 
fasta nanoporers ytor bearbetas för att användas i verkliga biosensortillämp-
ningar. I denna avhandling är det presenterade arbetet både en studie av olika 
yttekniska strategier och en undersökning av flera ytassocierade fenomen på 
fasta nanoporer. Baserat på det parallella avkänningskonceptet med nyttjandet 
av grupperade porer, används huvudsakligen optisk avläsning under hela stu-
dien. 

Beträffande studierna av olika yttekniska tillvägagångssätt är de viktigaste re-
sultaten: 
 Utveckling av en flexibel och allmän ytmönstringsstrategi för specifik im-

mobilisering av målbiomolekyler baserad på selektiv PVPA-passivering 
och EBID-teknik, vilket ytterligare demonstrerades på gruppperade SiNx 
nanoporer för nanopartikellokalisering. 

 Tilllämpning av den vesikelbrottsbaserade lipid-dubbelskiktsbeläggning-
smetoden på uppsättningar av Si-nanoporer med trunkerad-pyramidform 
och validering av effekten av lipid-dubbelskikt för att minimera DNA-
porinteraktionen via parallell optisk observation. 

 Konstruktion av membranmaterialen för att vara PL-fria baserat på den 
utvecklade nanoporframställningsprocessen, vilket ger ett idealt substrat 
för fluorescensbaserad optisk detektion. 

 Nyttjande av HfO2 -beläggning med hjälp av ALD för att både förhindra 
expansion av Si-baserad por och att reducera pordiametern under 20 nm 
på ett välkontrollerat sätt, vilket möjliggjorde tillförlitliga kvantitativa 
mätningar av blockeringshändelser av DNA. 
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Beträffande studierna av olika ytassocierade fenomen är de viktigaste resulta-
ten: 
 Identifiering av bildandet av lipid-dubbelskikt på nanoporer med trunke-

rad-pyramidform via ögonblicklig bristning av enskilda vesiklar adsorbe-
rade inuti nanoporerna genom mätning av jonström och optisk observat-
ion. 

 Bekräftelse på att sannolikheten för porblockering ökar med längden på 
DNA-strängar och applicerad spänning. Beroendet av DNA-längd kan tas 
hänsyn till genom att åberopa en ökad sannolikhet för trassel och vikning 
för längre DNA-strängar, medan det vid förspänning tillskrivs mer fre-
kventa translokationshändelser vid högre spänning. 

 Undersökning av att ytladdningen på porväggar har en framträdande ef-
fekt på sannolikheten för DNA-blockering genom elektrostatisk attraktion 
eller inducerad EOF som en förstärkande eller motverkande faktor. 

 Upprättande av en analytisk modell baserad på den fria energin som an-
vänder translokationstid för att utvärdera DNA-porinteraktion, vilken på 
ett bra sätt kan förklara det observerade blockeringsbeteendet orsakat av 
komplexa translokationskonfigurationer och starka elektrostatiska inter-
aktioner. 

 Demonstration av komplex av DNA-polymeras-mall dockad till HfO2-be-
lagda nanoporer med trunkerad-pyramidform med detektionsmetoden ba-
serad både på jonströmmätning och etikettfri optisk observation med 
Ca2+-indikatorfärg 
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