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Abstract

Abstract

The advancement of biosensor technology, particularly single-molecule sensing, is driving the
development of ultrasensitive detection methods. Nanopore sensing, with its high sensitivity
and specificity, is particularly promising for detecting biomarkers at the single-molecule level.
This thesis focuses on enhancing solid-state nanopore sensing for the detection of small
biomolecules like microRNA (miRNA). Key innovations include molecular carrier design,
reconfigurable DNA nanostructures, and cost-effective nanopore fabrication, addressing

challenges in sensitivity and selectivity.

First, a double-stranded DNA (dsDNA)-based molecular carrier system was developed using a
sandwich hybridisation strategy. A 9.1 kbp dsDNA scaffold with multiple miRNA-specific
receptor sequences, labeled with streptavidin-modified probes, enhanced signal resolution
during nanopore translocation. This system enabled the detection of single and multiplexed
miRNAs, including clinically relevant targets such as miRNA-141-3p, miRNA-7-5p, and

miRNA-382-5p, showing promise for diagnostic applications.

Second, a reconfigurable DNA origami hinge was designed as a molecular carrier for nanopore-
based detection of miRNA-141-3p. Upon binding to the target, the hinge undergoes a
controlled transition from a closed to an extended conformation, producing distinct ionic
current signatures during translocation. This approach achieved detection at nanomolar
concentrations with excellent sequence selectivity, effectively distinguishing miRNA-141-3p
from similar sequences. These results highlight the suitability of DNA nanostructure-based
nanopore sensing for ultrasensitive and selective biomarker detection in complex biological

environments.

Both molecular carrier systems—linear dSDNA-based carriers and reconfigurable DNA hinge
structures—were successfully applied in different nanopore platforms, including nanopipette-

based platforms and solid-state nanopores fabricated by the controlled breakdown method. The
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results demonstrate the structural versatility and adaptability of the two designs across varied

experimental setups.

In conclusion, this research advances solid-state nanopore sensing by introducing DNA-based
molecular carrier strategies for selective detection of miRNAs. These methods offer promising
solutions for clinical diagnostics, thereby broadening the applicability of nanopore biosensing

in precision medicine.
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strand, allowing the hinge to relax into an open configuration. The quencher moves away from
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hinge concentration of 200 pM and final miRNA-141-3p concentrations of 0, 200 pM, 2 nM,
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Chapter 1 Introduction

Synopsis

This chapter provides an overview of miRNA functions, applications, and quantification
methods, followed by an introduction to nanopore technology, including biological and solid-
state nanopores. The principles of nanopore sensing, such as ionic current, surface charge
effects, electrophoretic and electroosmotic flows, and conductance modulation, are discussed.
Strategies for selective nanopore sensing, including receptor-functionalisation nanopores and
molecular carriers, are outlined. Finally, the chapter introduces DNA origami technology and

its applications in nanopore sensing, concluding with a summary of the dissertation objectives.
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Introduction

1.1 miRNA

1.1.1 miRNA Functions and Applications

MicroRNAs (miRNAs) are small non-coding RNAs that play a vital role in post-transcriptional
gene regulation [1, 2]. By binding to complementary sequences on target messenger RNAs
(mRNAs), miRNAs can contribute to mRNA degradation or suppress translation, ultimately
influencing protein synthesis [3, 4]. Their involvement spans a wide range of biological
functions, including cell proliferation, differentiation, apoptosis, inflammatory responses, and
embryonic development [5]. Importantly, miRNAs have been closely linked to various diseases,
such as cancer, neurodegenerative disorders, and metabolic conditions like diabetes [6-8].
These associations suggest that miRNAs hold potential as both diagnostic biomarkers and
therapeutic targets. Moreover, the high degree of evolutionary conservation seen in many

miRNAs across species highlights their fundamental roles in biological systems [9].

Given their remarkable stability in biological fluids such as blood, urine, and tissue extracts,
miRNAs have gained significant attention as non-invasive biomarkers across a range of diseases,
including cancer, cardiovascular conditions, and neurological disorders [10-12]. Among these,
their application in oncology has been particularly prominent. Abnormal miRNA expression
profiles are commonly observed in various cancer types, enabling early detection, subtype
classification, and prognosis evaluation. This diagnostic potential supports miRNAs as valuable

tools in the development of cancer-specific biomarkers (Figure 1.1).
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Figure 1.1 Overview of potential miRNA biomarkers for human cancer.

Beyond their diagnostic utility, miRNAs demonstrate considerable therapeutic promise. First,
they can serve as direct therapeutic targets, as many diseases exhibit dysregulated expression of
specific miRNAs; modulating these aberrant levels may help restore normal cellular function
[13, 14]. Second, miRNA replacement therapy offers a potential solution for diseases
characterised by miRNA downregulation; synthetic miRNA mimics can be introduced to
replenish lost function [15]. Additionally, miRNAs show promise in combination therapies,
where they may synergise with conventional treatments, such as chemotherapy or
immunotherapy, potentially improving efficacy while minimising side effects [16, 17]. Despite
this potential, therapeutic miRNA applications face several challenges, including delivery

targeting, specificity, stability, and susceptibility to degradation in biological systems [18].

1.1.2 miRNA Quantification Methods

To enable these applications, researchers have developed diverse analytical techniques for

miRNA detection. A major challenge in miRNA quantification lies in their low abundance
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within complex biofluid matrices—including serum, plasma, urine, saliva, and cerebrospinal

fluid—which demands exceptional sensitivity and specificity from detection methods.

Among available techniques, quantitative reverse transcription PCR (RT-qPCR) and Northern
blot represent the most widely employed approaches for miRNA expression analysis. While
Northern blot offers reliable detection, its utility for biofluid analysis is limited by two critical
factors: its requirement for relatively high miRNA concentrations, and vulnerability to
interference from coexisting biomolecules [19]. In comparison, RT-qPCR has emerged as the
gold standard due to its superior sensitivity and specificity. The technique generally involves
either stem-loop primer-based reverse transcription or poly(A) tailing, followed by real-time
PCR amplification [20-22]. Nevertheless, RT-qPCR presents its own challenges, particularly the

necessity for miRNA-specific primer design, which substantially increases assay complexity.

miRNA miRNA
TOTTTTTTTIT T,

poly(A) polymerase
l reverse transcription r

TITTTTTTTTITTTTITITTTTT ARARARARAAARA

"N A C reverse transcription

ON
r

stem-loop RT primer
T T R e e
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A

cDNA S
l qPCR oligo dT RT primer
gPCR
fluorophore quencher '
forward primer Q probe ’ forward primer
[ — N
AL L AL UL Ly epepepp pp P T
| ————— N raveree nrimer
reverse primer reverse primer

Figure 1.2 Methods of miRNA quantification by RT-qPCR. a. A single miRNA is first reverse transcribed using a
gene-specific stem-loop primer. The resulting complementary DNA (cDNA) is then amplified by quantitative real-
time PCR using a mixture of specific primers and a hydrolysis probe. During the extension process, Taq
polymerase displaces and cleaves the probe, leading to the separation of the fluorophore from the quencher. The
accumulation of fluorescence signal is measured in real time and reflects the amount of amplified product. b.
Alternatively, all miRNAs can be polyadenylated by poly(A) polymerase. The tailed miRNAs are then reverse
transcribed using an oligo dT primer strategy. The resulting cDNA is subsequently amplified with specific primers.
The PCR reaction is monitored in real time using a dye that fluoresces upon binding to double-stranded DNA.

Figure adapted and reprinted with permission from reference 22.
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Beyond conventional methods, several alternative techniques have been developed for miRNA
quantification, each with distinct strengths and limitations (Table 1.1). Digital PCR (dPCR)
enables absolute quantification of low-abundance miRNAs without requiring standard curves
or reference genes, making it particularly valuable for analysing complex biofluids [23, 24].
However, its widespread adoption is constrained by high instrumentation costs, technical

complexity, and limited scalability for high-throughput applications.

Small RNA sequencing (small RNA-seq) offers comprehensive profiling capabilities,
simultaneously detecting all small RNA species, including novel microRNAs (miRNAs) and
isomiRs, in a single analysis [25, 26]. While this makes it the method of choice for establishing
complete miRNA expression signatures, challenges remain: the low proportion of miRNAs in
total RNA from biofluids, interference from abundant ribosomal RNA (rRNA) fragments and
other contaminants in plasma or serum, and demanding bioinformatics requirements for data

processing.

The microarray technique provides a cost-effective and high-throughput solution for screening
known miRNAs across multiple samples [27, 28]. However, their limited sensitivity for
detecting low-abundance miRNAs in bodily fluids necessitates subsequent quantitative PCR

(qPCR) validation.

Table 1.1 Comparison of commonly used methods for miRNA quantification.

Low-

High-
Method Sensitivity Specificity abundance Amplification
throughput

miRNA

Northern blot

qRT-PCR
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Very high Very high Yes No Yes

Yes (requires

Small RNA-seq High High optimised Yes Yes
library prep)
Microarray Medium Medium Moderate Yes Yes
Nanotechnology-
High High Yes No No

based sensors

Nanotechnology-based approaches have emerged as powerful tools for sensitive and
amplification-free detection of miRNAs in biofluids. Inorganic nanoparticles, including
magnetic nanoparticles (MNPs), gold nanoparticles (GNPs), and quantum dots (QDs) have
been extensively employed in these applications [29-31]. MNPs demonstrate particular utility
for isolating and detecting low-abundance miRNAs in complex biological fluids such as urine
and blood due to their excellent separation capabilities [32]. GNPs serve as versatile
components in both solution-phase and surface-based sensing platforms for miRNA
recognition, leveraging their unique plasmonic properties [33]. QDs offer exceptional
sensitivity and multiplexing potential through their size-tuneable fluorescence characteristics,

although concerns regarding potential toxicity currently limit their clinical translation [34].

The development of carbon-based nanomaterials, including graphene, carbon nanotubes, and
carbon dots, has significantly advanced electrochemical miRNA biosensing technology. These
materials provide ideal platforms due to their outstanding electrical conductivity, large surface
area, and excellent biocompatibility [35]. Notably, carbon dots-based sensors have achieved
direct detection of miRNAs in serum samples without requiring RNA extraction procedures
[36]. These carbon-based systems enable substantial signal amplification and enhanced

sensitivity while maintaining compatibility with portable and cost-eftective device formats.
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Nanopore technology represents another innovative approach for miRNA analysis, enabling
direct, label-free detection at the single-molecule level. This technique operates by monitoring
characteristic changes in ionic current as miRNA molecules pass through nanoscale pores,
allowing quantitative measurement without target amplification [37, 38]. Recent developments
have successfully integrated DNA computing strategies and molecular barcoding techniques
with nanopore systems to achieve multiplexed analysis capabilities [39]. However, despite these
significant advances, most nanopore-based miRNA detection systems remain at the proof-of-

concept stage and will require extensive further validation before clinical implementation.

1.2 Nanopore Technology

1.2.1 Single-molecule Sensing

The convergence of nanotechnology and molecular biology has revolutionised analytical
capabilities at the single-molecule level, enabling unprecedented precision in molecular studies.
While conventional ensemble measurement techniques remain valuable due to their technical
maturity and widespread applicability, their population-averaged outputs inherently mask
molecular heterogeneity, thereby obscuring rare events and subtle individual behaviours [40,
41]. Single-molecule approaches overcome this limitation by directly probing individual
molecular activities, revealing critical insights into molecular diversity, transient intermediates,

and dynamic interaction kinetics [42, 43].

Significant progress has been made in single-molecule methodologies over the past twenty years.
Fluorescence-based optical techniques have been particularly instrumental, with total internal
reflection fluorescence microscopy (TIRFM) and fluorescence resonance energy transfer (FRET)
becoming cornerstone methods for real-time observation of molecular conformations and
interactions [44, 45]. Complementary mechanical approaches, including atomic force

microscopy (AFM), optical tweezers, and magnetic tweezers, have provided crucial information
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about molecular mechanics and structural dynamics [46]. Despite their substantial
contributions to understanding biomolecular function, these techniques share common
limitations, including the need for sophisticated instrumentation, demanding operational

protocols, and frequent requirements for molecular labelling or surface attachment.

Recent technological developments have shifted focus toward label-free detection platforms
that combine operational simplicity with enhanced sensitivity for complex biological matrices
[47]. Emerging technologies such as nanopore sensing, surface plasmon resonance (SPR),
quartz crystal microbalance (QCM), and advanced electrochemical detection systems eliminate
the need for fluorescent or enzymatic labels while enabling higher throughput analysis with
simplified sample preparation [48-51]. Notably, nanopore technology has emerged as a
powerful approach for single-molecule analysis. This technique exploits nanoscale channels to
detect characteristic modulations in ionic current as individual molecules translocate through
the pore. The label-free nature of this electrical detection scheme, combined with its operational
simplicity, rapid response, and exceptional sensitivity, makes nanopore sensing especially

attractive for direct single-molecule analysis in minimally processed samples.

1.2.2 Origin of Nanopore Technology

The conceptual foundation of nanopore technology stems from two key scientific advances: the
Coulter counter and single-channel current recording [52]. The Coulter counter, developed in
the 1950s, detected particles by measuring changes in ionic current as they passed through a
microscale aperture [53]. This resistive-pulse sensing principle later inspired molecular-scale
detection using nanopores. In the 1970s, single channel current recording further advanced
nanopore sensing [54, 55]. Originally used to study ion transport through membrane proteins,
this technique measured ionic currents through individual channels. These biological pores
demonstrated that nanoscale channels could serve as sensitive, real-time sensors. Unlike

Coulter counters, which detect complete translocation events, these devices respond to
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molecular interactions through current fluctuations, thereby broadening electrical

measurement capabilities.

The first experimental demonstration of nanopore translocation occurred in the early 1990s
[56]. Researchers observed synthetic polymers passing through biological pores in lipid bilayers.
Soon after, a-hemolysin (aHL) channels detected nucleic acids at single-molecule resolution,
where current duration differences revealed molecular length variations [57]. These
breakthroughs confirmed nanopores' potential for high-resolution molecular analysis. Since
then, nanopore technology has rapidly expanded. It now includes both biological (protein-
based) and solid-state (e.g., silicon nitride or glass) nanopores. These platforms offer advantages
in sensitivity, speed, and sample versatility. Recently, nanopipette-based solid-state nanopores

have gained attention for their structural stability and adaptability.
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Figure 1.3 Schematic illustration of the Coulter counting and nanopore sensing principles. a. Experimental setup
for Coulter counting or nanopore recording. b. Application of a transmembrane potential drives a steady ionic
current through the pore. c. Transient current blockades occur when analytes pass through the pore. d. Analyte
binding to engineered recognition sites within the pore produces characteristic current fluctuations. Figure

adapted and reprinted with permission from reference 52.
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1.2.3 Biological Nanopores

Biological nanopores are formed by natural membrane proteins that self-assemble into stable
nanometre-scale channels within lipid bilayers or artificial membranes. These protein
nanopores have been widely used for single-molecule detection, DNA sequencing, and small
molecule analysis. Among them, the aHL nanopore is the most thoroughly studied and

commonly employed model.

The aHL nanopore originates from Staphylococcus aureus bacteria. As an exotoxin, it forms a
stable heptameric pore structure on cell membranes [58]. Its pore size is particularly suitable
for studying the translocation of single-stranded DNA, RNA and small molecules. Structurally,
the aHL nanopore has a funnel-like shape about 10 nm long, consisting of three main parts: the
vestibule at the top, a narrow constriction zone (the sensing region) in the middle, and the -
barrel domain at the bottom (Figure 1.4). The narrowest part of the pore has a diameter of

approximately 1.4 nm, which is just wide enough for single molecules to pass through.

Vestibule

\
(~2.6 nm)
Nanocavity :
Cap domain
(~ 4.6 nm) A (f_’, i ;
B-barrel entry Cap domain
(~ 1.4 nm) (~10 nm)
LIL ] i * Stem domain
||pld bllayer o Yy ) (_, 52 nm)

Figure 1.4 Ribbon representations of a-hemolysin (aHL). The side and top views of the two major domains of
aHL reveal its structural features. The cap domain has a height of approximately 7 nm and an outer diameter of
up to 10 nm. Within this domain, the vestibule measures around 2.6 nm, and the adjacent nanocavity spans
approximately 4.6 nm. The stem domain extends about 5.2 nm in length and terminates in a p-barrel with a

constriction diameter of ~1.4 nm. Figure adapted and reprinted with permission from reference 58.
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Under an applied voltage, charged molecules translocating through the aHL pore cause
transient disruptions in the ionic current. The dwell time and blockage amplitude associated
with each molecule can be used for molecular identification. aHL exhibits excellent electrical
stability, maintaining its structural integrity under relatively high voltages and salt
concentrations, which enables long-term and repeated electrochemical measurements.
Moreover, the protein can be engineered via site-directed mutagenesis to modify the chemical
environment within the pore, thereby enhancing molecular recognition specificity and
sensitivity. These features have led to the widespread application of aHL in miRNA detection,

DNA mutation analysis, and small-molecule drug screening [59-61].

In addition to aHL, other commonly used biological nanopores include mycobacterium
smegmatis porin A (MspA), which features a narrower opening and higher resolution,
Aerolysin which is more suitable for peptides and small molecules, Cytolysin A (ClyA) with its
larger diameter for protein analysis, and Fragaceatoxin C (FraC) [62-65]. These nanopores
provide complementary properties and are often employed to extend the functional capabilities

of biological nanopore systems.

Despite their advantages, biological nanopores present several limitations such as sensitivity to
environmental conditions, including pH and temperature, poor membrane stability, limited
control over pore size, and batch-to-batch variability [66]. These factors may affect their
reliability and scalability in practical applications. To overcome these challenges, researchers

have increasingly focused on solid-state nanopore systems fabricated from inorganic materials.

1.2.4 Solid-state Nanopores

Biological nanopores typically exhibit diameters ranging from 1 to 5 nanometres, which
restricts their application for analysing larger biomolecules such as most proteins. This size
limitation has motivated the development of solid-state nanopores to address the constraints

inherent to biological nanopores. These artificial nanopores are fabricated from durable
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inorganic materials, including silicon nitride (SiNy), silicon dioxide (SiO), aluminium oxide

(ALO:s), and graphene offering improved mechanical stability and structural integrity [67-70].

Compared to biological nanopores, solid-state versions provide several significant advantages.
First, their pore sizes can be precisely controlled and adjusted over a wide range, from a few
nanometres to several tens of nanometres, enabling the analysis of a broader size range of
analytes, including larger proteins and molecular complexes. Second, they demonstrate
superior mechanical strength and maintain stable performance across diverse experimental
conditions, including varying pH levels, temperature changes, and different ionic strengths.
Finally, solid-state nanopore platforms can be effectively integrated with both electronic and
optical detection methods, substantially enhancing their analytical capabilities and application
potential [71, 72]. Solid-state nanopores have been extensively employed in the detection and
analysis of a wide range of biomolecules, including nucleic acids, proteins, and various small

molecules [68, 73-75].

1.2.4.1 Membranes

The nanopore length significantly influences detection performance, as it directly affects both
signal amplitude and temporal resolution, parameters that are inversely related to pore length
[76]. Consequently, thin solid-state membranes represent the optimal substrate material for
nanopore fabrication. These membranes serve dual advantages: they enable the creation of
short pores that enhance detection precision while simultaneously replicating the structural

features of membrane proteins that give rise to biological nanopores.
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a Pore formation by focused electron/ion-beam milling b Pore formation by controlled dielectric breakdown

TEM electron beam

Figure 1.5 Methods of fabricating small and thin nanopores. a. Focused electron/ion-beam milling of free-standing
membranes. The pore size and shape can be monitored in real time during fabrication. b. Controlled dielectric
breakdown can be used to fabricate pores in membrane. Figure adapted and reprinted with permission from

reference 76.

The established approach for solid-state nanopore fabrication involves focused ion/electron
beam milling (Figure 1.5a.) [77, 78]. This technique enables precise control over pore
dimensions and geometry at specific membrane locations, while allowing real-time monitoring
of pore formation. Despite these advantages, the method suffers from several limitations,
including high equipment costs, low production throughput, and potential alterations in
nanopore geometry when removed from ultra-high vacuum conditions. An emerging
alternative is controlled breakdown (CBD), which offers a simpler fabrication process (Figure
1.5b.) [79]. In CBD, application of an electric field across an insulating membrane leads to
nanopore formation, indicated by a characteristic current spike. This method eliminates the
need for sophisticated nanofabrication equipment. Additional fabrication techniques include
electrochemical deposition, nanoimprinting, thermal annealing, and chemical etching [80-83].
Each method presents unique advantages and challenges for creating nanopores in solid-state

membranes.

1.2.4.2 Nanopipettes

Conventional fabrication of solid-state nanopores typically yields pores with diameters in the
sub-10 nm range, often below 5 nm. This process is generally time-consuming, technically

challenging, and costly, particularly when attempting to create larger pores. In contrast,
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nanopipettes represent an alternative form of solid-state nanopore that offers greater
accessibility and cost-effectiveness (Figure 1.6). These are produced via laser-assisted pulling
methods, enabling rapid and straightforward formation of nanopores with diameters ranging
from tens to hundreds of nanometres. Nanopipettes have gained prominence as
multifunctional tools for single-molecule detection, intracellular studies, and scanning probe
applications [84]. Their straightforward fabrication process, minimal cellular disturbance, and
seamless integration with electrochemical analysis techniques have facilitated widespread

adoption across analytical chemistry and biomedical research [85].

i

Figure 1.6 Representative micrographs of quartz nanopipettes. a. Schematic illustration of a quartz nanopipette

showing key structural components, including the stem, shoulder, shank, and tip. b. Optical micrograph of a dye-
filled nanopipette, highlighting the internal channel for visualisation. c. SEM of a nanopipette viewed from the tip,
clearly revealing the nanopore opening at the apex. Figure adapted and reprinted with permission from reference

85.

One major application of nanopipettes is in electrochemical and biosensing. Their nanoscale
geometry and surface charge properties enable ion current rectification, which serves as a highly
sensitive detection mechanism for molecular interactions at the pipette tip [86]. This allows for
label-free, real-time detection of various analytes including nucleic acids, proteins, small
biomolecules, and nanoparticles [87-89]. Due to their extremely small sensing volume and high
signal-to-noise ratio, nanopipettes are particularly suitable for detecting rare biomolecules or
low-concentration samples, such as early-stage disease biomarkers. The selectivity of
nanopipettes can be specifically modified through surface functionalisation using aptamers,

enzymes, antibodies, or synthetic polymers [90-92]. Moreover, when combined with
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dielectrophoretic trapping techniques, nanopipettes can preconcentrate analytes at the tip,

significantly improving detection sensitivity down to femtomolar levels [93].

1.3 Nanopore Sensing Principles

The basic principle of nanopore sensing depends on the translocation of charged analytes
through a nanoscale pore under an applied voltage bias, with continuous monitoring of ionic
current as the primary readout. As analytes pass through the nanopore, they cause transient
changes in the ionic current, producing characteristic current signatures. However, the
underlying principles of this process are considerably more complex. Several key factors deserve
mention: (1) the ionic current level, (2) local electrostatics, (3) forces acting on the analyte

during translocation, and (4) conductance variations within the nanopore confinement.

1.3.1 Ionic Current

In a standard nanopore sensing setup, two electrolyte-filled reservoirs (typically containing KCI,
NaCl, or LiCl) are separated by a nanopore/membrane. The system is connected to an
electrometer through Ag/AgCl electrodes. When voltage is applied, the migration of cations
and anions through the nanopore generates a steady-state ionic current, completing the
electrical circuit [94]. This steady-state ionic current is referred to as the open pore current,

occurring when no analytes (only cations and anions) are translocating through the pore.

The system maintains homogeneous electrolyte concentration throughout. However, edge
effects—often simplified as access resistance where current converges from bulk electrolyte to
the pore entrance—must be considered [95, 96]. The applied voltage predominantly drops
across the nanopore because potential losses at electrode/electrolyte interfaces are negligible

(using non-polarizable Ag/AgCl electrodes), and the utilised voltages are sufficiently small [97].
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Under these conditions, the open pore current i, for a cylindrical solid-state nanopore can be

approximated by [37]:

_ 41 1\t 11
lp = (Uy + p)ne (W + E) 4 :
where p, and p. represent the electrophoretic mobilities of cation and anion, n denotes the
number density of cation or anion, d is the pore diameter, / is the pore length (or membrane

thickness), e is the elementary charge, and V' is the applied voltage.

For an asymmetric nanopore geometry such as conical nanopores in membranes or
nanopipettes, the open pore current i, can be approximated by [98, 99]:

4 8(d + D))‘1 12

fo ~ (uy + p)me (ndD T

where d and D denote the minor and major diameters (tip and base openings) of the conical

nanopore, and access resistance is also included in this model.

a b
L —»| T |
N~ — ~— Wk — Open-pore current
//__\\_A _ < <Al m |
Cl =
=
g r—— Wasesiid —— Blockade current
O k>
o = . e Cawel
[ (7] [
o o o Time/s
Time Time Time

Figure 1.7 Real-time ionic current recording during analyte translocation. a. The schematic displays the ionic
current recorded over time and the interpretation of analyte translocation events. When an analyte passes through
the pore, it causes a decrease in the steady-state ionic current. The current returns to its original level after the
molecule exited the pore. b. Two key parameters are commonly used to characterize the translocation process
through a nanopore: (i) Dwell time: the duration for which a molecule resides within the nanopore during

translocation. (ii) Peak amplitude: the magnitude of current change, defined as the difference between the open-
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pore current and the current during molecular passage. In addition, capture rate: the frequency of translocation

events. Figure adapted and reprinted with permission from reference 94.

During nanopore translocation experiments, the ionic current is recorded as a function of time,
yielding current-time traces (Figure 1.7). The translocation of analytes through a nanopore
results in a transient change in ionic current, which may manifest as either a decrease or an
increase, depending on the nature of the molecule. To describe this process, two key parameters
of the current signal are commonly evaluated. The first is the dwell time, which indicates the
duration that the molecule remains inside the nanopore. The second is the peak current or peak
amplitude, which reflects the degree of conductance alteration caused by the translocating
species. The integral of the current signal over time provides an estimate of the total charge
associated with each analyte during translocation [100]. In addition, the time interval between
consecutive translocation events (t) and the capture rate, usually defined as the number of
events per unit time, are used to study the concentration of analytes and their transport
behaviour [89, 101]. Analysis of these signal features can reveal important information related
to molecular size, shape, charge, and the interaction between the analyte and the nanopore

surface [102-104].

1.3.2 Surface Charges

In nanopores, the ion distribution differs from that in bulk electrolyte solutions. This
phenomenon arises because the inner surface of the nanopore, when immersed in a polar
electrolyte solution, acquires a surface charge. This charge results from the stabilizing
interaction between the solvent and ionic species at the solid-liquid interface. For SiNy and SiO,
membranes immersed in KCI, NaCl or LiCl electrolyte solutions, the surface typically develops
a negative charge due to the ionisation of hydroxyl or oxide groups on the material surface [97].
This charged surface creates an electrostatic environment where: Counterions (positively
charged ions in this case) accumulate near the pore walls due to favourable electrostatic

attraction; Co-ions (negatively charged ions) are depleted from the near-surface region. These
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opposing ion distributions lead to the formation of an electrical double layer at the

nanopore/electrolyte interface [105].

é g % % Bulk electrolyte

K
Stern layer Diffuse layer

Figure 1.8 Schematic description of the ion distribution in the electric double layer at a charged solid/liquid
interface with Stern and diffuse layers according to the Gouy-Chapman-Stern model, including the local potential

distribution. Figure adapted and reprinted with permission from reference 107.

The Gouy-Chapman-Stern model provides a fundamental theoretical framework for
characterising the formation of electrical double layers at charged interfaces [106]. This three-
layer model combines the Stern layer or inner Helmholtz panel (IHP)—where ions and solvent
molecules directly adsorbed onto the charged surface; The diffuse or outer Helmholtz panel
(OHP)—containing solvated ions that remain mobile due to nonspecific adsorption and long-
range electrostatic interactions with the charged surface, allowing their distribution to extend
into the diffuse double-layer region; 3) The bulk solution—unaffected by surface charges
(Figure 1.8) [107]. However, beyond conditions of extremely low electrolyte concentrations,
the model exhibits limited quantitative accuracy. This limitation arises from the fundamental
simplifications on which the model is based. Although it offers consistent qualitative
predictions, its applicability becomes restricted in complex or highly concentrated conditions

[108]. The spatial extent of the electrical double layer is quantitatively characterised by the
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Debye length, which exhibits a strong concentration dependence, ranging from sub-nanometre
scales in concentrated electrolytes to several tens of nanometres in highly dilute solutions [109,

110].

Several models account for both bulk and surface contributions when estimating the open pore
current, as the influence of local electrostatic effects cannot be neglected [111]. Nanopore
detection is typically performed under high-salt conditions, the negatively charged surface of
the nanopore is effectively screened by mobile cations (counterions) that contribute to the
overall ionic current [112, 113]. In this case, the total current through the nanopore arises from
both the bulk ion concentration and the additional contribution of counterions associated with
the surface charge compensation. And open pore current i, for a cylindrical solid-state

nanopore can be approximated by:

2

. nd 4'O-surf
TR (g +pne + py el A

1.4

where o, is the surface-charge density in the nanopore. It is worth noting that the coupling of
local electrostatic effects, geometric structure, and other factors can lead to the rectification
effect. For instance, in narrow conical nanopores with surface charges, the activation energy for

ion entry into the channel changes depending on the direction of transmission [114].

1.3.3 Electrophoretic and Electroosmotic Flows

The translocation of charged analytes through nanopores is governed by the combined action
of multiple forces, with electrophoretic and electroosmotic effects constituting the dominant
contributions [94]. Additionally, diffusion plays a non-negligible role, particularly for small
globular molecules [115]. Electrophoretic flow (EPF) occurs when ions in solution migrate
under an applied electric field. A representative example is the motion of negatively charged

DNA molecules through a nanopore toward the positively biased anode during translocation
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experiments. The electrophoretic velocity vepr can be quantified using the Helmholtz-

Smoluchowski model [116]:
&
Ugpr = EcmoleculeE 1.5

where ¢ represents the absolute permittivity of the dielectric medium, 7 denotes the viscosity of
the electrolyte solution, E corresponds to the strength of the applied electric field, and (motecute iS

the zeta potential of the translocating molecule.

Electroosmotic flow (EOF) develops in nanopores with charged surfaces when an electric field
is applied along the channel, causing the electrical double layer that shields the surface charge.
The electrical double layer moves the fluid along with it, generating a net flow. As a result, the

electroosmotic velocity veor is defined by: [110, 115]:
&
Vgor = — ;’(wallE 1.6

where (. is the zeta potential of the nanopore inner wall.

Equation 1.5 and Equation 1.6 are applicable under the condition that the Debye length is
significantly smaller than the channel width, and that a high ionic strength electrolyte is used.
By combining the equations for EPF and EOF, an effective velocity v for the molecule inside the

pore is obtained [115]:
£
V = Vgpp + Vgor = ﬁ((molecule - Cwall)E 1.7

EOF can interact with EP in three distinct ways—enhancement, opposition, or reversal of the
electrophoretic motion, particularly for moderately charged target molecules. When EOF
precisely counterbalances EPF, molecular translocation becomes predominantly diffusion-

driven.
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1.3.4 Conductance Modulation by Charged Molecules

The translocation of molecules through nanopores leads to changes in ionic current due to
modulation of nanopore conductance. This phenomenon stems from two competing
mechanisms: first, the physical volume of the molecule excludes ions (Guia), reducing
conductance; second, mobile counterions that neutralize the molecular charge increase
conductance (Gearge) [112]. To be precise, these counterions both shield the charged molecule
and accompany its movement during translocation [113]. The total change in conductance (A
G) caused by charged molecule translocation can be calculated by considering the superposition

of these two opposing effects:

AG = _Gblock + Gcharge 1.8

A

T[dr%mlecule q
AG = —(uy +pu)eF — T+ Ly 1.9
pore pore

where dmolecue is the diameter of the molecule, 4o is the length of the nanopore, ¢ is the
electrolyte concentration, F is the Faraday constant, and A, represents the effective charge per

unit length of the counter ions screening the nanopore wall.
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Figure 1.9 Salt-dependent conductance variations during DNA bundle translocation at 600 mV, pH 8. a.
Representative ionic current traces of 4HB (four-helix bundle) translocations recorded at varying KCl
concentrations in the presence of 75 uM PEG 8000. Baseline currents were subtracted for clarity. Each trace shows
a 450 us segment of the translocation event. At low salt concentrations, increased counterion density leads to
current enhancement, whereas at high salt, frictional effects dominate, resulting in current blockades. b.
Conductance change as a function of KCI concentration for dsDNA (blue circles), 4HB (orange triangles), and
16HB (green squares). Linear regression reveals crossover concentrations of ~126 mM for 4HB (95% CI: [59, 174]
mM), ~183 mM for 16HB (95% CI: [150, 201] mM), and ~310 mM for dsDNA. Each data point and associated
error bar denote the mean * standard deviation across multiple nanopores, with and without PEG. The light green
diamond indicates a 16HB measurement at pH 5. The inset highlights the conductance behaviour near the

crossover regions. Figure adapted and reprinted with permission from reference 119.

The translocation of charged analytes through nanopores can result in either ionic current
blockade or enhancement, depending on the interplay of molecular properties, nanopore
geometry, and electrolyte conditions. The electrolyte composition and concentration
significantly influence the translocation signatures. For example, double-stranded DNA

(dsDNA) translocating through a nanopore shows different ionic current patterns in various
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electrolyte solutions [117, 118]. Even within a single electrolyte type, such as KCl, previous
studies have reported concentration-dependent conductance modulation during dsDNA
translocation [99, 112]. Specifically, a current enhancement is typically observed at lower
electrolyte concentrations, whereas a current reduction becomes apparent at higher
concentrations. A transition point, or crossover concentration, has been consistently identified
within the range of 0.3 to 0.4 M KCI. This is attributed to counterions following the molecule

being more competitive than the ions excluded by the molecule at low concentration.

Molecular structure significantly affects translocation behaviour. A previous study comparing
different DNA nanostructures—specifically the four-helix bundle (4HB) and sixteen-helix
bundle (16HB)—show distinct current modulation patterns (Figure 1.9) [119]. Both structures
demonstrate crossover concentrations lower than standard dsDNA (~1HB), confirming that
molecular size and shape substantially influence conductance characteristics. In addition,
nanopore dimensions critically influence the direction and magnitude of current modulation.
A representative example involves the translocation of positively charged nanorods, where both
current enhancement and blockade are observed depending on nanopore size [113]. This
behaviour arises from overlapping electric double layers between the nanorod and nanopore

wall, which modifies local electrostatics and consequently alters the measured current signal.

1.4 Selective Nanopore Sensing

Nanopore sensing demonstrates significant potential for early disease diagnosis due to its
unique single-molecule detection capability. However, conventional nanopore systems face
substantial selectivity and sensitivity challenges for practical diagnostic applications, primarily
because biological fluids like serum, urine, saliva, and cerebrospinal fluid contain complex
mixtures of biomolecules. The accurate identification of target analytes is complicated by
several factors, including indistinguishable signals from similar molecules, a poor signal-to-
noise ratio (SNR) for small molecules, and low capture rates for rare analytes. To overcome

these limitations, researchers have successfully incorporated selective components into
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nanopore platforms, enhancing their discrimination capabilities while maintaining single-
molecule sensitivity. Existing strategies for imparting selectivity to nanopore platforms mainly
fall into two categories: functionalisation of the nanopore with analyte-specific receptors, and
the introduction of molecular carriers into the electrolyte solution to selectively bind and

transport target molecules.

1.4.1 Receptor-functionalised Nanopores

Various strategies have been explored to functionalize nanopores for improved sensing
performance, including chemical surface modifications, biomimetic designs based on lipid
membranes, and hybrid nanopore systems integrating multiple material properties [120-122].
These approaches primarily focus on optimizing analyte transport while reducing nonspecific
adsorption. A particularly successful strategy involves anchoring molecular receptors to the
nanopore surface for selective detection [123, 124]. By immobilizing receptors with high
specificity and strong binding affinity at the pore interface, the system gains the ability to

selectively recognize and capture target molecules from complex mixtures.
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Figure 1.10 Examples of receptor-functionalised nanopore platforms. a. i. Schematic of a gold-coated nanopore
functionalised with a combination of matrix thiols (SCisEGs) and receptor thiols (NTA). A Ni** (green) loaded
NTA receptor (black) specifically binds to Hise-tagged proteins (red). ii. Current versus time trace with rapid
protein A/G/L translocations through a 28 nm pore modified with SC;sEG; matrix thiols (no NTA). iii. Current
versus time trace of a 26 nm pore functionalised with 2 mol% bisNTA after the addition of 180 nM Hiss-tagged
protein A/G/L shows discrete, long-lasting binding events. b. i. Solid-state nanopore functionalised with hairpin-
loop (HPL) DNA molecules. Current-time representative data for ii. 1 base mismatched (1IMM) DNA and iii.
perfect complementary (PC) DNA translocation through the functionalised nanopore. A higher number of
narrower and deeper pulses are observed for the PC-DNA. Figure adapted and reprinted with permission from

references 102 and 125.

Several receptor-functionalised nanopore strategies have been developed for selective detection

of target nucleic acids and proteins (Figure 1.10). Wei et al. developed a gold-coated silicon
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nitride nanopore system functionalised with Ni**-nitrilotriacetic acid (NTA) groups, which
enables the selective, single-molecule detection of histidine-tagged proteins [102]. Through
site-specific immobilisation of His-tagged protein A within the nanopore, the platform
successfully distinguished IgG antibody subclasses based on their characteristic binding dwell
times. Igbal et al. successfully engineered chemically functionalised solid-state nanopores by
covalently immobilizing DNA hairpin probes on the pore surface, achieving sequence-specific
detection of complementary single-stranded DNA (ssDNA) at the single-molecule level [125].
This platform demonstrated single-nucleotide discrimination capability through characteristic
current blockade signatures, establishing an electrically addressable and highly selective nucleic
acid sensing methodology. Yusko et al. demonstrated that coating solid-state nanopores with a
fluid lipid bilayer enables sub-nanometre tuning of pore diameter and dynamic control of
surface chemistry [126]. By incorporating mobile ligands into the bilayer, they achieved

selective and time-resolved detection of individual target proteins during translocation.

Despite considerable progress in surface-functionalised nanopores, major challenges persist in
achieving controlled receptor placement, reliable target identification in complex biological
samples, and sensitive detection of rare analytes. These limitations are especially pronounced
for small biomolecules and proteins, whose rapid translocation speeds and low capture rates

often exceed current detection capabilities and deviate from classical transport models.

1.4.2 Molecular Carriers

The incorporation of molecular carriers into nanopore sensing systems provides an effective
solution to address key limitations in receptor positioning and small biomolecule detection
within complex biological samples. These engineered carriers selectively bind target analytes,
producing characteristic ionic current signatures that differ from unbound carrier signals
(Figure 1.11). This strategy offers three principal benefits: (1) translocation velocity modulation
that improves temporal resolution by synchronizing target movement with carrier transport,

(2) enhanced capture efficiency—particularly for linear DNA molecules due to their extended
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conformation—which increases detection sensitivity, and (3) adaptable recognition capabilities

through customizable receptor elements that can be tailored for diverse applications.

Recent research has investigated diverse molecular carriers—such as nanoparticles and linear
DNA—for enhancing nanopore sensing capabilities [100, 127-130]. These studies have
demonstrated notable advancements in applying carrier-based detection to complex biological
samples and achieving multiplexed biomolecule analysis. Liu et al. developed an aptamer-
modified DNA carrier system for selective detection of a-synuclein oligomers in clinical
cerebrospinal fluid using nanopore sensing [131]. The DNA carriers with bound oligomers
produced distinct subpeak current signatures and slower translocation, enabling sensitive
detection without sample pretreatment. This approach allowed single-molecule discrimination
of oligomers in complex biofluids. Ren et al. created DNA molecular probes with position-
encoded design for concurrent detection of SARS-CoV-2 proteins and RNA through nanopore
sensing [132]. The probes incorporated precisely positioned aptamers and complementary
sequences along a DNA scaffold, generating unique signal patterns during translocation that
enabled simultaneous identification of viral antigens and genetic variants. This approach
achieved specific discrimination between SARS-CoV-2 lineages and characteristic mutations
without requiring sequencing. They also developed a single-molecule nanopore assay using
gold nanoparticle probes that form dimers upon target binding [133]. The dimerisation event
produces distinct translocation signals, enabling differentiation between bound and unbound
states. This method achieves sensitive and selective detection without requiring sample

amplification or extensive processing.
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between Au nanoparticles monomers and dimers and as a result selectively determine the concentration of target
analytes. Monomeric nanoparticles (17-20 nm) modified with antibodies can be used to initiate self-assembly and
dimerisation in the presence of an antigen. A similar strategy can be used for the selective detection of miRNA,
two populations of nanoparticles can be modified to contain half of the complementary miRNA sequence. c.
Multiplexed detection of viral proteins and RNAs from patients’ samples. SARS-CoV-2 virus is lysed into S protein,
N protein, and RNA fragments, which can be selectively determined by the nanopore when bound to their
corresponding encoded DNA molecular probes. Figure adapted and reprinted with permission from references

131, 132 and 133.

These molecular carriers have shown excellent performance in selective nanopore sensing and
enabled effective biomolecule detection in complex biological fluids, but several limitations
persist. Linear DNA carriers exhibit intrinsic flexibility and tend to fold during nanopore
translocation, potentially interfering with the identification of target-associated secondary
current peaks. Additionally, linear DNA carrier designs inherently require secondary peak
analysis for proper target recognition. In comparison, nanoparticle-based carriers eliminate the
need for secondary peak detection but require precise surface charge engineering to ensure
nanopore sensing compatibility. The use of DNA nanostructures as molecular carriers presents
a promising strategy, as their precisely controlled architectures can enhance structural stability
and reduce unwanted folding during translocation through nanopores. Like linear DNA
molecules, these nanostructures offer straightforward functionalisation and carry uniform

charge distributions.

1.5 DNA Origami Technology

DNA origami is a nanostructure fabrication technique that exploits the highly programmable
self-assembly properties of DNA, first introduced by Paul Rothemund in 2006 [134]. The
methodology represented a critical advancement in structural DNA nanotechnology,

facilitating the fabrication of architecturally complex two- or three-dimensional nanostructures
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with sub-nanometre spatial resolution [135]. DNA origami utilises a long single-stranded DNA
scaffold, commonly sourced from the M13mp18 bacteriophage, that is precisely folded into
predetermined nanostructures through sequence-specific hybridisation with hundreds of short
oligonucleotides, termed staple strands (Figure 1.12). These staple strands facilitate the folding
process by inducing localised base-pairing interactions at specific positions along the scaffold
[136]. The DNA origami technique offers a distinct advantage in its unparalleled structural
programmability. This capability extends beyond the fabrication of static nanostructures to
incorporate dynamic reconfigurability, achieved through precisely controlled strand

displacement and hybridisation processes [137, 138].

DNA origami technology presents several fundamental advantages that establish its utility in
nanotechnology. First, the technique achieves nanometre-scale spatial precision, enabling exact
control over structural dimensions and geometry through programmable sequence design.
Second, the intrinsic programmability of DNA facilitates the construction of diverse
architectures, ranging from basic geometric motifs to sophisticated three-dimensional
frameworks. Third, the inherent biocompatibility of DNA ensures structural stability under
physiological conditions, rendering DNA origami particularly suitable for biomedical
applications, including targeted drug delivery, high-sensitivity biosensing, and high-resolution
cellular imaging. Furthermore, DNA origami structures offer numerous addressable
modification sites, allowing for straightforward conjugation with various functional
components. These include biomolecules such as antibodies and enzymes, as well as

nanomaterials, including plasmonic nanoparticles, quantum dots, and fluorescent dyes.

The unique characteristics of DNA origami have enabled transformative applications across
multiple disciplines (Figure 1.12b.). In biomedicine, researchers have employed this
technology for ultrasensitive biosensing, spatially controlled drug delivery, and high-specificity
molecular diagnostics [139, 140]. The field of materials science has utilised DNA origami to
construct functional nanomaterials exhibiting programmable optical properties, catalytic
activity, and mechanical behaviour [141-143]. Furthermore, this technology has become

indispensable for single-molecule studies, where its nanometre-precise patterning capabilities
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have significantly enhanced techniques including super-resolution microscopy and single-
molecule force spectroscopy [144, 145]. Through enabling unprecedented control over
molecular organisation and interactions, DNA origami continues to advance both fundamental

biological research and the development of sophisticated nanodevices.
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Figure 1.12 DNA origami technology. a. Principle of classic DNA origami. A long single-stranded scaffold DNA
is annealed with multiple short staples (blue). The staples can bring together distant regions of the scaffold via base
pairing (pairing sequences are marked red, orange, green and blue, for example), resulting in a prescribed shape.
b. DNA nanostructure-enabled applications. DNA origami, 2D and 3D DNA structures and their applications in

nanofabrication, biosensing, drug delivery, and DNA computing and storage. Figure adapted and reprinted with

permission from references 135 and 139.
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1.5.1 DNA Origami in Nanopore Sensing

In nanopore sensing applications, DNA origami technology has been widely adopted through
two main approaches: as integrated components in hybrid nanopores, and as programmable

molecular carriers, both enabling precise nanoscale manipulation and detection.

Hybrid nanopore systems currently employ two principal DNA origami integration strategies,
each offering unique advantages for single-molecule sensing applications. The first approach
involves the precise integration of DNA origami nanostructures into solid-state nanopores,
where they function as programmable components to regulate molecular translocation
dynamics and enhance detection specificity [146-148]. As demonstrated by Bell et al., these
hybrid systems enable voltage-controlled insertion and ejection cycles of origami structures
within solid-state nanopores, achieving reproducible A-DNA detection [149]. The second
strategy is to incorporate DNA origami directly into lipid bilayers, creating biomimetic
nanopores that maintain structural integrity in membrane environments [150-152]. Burns et al.
developed this approach through alkyl-phosphorothioate modifications that form a
hydrophobic belt around the DNA nanostructure, successfully replicating key functional
characteristics of protein pores including stable transmembrane ion conductance [153]. These
two strategies provide complementary benefits in structural stability, system adjustability, and

platform adaptability, making them suitable for diverse experimental applications.
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onto a solid state nanopore. i. Schematic representation of the DNA origami structure with the double-stranded
overhang. Double helices are presented as rods. ii. Top: Side view of the nanopore section of the DNA origami
structure with helices shown as cylinders. b. DNA origami nanopores inserted into lipid bilayers. i. Schematic
representation of a DNA nanopore composed of six interconnected duplexes represented as cylinders. ii.—iV.
Nanopores are structurally stable in lipid bilayer membranes and support a constant transmembrane current.
Single channel current trace of a DNA-nanopore in 1 M KCI, 50 mM Tris, pH 5.0 at +100 mV (ii), 0 mV (iii), and
—-100 mV (iv) relative to the side of the membrane to which the DNA solution was added. Figure adapted and

reprinted with permission from references 149 and 153.

DNA origami has emerged as a powerful platform for developing molecular carriers in
nanopore sensing applications (Figure 1.14) [87, 154, 155]. Recent work by Raveendran et al.
demonstrated this potential through a DNA origami biosensor that combined target-specific
aptamers with nanopore detection [156]. Their system achieved quantitative measurement of
C-reactive protein at concentrations as low as 3 nM in buffer and 9 nM in diluted plasma by
distinguishing between occupied and unoccupied carriers through characteristic current
signatures. Complementary research by Ding et al. systematically examined how aptamer
modifications affect DNA origami translocation through solid-state nanopores, revealing that

target binding and enzymatic regulation produce detectable changes in current signals [157].
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The structural advantages of DNA origami carriers are particularly evident when compared to
conventional flexible DNA carriers. Their inherent rigidity prevents carrier folding and
knotting artefacts that often lead to false positives in nanopore measurements [127, 158, 159].
However, current implementations have primarily utilised static DNA origami designs. The
tield now stands to benefit from exploring dynamic, reconfigurable DNA origami carriers that

could enable more sophisticated sensing capabilities through structural adaptability [160, 161].
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Figure 1.14 Examples of DNA origami molecular carriers for nanopore sensing. a. i. Schematic representation of
the DNA nanostructure-based biosensing concept exploiting translocation through nanopipettes as the sensing
mechanism. ii. Typical ion current signatures upon translocation of (C-reactive protein) CRP molecules, CRP-
DNA aptamer complexes, unoccupied carriers and CRP-bound occupied carriers. The scale bars represent 20 pA
and 1ms, respectively. b. Enzymatic regulation on surface modification to influence the origami carrier

translocation. i. Design of ribbon-4 with 10 aptamers on the surface. Addition of adenosine monophosphate (AMP)
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to ribbon-4 forms ribbon-7. The addition of the enzyme adenosine deaminase (ADA) converts AMP to inosine
monophosphate (IMP), which dissociates from the aptamers, and the ribbon-7 is recovered back to ribbon-4. ii.
Scatter plots of translocation events using a 20 nm nanopore at 500 mV. Figure adapted and reprinted with

permission from references 156 and 157.

1.6 Summary of Dissertation

This thesis focuses on developing single-molecule nanopore sensing platforms for selective
detection of small biomarker miRNAs using DNA-based molecular carriers. The work pursued
two primary goals: (1) creating a dSDNA carrier system that enables selective miRNA detection
through streptavidin binding and (2) designing a reconfigurable DNA origami hinge whose
configuration changes upon miRNA binding allow quantitative detection via nanopore signals.
Both molecular carrier systems were successfully implemented not only in nanopipette-based

platforms but also in solid-state nanopores fabricated using the CBD method.

Chapter 2 outlines the experimental methods, including nanopore fabrication and
characterisation, translocation experiment setup, design and assembly of DNA-based

molecular carriers, and data analysis approaches for signal processing and statistical evaluation.

Chapter 3 explores a nanopore-based miRNA detection method that employs a functionalised
dsDNA carrier and a sandwich complex design. The engineered dsDNA carrier enables
selective miRNA capture, with streptavidin probes boosting signal resolution. Carrier
characterisation combined electrophoretic and nanopore analyses. Optimisation studies
examined buffer conditions and compared direct versus carrier-mediated detection of miRNA-
141-3p, later extended to multiplexed analysis of miRNA-7-5p and miRNA-382-5p. Refined
incubation protocols improved binding efficiency, advancing nanopore-based miRNA

detection for diagnostic applications.
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Chapter 4 examines a reconfigurable DNA origami hinge system through an integrated analysis
of its structural and dynamic properties. Bulk fluorescence assays with dual photophore
quenching monitored hinge transitions, while TEM (transmission electron microscopy) and
nanopore sensing characterised configuration-dependent dynamics. Voltage-controlled
measurements revealed distinct translocation signatures for closed, extended, and open states,

demonstrating conformation-specific nanopore interactions.

Chapter 5 develops a reconfigurable DNA origami hinge for nanopore-based detection of
prostate cancer (pCa) biomarker miRNA-141-3p. The hinge undergoes programmable closed-
to-extended transitions upon miRNA binding, producing distinct ionic current signatures.
Results show nanomolar sensitivity and excellent specificity in distinguishing target miRNAs,
establishing DNA nanostructure enhanced nanopore sensing for ultrasensitive biomarker

detection.

Chapter 6 presents a cost-effective CBD method for fabricating solid-state nanopores that
match nanopipette performance in dsDNA detection while enabling selective miRNA sensing
via DNA molecular carriers and analysis of reconfigurable DNA origami hinges, demonstrating

versatile capabilities for nanostructure characterisation and biosensing.
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Chapter 2 Methodology

Synopsis

This chapter provides a comprehensive overview of the research methodology. It begins with
the fabrication and characterisation of nanopores, detailing the materials and processes
involved. Next, it discusses nanopore translocation experiments, including the experimental
setup and conditions used to study molecule dynamics. The chapter also describes the
fabrication of DNA-based molecular carriers, focusing on their design principles and assembly
methods. Finally, it outlines the data analysis techniques, such as signal processing and

statistical methods, employed to interpret the experimental results.
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2.1 Nanopore Fabrication and Characterisation

2.1.1 Nanopipette

2.1.1.1 Nanopipette Fabrication

The nanopores used in the translocation experiments in Chapters 3, 4, and 5 were nanopipettes.
These nanopipettes were fabricated from quartz capillaries (QF100-50-7.5, Sutter Instrument,
USA) as the precursor material, with an outer diameter of 1.00 mm, an inner diameter of 0.50
mm, and an overall length of 7.5 cm. Quartz capillaries were selected as they are the strongest
among the common formulations. The inner surface of the capillaries was annealed using a

filament to facilitate easier liquid injection and to prevent microbubble formation.

The nanopipettes were fabricated using the laser-assisted pulling method. Before pulling, quartz
capillaries were cleaned in a plasma cleaner (Harrick Plasma) for at least 30 minutes to remove
surface contaminants thoroughly. The laser-based pipette puller (P-2000, Sutter Instrument,
USA) was switched on 20 minutes beforehand. The cleaned capillaries were then gently placed
into the puller, and the nanopipettes were pulled by applying the two-line pulling protocol, as
shown in Figure 2.1. Only one capillary can be loaded into the puller at a time. The capillary
was first heated with a CO, laser source and gently pulled to form a sandglass-shaped area in
the middle. It was then further heated and pulled to produce two nanopipettes. A nano-scaled

pore was formed at the tip of each nanopipette.
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I CO: laser

Nanocapillary

Pull 4— < — Pull

Nanopipette
Pull 4— p————— —— — Pull

Figure 2.1 Schematic of the fabrication of nanopipettes from capillaries using laser assisted pulling method by two-

line protocol.

The geometry of the nanopore, including its diameter, length, and shape, depends on the
specific protocol used. In this study, two-line protocols were employed to produce nanopipettes
with pore diameters as small as tens of nanometres. Two different pulling protocols were
utilised, and their parameters are listed in Table 2.1. The HEAT parameter affects the tip size
and length; higher heat generally results in longer and finer tips. The FIL (filament) parameter
determines the scanning pattern of the laser beam. The VEL (velocity) parameter indicates the
speed during the weak pull and determines the point at which the heat is turned off. In our
study, the filament and velocity parameters were fixed and less critical. The DEL (delay)
parameter represents the timing between the hard pull and the heat being turned off. A longer
delay typically results in cooler glass, leading to shorter tips. The PUL (pull or hard pull)
parameter refers to the strength applied to pull the capillaries, with greater strength generally

producing smaller tips.

Table 2.1 Parameters for two-line protocols used for nanopipette fabrication.

Pore

Protocol Line Diameter

(nm)
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In our experiments, Protocol 1 yielded nanopipettes with finer and longer tips compared to
Protocol 2. These nanopipettes were subsequently used in nanopore studies involving different
types of biomolecules. It is noteworthy that the effectiveness of the same protocol can vary
significantly across different pullers, and environmental factors such as humidity and
temperature also influence the fabrication process. The reproducibility of the pulling time can

serve as a straightforward criterion for assessing the consistency of nanopipettes.

2.1.1.2 Nanopipette Characterisation

20
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(=]

Current (nA)
o
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Figure 2.2 I-V characterisation of a nanopipette. a. I-t measurement of the nanopipette under the voltage of +400

mV in 1M KCl buffer solution. b. I-V curve of the nanopipette.

Nanopipettes were characterised using both electrochemical and optical methods.
Electrochemical characterisation was conducted by measuring current-voltage (I-V) curves
using an AxoPatch 700B Multiclamp amplifier (Molecular Devices, US) and a Digidata 1550B
digitizer (Molecular Devices, US). The I-V measurements were performed in the buffer solution
employed for subsequent molecular translocation experiments. Figure 2.1 illustrates a
representative I-V characterisation of a nanopipette fabricated using Protocol 2 in a buffer

solution containing 1M KCI, 12.5 mM MgCL, 10 mM Tris, 1 mM EDTA, pH 8. Voltages
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ranging from +400 mV to -400 mV were applied in 50 mV increments, and the ionic current
was measured for 300 ms at each voltage. The average currents obtained at each voltage were

plotted to generate the I-V curve.

The I-V curve exhibits a linear region (+100 mV) that adheres to Ohm's law. This ohmic region
can be utilised to calculate the conductance of the nanopore, which is directly related to the

nanopore geometry, as described by Equation 2.1:

Al
AV

x|~

where G is conductance of the nanopore, R is the resistance of the nanopore, AI denotes the
current variation within the ohmic region, and AV represents the voltage variation across the

ohmic region.

By approximating the nanopipette as truncated hollow cone, the conductance calculated from

the I-V measurements can be used to estimate the nanopore size based on Equation 2.2 [1]:

1 1

1
1/6 =—=+R x + 2.2
/ omitanB  **  omrtanf  4or;

where G is the conductance of the nanopore, ois the conductivity of the solution, r; is the inner

radius of the nanopipette, and fis the inner half-cone angle of nanopipette.

Optical characterisation of the nanopipettes was conducted using scanning electron microscopy
(SEM) (Leo Gemini 1525, Carl Zeiss AG, Germany). Prior to imaging, the nanopipettes were
sputter-coated with a 5 nm layer of chromium to enhance conductivity. The precise geometry
and size of the nanopore were determined from high-resolution SEM images. The SEM
characterisation of nanopipettes fabricated using Protocol 1 (Figure 2.3) and Protocol 2 (Figure

2.4) was performed by Dr Xiaoyi Wang of Imperial College London [2, 3].

82



Methodology

Figure 2.3 a. SEM image of the side view of a typical nanopipette fabricated by Protocol 1. (scale bar: 10 um) b.
SEM image of the cross-section of the nanopipette. (scale bar: (i) 20 nm, (ii) 20 nm). The diameter of nanopipettes

measured by SEM is 15 + 3 nm (n = 5). Figure adapted and reprinted with permission from reference 2.

Figure 2.4 a. SEM image of the top view of a typical nanopipette fabricated by Protocol 2. b. SEM image of the side
view of the nanopipette. The diameter of nanopipettes measured by SEM is 22 + 3 nm (n = 5). Figure adapted and

reprinted with permission from reference 3.

2.1.3 CBD Nanopore

CBD nanopores were utilised in Chapter 6, where a nanopore was drilled into a SiNi
membrane/chip using the CBD technique. The SiNx chips used in this study were prepared by
Prof. Joshua Edel (Imperial College London), Dr Aleksandar Ivanov (Imperial College London),

and Dr Binoy Paulose Nadappuram (University of Strathclyde) at Oak Ridge National
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Laboratory, USA. The schematic of the SiNy chip structure is shown in Figure 2.5. A SiN,
membrane (20 nm thick) was deposited on a multilayer of Si (360 um) and SiO; (513 nm). The
exposed area of the SiN, membrane serves as a window for subsequent CBD drilling. The Si
layer prevents charge transfer from the electrolyte to uncovered SiN, layer, which increases the
leakage current during the drilling process. The additional SiO; layers is used to eliminate device

capacitance and contributes to noise reduction [4, 5].

SiNx (20 nm)

window

Figure 2.5 Schematic representation of the SiN; chip structure. a. Lateral view of the multilayered chip. b. Vertical

view of the chip, showing a thinner window exposed at the centre of the chip.

The refractive index of the chips has variation from batch to batch but typically ranges from
2.15 to 2.2, as measured by ellipsometry. The refractive index can be used to estimate the

stoichiometry of the chip, as described in Equation 2.3 [6]:

3n+ 3n, — 6n3),
Si:N = 2.3
. in, —4n

where n.. is the refractive index of pure Si (n..= 3.86), ns4 is the refractive index of SizNy (134 =
1.99), and n represents the measured refractive index of the SiNy chip. The stoichiometry

parameter x of our chips was calculated to range from 0.89 to 0.94.

A cleansing step was performed to remove contaminants from the chip surface prior to the CBD
process. Chips were treated with hot piranha solution for 15 min if they had not been used for
an extended period. Otherwise, they were cleaned using UV-ozone treatment, with each side

exposed for 15 min. Next, the chip was carefully transferred into a Teflon fluidic cell (Nanopore
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Solution Ltd., UK) using carbon-coated PEEK tip tweezers (Agar Scientific, UK). Both
chambers of the fluidic cell were filled with a buffer solution containing 1 M KCI, 10 mM Tfris,
1EDTA, pH 8. The cell was connected via Ag/AgCl electrodes to a Keithley 2450 Source Meter
(Keithley Instruments, USA), which provided the voltage bias and measured the current. A
Python-based protocol developed by Dr Jasper Fried (University of New South Wales) was
utilised to control and monitor the CBD process. For the CBD process, a voltage ramp was
applied, generating an electric field within the range of 0.6-1.6 V/nm across the membrane. A
current threshold was set in advance; when the breakdown occurred, the leakage current
increased dramatically and reached the threshold value, triggering an automatic stop to the
process once the pore was formed. I-V measurements within the range of +400 mV were

performed before and after the CBD process to verify pore formation.

A subsequent pore expansion process was performed to enlarge the pore to the desired size, as
a sub-2 nm pore is typically formed during the CBD process. The electrolyte in the chambers
was replaced with a solution containing 3.6 M LiCl, 10 mM Tris, 1 mM EDTA, pH 8. Voltage
pulse cycles were applied to the pore, and a current threshold at +100 mV was set in advance to
ensure the pore expanded to the required size. Positive and negative voltages were applied
alternately, with each voltage pulse lasting 0.5 seconds. A current check step at £100 mV, lasting

0.2 seconds, followed each voltage pulse. The pore size can be estimated based on Equation 2.4

[7]:
4] 1771
S 2.4
G i 7rd2+l]

where G is the conductance, o represents the conductivity of the electrolyte, / and d denote the
length and diameter of the pore, respectively. It is noteworthy that this equation is based on the

theoretical assumption of a cylindric and symmetric pore geometry.

After pore formation and expansion, the electrolyte in the chambers was rinsed and replaced

with deionised water for subsequent translocation experiments.
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2.2 Nanopore Translocation Experiment

2.2.1 Ag/AgCl Electrode

Ag/AgCl electrodes were utilised in all electrochemical experiments in this study. These
electrodes offer significant advantages, including ease of fabrication, chemical stability, superior
electrical conductivity, and non-polarizable properties [8]. Ag wires (Goodfellow Cambridge,
UK) with diameters of 0.125 mm and 0.25 mm were used to fabricate Ag/AgCl electrodes
through electrochemical deposition. The 0.125 mm wires were employed for nanopore
translocation experiments, while the 0.25 mm wires were used in the CBD process. Ag/AgCl
wires were chosen due to their suitability for nano-scale electrochemical experiments, as their

size is appropriate, and they exhibit negligible polarisation under microcurrent conditions [9].

The electrochemical deposition was performed using a CHI 760 C potentiostat (CH
Instruments). The experimental setup is illustrated in Figure 2.6. Ag wires were connected to
the potentiostat and partially immersed in a 1 M KCl solution. A bias of 2 V was applied for at
least 2 minutes. The Ag wire at the anode was coated with a charcoal-coloured Ag/AgCl layer,
while H, bubbles were observed on the Ag wire at the cathode during the bias applied. Ag/AgCl
electrodes were rinsed with deionised water after the deposition process and after each

nanopore translocation experiment if they were awaiting reuse.
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Figure 2.6 The setup of Ag/AgCl electrode preparation.

2.2.2 Buffer Solution

Nanopore translocation experiments require different buffer solutions, depending on the
analyte species and nanopore geometry. The buffer solutions used in this study primarily
contained KCI (Sigma-Aldrich), LiCl (Sigma-Aldrich), Tris-EDTA buffer (Sigma-Aldrich),
MgCl, (Sigma-Aldrich), and nuclease-free water (Sigma-Aldrich). Before the translocation,
binding and CBD experiments, the buffer solutions were filtered using a 0.2 pm syringe filter
(VWR International). The pH and conductivity o of the buffer solutions were measured using
a pH/ion/conductivity meter (Mettler-Toledo, UK). More detailed information about the buffer

solutions is provided in Table 2.2:

Table 2.2 Buffer solutions.

Buffer Name Ingredients Chapter

Translocation 1 2 M LiCl, 5 mM MgCly, 10 mM Tris, 1 mM EDTA, pH = 8 3,6
Translocation 2 1.5 M LiCl, 5 mM MgCl,, 10 mM Tris, 1 mM EDTA, pH =8 3
Translocation 3 1M KCI, 12.5 mM MgCly, 10 mM Tris, 1 mM EDTA, pH = 8 4,5,6
Translocation 4 1 M KCI, 5 mM MgCl;, 10 mM Tris, 1 mM EDTA, pH =8 6
Binding 1 5 mM Mg Cly, 10 mM Tris, 1 mM EDTA, pH =8 3,6

Binding 2 12.5 mM MgCly, 5 mM Tris, 0.5 mM EDTA, pH = 8 4,5
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CBD 2 3.6 M LiCl, 20 mM Tris, 1 mM 1 mM EDTA, pH =8, 6 = 15.9 S/m 6

CBD 1 1M KCl, 20 mM Tris, 1 mM EDTA, pH =8, 0 = 10.8 S/m 6

2.2.3 Translocation Setup and Ionic Current Measurement

The setup for the nanopore translocation experiments consists of an amplifier, which serves as
the voltage supplier for the nanopore sensing platform and is connected to external ionic
current recording software. (Figure 2.7). Two amplifiers were used in this research. An
AxoPatch 700B Multiclamp amplifier (Molecular Devices, US) with a Digidata 1550B digitizer
(Molecular Devices, US) was utilised for all nanopore I-V characterisation experiments and
translocation experiments in Chapter 6. A Chimera VC100 amplifier (Chimera Instruments,
UK) was employed for translocation experiments in Chapters 3, 4, and 5, as high-bandwidth
measurements were required. The amplifiers were connected to additional devices to enhance
signal processing and transmission. For example, a pre-amplifier headstage was connected to
the AxoPatch Multiclamp amplifier to interface with the electrodes and measure currents below
the nA level, and a DAQ device was used for data acquisition. Data filtration and recording
were performed using a Clampex software (Molecular Devices, US) for the AxoPatch
Multiclamp amplifier and a MATLAB-based graphical user interface (Chimera Instruments,
UK) for the Chimera VC100 amplifier.
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Figure 2.7 Schematic illustration of the nanopore translocation setup and ionic current measurement. a.
Nanopipette translocation setup. b. Devices used in ionic current measurement. c. CBD nanopore translocation

setup.

Analytes were introduced into the cis side (outside the nanopipette) and translocated through
the nanopore to the trans side (inside the nanopipette) by applying a positive bias. This
configuration was used for both nanopipette and CBD nanopore translocation experiments in

this study.

For nanopipette translocation, the translocation buffer was loaded into the nanopipette using a
Microfil needle (MF34G, World Precision Instruments, UK). Bubbles and microbubbles inside
the nanopipette were removed by gently vibrating the pipette with tweezers or by reducing air
pressure with a syringe. The bath, typically the lid of an Eppendorf tube, was filled with a
translocation buffer containing analytes. One Ag/AgCl electrode was inserted into the buffer
inside the nanopipette using tweezers, while the other was immersed in the bath solution. The

Ag/AgCl electrodes were connected to the headstage to complete the current circuit.

For CBD nanopore translocation, pure translocation buffer was added to the cis chamber of the
fluidic cell, while the trans chamber was filled with a translocation buffer containing analytes.
Bubbles and microbubbles were eliminated by carefully pipetting the fluidic cell with a 200 puL
pipette (Eppendorf Research). Ag/AgCl electrodes were immersed into both chambers and

connected to the headstage.
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2.3 DNA-based Carrier Preparation

2.3.1 dsDNA Carrier

Nb.Btsl 2. Nt.BsmAl . 1. Nb.Btsl
= T =
lambda DNA (48.5 kbp)
b 0.5 site receptor 0.2 site receptor 0.5 site receptor
T4 ligase T4 ligase
Cc
d Pcil Pcil
39.4 kbp 9.1kbp 39.4 kbp 9.1 kbp
0.5 site carrier 0.2 & 0.5 site carrier

Figure 2.8 Schematic illustration of the 9.1 kbp dsDNA carrier. a. Nicking step to create single-stranded regions,
the 0.5 site by Nb.BtsI and the 0.2 site by Nt.BsmALI b. Hybridisation step of the receptor sequences with the single-

stranded regions. c. T4 ligase step. d. Digestion step to excise the 9.1 kbp carrier from the lambda DNA.

A 9.1 kbp dsDNA molecular carrier was utilised in Chapter 3. The preparation of the 9.1 kbp
dsDNA carrier was adapted from a strategy previously reported by our group [2], lambda DNA
was used as the starting material and was sequentially treated with enzymes and functionalised

with receptor sequences.

Figure 2.8 illustrates the preparation procedure of the 9.1 kbp dsDNA molecular carrier. First,
25 pL of lambda DNA (500 pg/mL, New England Biolabs) was mixed with 6.4 uL of Nb.BtsI (10
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units/pL, New England Biolabs), 10 pL of 10x rCutSmart buffer (New England Biolabs), and
additional nuclease-free water (Sigma-Aldrich) to achieve a total volume of 100 pL. The mixture
was incubated at 37 °C for 60 min and then inactivated at 80 °C for 20 min, exposing a 45-base
single-stranded region at the 0.5 site. To create an additional 32-base single-stranded region at
the 0.2 site, 6.4 pL of Nt.BsmAI (10 units/pL, New England Biolabs) was added, and the mixture
was incubated at 37 °C for 60 min, followed by inactivation at 80 °C for 20 min. 1 uL of receptor
sequences (20 uM, 100x excess) was added to the mixture to displace and hybridize to the
nicking sites using a hybridisation protocol: heating to 95 °C for 5 min, quenching to 15°C at a
rate of 1 °C/min, and holding at 4 °C. The receptor sequences (Integrated DNA Technologies,
IDT) were ordered in tubes which is purified by standard desalting. 7.2 uL of T4 DNA ligase
(400 units/pL, New England Biolabs) and 12 pL of T4 ligation buffer (New England Biolabs)
were added to the mixture and incubated at 22 °C for 2 hours and inactivated at 65 °C for 15
min in the next ligation step. Finally, the product was mixed with 3.2 pL of Pcil (10 units/ pL)
and incubated at 37 °C for 1 hour and inactivated at 80 °C for 20 min to digest and excise the
9.1 kbp carrier from the lambda DNA. A TC-3000 thermal cycler (TECHNE) was employed for

the above reactions.

The separation of the 9.1 kbp dsDNA from the DNA fragments was performed using gel
electrophoresis. The reaction product was mixed with 40 uL of gel loading dye (Purple, 6x, New
England Biolabs) and nuclease-free water (Sigma-Aldrich) to achieve a total volume of 240 pL.
The prepared sample was loaded onto a 0.7% (w/v) agarose gel in 1x TBE buffer (Sigma-
Aldrich). Gel electrophoresis was conducted at 5 V/cm for 100 min. The gel was then stained
with 1x SYBR Safe (SYBR Safe DNA Gel Stain, Thermo Fisher) in 1x TBE buffer for at least 2
hours in the dark. The 9.1 kbp dsDNA carrier band was excised using a gel imaging LED light
box (Biotium Inc.) and collected in an Eppendorf tube. The extraction of the carrier was
performed using a gel extraction kit (T1020L, Monarch DNA Gel Extraction Kit, New England
Biolabs). The concentration and purity of the 9.1 kbp dsDNA carrier were determined using a
Nanodrop 2000c device (Thermo Scientific) by measuring UV-Vis absorbance from 220 nm to
350 nm. DNA purity was assessed using the A260/A280 and A260/A230 ratios, with expected

values for pure DNA ranging from 1.80 to 2.00 for A260/A280 and from 2.00 to 2.20 for
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A260/A230. The 9.1 kbp dsDNA carrier products were stored at -20 °C for subsequent

experiments.

2.3.2 DNA Origami Hinge

A DNA origami hinge molecular carrier was used in Chapters 4 and 5. The DNA origami hinge
sample was provided by our collaborator, Dr Joshua Johnson (Imperial College London), a
former postdoctoral researcher in the Di Michele group. The three-dimensional DNA origami
hinge nanostructure was designed using an open-source origami design software called

caDNAno. The scaffold routing of the hinge is illustrated in Figure 2.9.

The preparation of the hinge is as follows: hinge staples were ordered in plates (Integrated DNA
Technologies, IDT), purified by standard desalting and suspended in 10 mM Tris, 0.1 mM
EDTA buffer. Fluorescently labelled oligos and latching overhangs (Integrated DNA
Technologies, IDT) were ordered in tubes with HPLC purification. Hinges were self-assembled
in folding reactions composed of 20 nM scaffold (8064 bp, Tilibit Nanosystems), 100 nM staples,
18 mM MgCl,, 10 mM Tris, 1 mM EDTA buffer. The folding reactions were annealed from
65 °C to 25 °C over 16 hours and then cooled to 12 °C in a C1000 Touch Thermal Cycler (Bio-
Rad Laboratories). Hinges folded in the extended state included 500 nM of each extender strand,
while hinges folded in the closed state typically included 1.5 uM of each closer strands (3x excess

for each closer overhang pair).

Hinges used in bulk fluorescence characterisation were purified via polyethylene glycol (PEG)
precipitation. After annealing, a standard volume of 500 pL of hinge folding reaction was mixed
in equal volumes with a solution of 15% (w%) 8000 kDa PEG (PEG8000, Sigma-Aldrich) with
500 mM NaCl. The mixture was briefly vortexed and centrifuged at 16000x g for at least 25
minutes. The supernatant was discarded, and the remaining pellet was resuspended in 5 mM
Tris, 0.5 mM EDTA buffer with 12.5 mM MgCL. Hinges for nanopipette experiments were

purified via gel electrophoresis. Hinge folding reactions were mixed with gel loading dye and
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run through a 2% (w%) agarose gel typically at 80 V for 45 minutes. The leading band in the gel
was excised and transferred to a Freeze 'N Squeeze™ DNA Gel Extraction Spin Column (Bio-
Rad Laboratories) which was then centrifuged at 10000x g for 10 minutes. The concentration
of hinge in the resulting effluent was quantified using a Nanodrop One (Thermo Scientific) and
was typically 1-2 nM. For all nanopipette experiments, it was assumed that gel-purified hinges
were at approximately 1.5 nM. After PEG or gel purification, the quality of the hinges was
verified by imaging with an FEI Tecnai G2 spirit transmission electron microscopy (TEM) using

either 2% (w%) uranyl formate or uranyl acetate stained formvar TEM grids.

Figure 2.9 The caDNAno scaffold routing of the DNA origami hinge.

2.4 Data Analysis

Nanopore translocation data were processed using a custom MATLAB script named ‘The
Nanopore App,” developed by Prof. Joshua Edel (Imperial College London). Below, the
procedure for data analysis using this MATLAB-based script is demonstrated with data
collected from the nanopipette translocation of the 500 pM 9.1 kbp dsDNA carrier in a 2 M

LiCl translocation buffer under 300 mV.
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Step 1: Data loading and refiltering (Figure 2.10). Nanopore translocation data recorded in
Axon Binary File format (abf.) by the AxoPatch Multiclamp amplifier with a pClamp 10.5
software or in Log File format (log.) by the Chimera amplifier were directly loaded into the app.
Multiple files could be loaded simultaneously by selecting them from the same folder. However,
loading multiple files with excessively large sizes may cause the software to stop or crash. A
recorded trace was displayed after the data was loaded. An appropriate refiltering or resampling
operation was then applied to the original trace to improve the signal-to-noise ratio for analysis.
This step was necessary because the data were recorded at a high sampling rate to ensure data
integrity and filtered using a relatively high low-pass Bessel filter to avoid over-filtering. For
instance, the demonstration data were recorded at 4.16 MHz using the Chimera amplifier, and

a 20 kHz low-pass filter was applied during the refiltering operation in the app.
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Figure 2.10 Data loading and refiltering in “The Nanopore App’.

Step 2: Baseline tracking and threshold defining (Figure 2.11). The baseline of the trace was
tracked using polynomial fitting to eliminate trace fluctuations and improve event classification.

The parameters ‘Step,” ‘Poly-1,” and ‘Poly-2’ were adjusted to optimize the baseline fitting. ‘Step’
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represents the sampling rate used for baseline tracking, while ‘Poly-1’ and ‘Poly-2’ are the
coefficients in the polynomial fitting. A higher ‘Step’ value means more sample points are used
in the polynomial fitting, but this increases processing time. Decreasing ‘Poly-1’ and increasing
‘Poly-2’ are suitable for baseline tracking of a fluctuating trace. Balancing these parameters is
essential for successful baseline tracking. The tracked baseline was displayed as a red line on the

trace, and the trace was then corrected using an asymmetric least square smoothing algorithm.

An open-pore current histogram was generated and fitted using a Poisson distribution function,
displayed as a red curve. Two thresholds, ‘std” and ‘SO,” were defined and used for subsequent
peak identification. These thresholds were represented as a black line and a green line on the
corrected trace figure, respectively. Current signals above the ‘std’ threshold were identified as
events, while the ‘SO’ threshold was used set the cutoff to determine the start and end points of
an event. In this example, ‘SO’ was set to the default value of 1.8 times the square of standard
deviation above the mean open-pore current, and ‘std’ was adjusted to 9 times the standard

deviation above the mean to avoid detecting noise.
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Figure 2.11 Baseline tracking and threshold defining in “The Nanopore App’.
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Figure 2.12 Peak finding in “The Nanopore App’.

Step 3: Peak finding (Figure 2.12). Current peaks above the previously defined ‘std’ threshold
were selected and identified as events. An additional ‘thresholds” segment could be used to
quickly select events of interest. Selected events were then refined using the CUSUM
(cumulative sum) algorithm by adjusting specific parameters. The CUSUM fit was displayed as
a dashed red line on the events. Parameters were adjusted to optimize event refinement.
‘Approx delta’ represents the detection level for a shift in the process mean. ‘Sigma’ is related to
the noise level. ‘Max levels” determines the maximum peak current levels. ‘Min bin’ defines the
step size of the temporal axis. “+/- bin’ is associated with the width of the selected time scale.
‘Min dI refers to the step size of the current axis. This algorithm is designed to detect current
shifts between changepoints of segments with stationarity. Another algorithm, named ADEPT,
could also be applied for event refinement. ADEPT is more suitable for short dwell-time events,
such as sharp triangular-shaped nanoparticle translocation events. It is worth noting that the
choice of algorithm is highly dependent on the specific data. In this study, only the CUSUM

algorithm was employed.
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Current level, translocation time, peak amplitude, peak area, and subpeak information were

obtained and listed alongside each event. Events were manually checked, and poorly refined

events or false positives were removed. The information from the processed events was then

exported to the MATLAB workspace. Further data analysis and visualisation were performed

using OriginPro and GraphPad Prism.
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Figure 2.13 Peak statistics in “The Nanopore App’.

Step 4: Peak Statistics (Figure 2.13). Processed data could be further statistically analysed using

the app. In this step, statistics such as dwell time, peak current, and charge were processed and

visualised in the form of histograms and scatterplots. The distribution of events was discerned

from the plots as a preliminary observation. The distribution can be fitted using parametric

probability distribution functions, such as Gaussian, lognormal (Ling), exponential and others.

The mean and standard deviation values can subsequently be determined.

97



Methodology

The frequency of the translocation, also known as capture rate, can also be determined in the
app. The capture rate can be approximately estimated by counting the number of occurrences

over a sufficiently long time period, and is expressed as:

2.5

Nl =

where r represents the capture rate, N denotes the number of events occurring within the time
T. If the time interval AT is extremely short, the probability of detecting an event within AT can
be expressed as rAT. Consequently, the probability of no event occurring in AT is given by 1 —
rAT. When the total observation period is divided into # intervals of AT such that T'= nAT, the
probability of no events occurring within this period can be determined using the following
equation:

P(T) ~ (1 — rAT)" 2.6

If the time is sufficiently long, Equation 2.6 can be rewritten to:

P(T) ~ lim (1 —rAT)" = e 2.7

The probability Pi(¢) of observing an interval [ of time length ¢ between consecutive events is

given by:

P,(t)dt = P(T)rdt 2.8

Equation 2.7 and Equation 2.8 can be combined and expressed as:

P (t) =re "t 2.9
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The time intervals between events were automatically calculated by the app and plotted. By

fitting the data using Equation 2.9, the capture rate was determined.

Step 5: Subpeak Statistics (Figure 2.14). Subpeak analysis was performed for nanopore
translocation data relevant to the 9.1 kbp carrier. Events refined by the CUSUM algorithm were
further analysed in this step. Information related to subpeaks, such as the number of subpeaks,
subpeak location, subpeak width, and subpeak amplitude, was obtained. Additionally,
thresholds were used to isolate events of interest. For example, subpeak amplitude and subpeak
width were used to filter out folded dsDNA events, ensuring that only true positive events were

displayed. A fractional peak location threshold was applied to isolate positive events at specific

sites on the dsDNA carrier.
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Figure 2.14 Subpeak Analysis in “The Nanopore App’.

2.4.1 Binding Analysis
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Binding (Positive) Analysis was systematically performed to assess the binding efficiency and
conduct further quantitative analysis aimed at investigating the sensitivity and selectivity of our
nanopore sensing platform. This analysis was based on event data extracted from the peak and
subpeak statistics steps within “The Nanopore App’ data processing framework, reducing
human error by relying on numerical-based data processing. Specifically, for the dsDNA
carrier-based nanopore sensing platform described in Chapter 3 and Chapter 6, the fractional
subpeak position was adopted as the primary criterion for identifying positive events, providing
a reliable method for distinguishing binding events. In contrast, for the DNA origami hinge
carrier-based nanopore sensing platform discussed in Chapter 4, Chapter 5, and Chapter 6,
the peak current or peak amplitude served as the defining criteria for detecting positive events,

offering a distinct approach for event recognition in this system.

2.4.1.1 Fractional Subpeak Position Threshold

For the detection of miRNA-141-3p, the threshold for the normalised subpeak position was
defined as 0.5 + 0.2. This value closely aligns with the expected location of the miRNA-141-3p
binding site, which was designed to correspond to a fractional position of 0.5, based on the
molecular carrier sequence. Subpeak amplitude was not utilized for event discrimination due
to the similarity in amplitude between folded DNA and streptavidin-bound events. The
occurrence of DNA knots during translocation is rare, and therefore, all miRNA-bound events
could be effectively isolated using the normalized peak position. To ensure accurate event
counting, all folded events were manually cross-verified, as partial folding may cause a slight

shift in the fractional position.

For the multiplexed detection of miRNA-7-5p and miRNA-382-5p, the thresholds for the
normalized subpeak position were defined as 0.2 + 0.1/0.8 + 0.1 and 0.5 + 0.2, respectively. The
first threshold was chosen based on the fact that miRNA-7-5p binds to a fractional position of
0.2, near the end of the molecular carrier, with instances observed where both ends of the carrier

entered the nanopore. The second threshold value closely corresponds to the expected binding
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site of miRNA-382-5p, which was designed to align with a fractional position of 0.5. Notably,
these threshold ranges for the two miRNAs do not overlap, effectively preventing crosstalk
between their binding secondary peaks. Moreover, the likelihood of both miRNAs exhibiting
secondary peaks simultaneously in a single event is minimal. To ensure accurate event counting,
all folded events were manually cross-verified, as partial folding can result in slight shifts in the

fractional position.

2.4.1.2 Peak Current Threshold

A sample-specific peak current threshold was implemented for the identification of positive
events in the nanopore detection of miRNA-141-3p using the DNA origami hinge carrier. This
threshold was chosen due to the distinct peak current differences between the closed hinge and
the extended (reconfigured) hinge states. The rationale behind selecting this specific threshold
value is detailed in Chapter 5. By setting this threshold, we are able to effectively identify
positive events, even at low miRNA concentrations, while minimising standard errors.
Furthermore, this approach helps reduce interference caused by hinges in the intermediate state,

ensuring more accurate and reliable event detection.
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Chapter 3 Nanopore Detection of miRNA with dsDNA

Carrier

Synopsis

This chapter explores a nanopore-based miRNA detection strategy utilising a functionalised
dsDNA carrier and a sandwich complex approach. A dsDNA carrier was designed and
functionalised to facilitate selective miRNA binding, with a streptavidin probe incorporated to
enhance detection signals. The dsDNA carrier was characterised through electrophoretic and
nanopore-based analyses. To optimise detection performance, various translocation buffer
conditions were evaluated, and the detection of miRNA-141-3p was investigated both directly
and in the presence of a dsDNA carrier. The study also extends to multiplexed detection of
miRNA-7-5p and miRNA-382-5p, demonstrating the adaptability of this approach for
detecting multiple targets. Additionally, miRNA incubation conditions were refined to enhance
the binding ratio. These advances lay the groundwork for nanopore-based miRNA detection,

with potential applications in biomedical diagnostics.



Nanopore Detection of miRNA with dsDNA Carrier

Chapter 3 Nanopore Detection of miRNA with dsDNA Carrier.................. 103

3.1 INtrOAUCHION .ttt ettt be e b s e s e sesa s ebese st esesassesessesenes 105
3.2 MELROMAS .ottt ettt ettt b et s s beae b se et e se e ranen 107
3.2.1 ASDNA Carrier Preparation.......occovcreurieeeireeeiseeunieseesesessesesssesessesessesesssesessssessessssssesessesessssesesns 107
3.2.2 DNA Carrier-miRNA-Streptavidin Probe Complex Preparation ...........ccceeeveeerencereneeerneennnne 109
3.3 Results and DiSCUSSION. .......cecirreeriereieieteieteestetetete e e se e sesessese s ese e sese s esessssesessssesessesenes 110
3.3.1 Nanopipette CharacteriSation ..........coeeeeeeireeeurieurieeeinesesseeiseeeessesessesesesese s ssesessesesessesessssesenns 110
3.3.2 dSDNA Carrier CharacteriSation ..........coceueveveievevererererererereererereseeee e sesessssesssssssssesesesesesesesesesesenes 111
3.3.2.1 Gel ElECtIOPROTESIS .. cecvuvriuiniieeitiriae ittt sttt st e bttt 111
3.3.2.2 Nanopore Study of ASDNA CaITIEr ........coueuiurereeermrsereerienreeneasessessesssese e ssessessessessessessssssssssssssessesns 112
3.3.3 Detection of mMiRNA With dSDNA CaITIer ......cceevevevererererererereteeeeeeeeesessssssesesesesesesesesesesenes 113
3.3.3.1 Direct Detection of MIRINA-T41......cccoeereieiiieieeerereteteeeseese e ese s s sesese s s seses s s sesesesesesesasans 114
3.3.3.2 Translocation Buffer SEIECHION ........ccueveveieiiiieeeteete ettt se bbb bbb sennenaes 114
3.3.3.3 Detection of miRNA-141 With ASDINA CaITier .......ccceivurieeererererererereeeeeeesseesesesesesesessesesesesesesesessans 116
3.3.3.4 Multiplexed Detection of miRNA-7 and miRNA-382 with dSDNA Carrier .........cocvevereverreeererrennene 118
3.3.3.5 miRNA Binding Optimisation ..o ssssssssesssssassssssses 120

3.4 CONCIUSION....cuiuieteeiieieieieteste ettt ettt se et e et et e s e b e e s e s e e s esessesesessesessesesessesassesesessesensssesansesanes 122
3.5 RELEIEIICES ...vvvveeeiieieteteteect ettt ettt b et as e s b b ss s s st esebebessssasas s ebebesassasssesesesesnns 122

104



Nanopore Detection of miRNA with dsDNA Carrier

3.1 Introduction

miRNAs are a class of small, non-coding RNAs, typically averaging 22 nucleotides in length,
that regulate gene expression at the post-transcriptional level [1, 2]. They play a critical role in
organisms for several reasons: (1) miRNAs regulate protein expression by binding to mRNAs
in a complementary manner, leading to mRNA degradation or translational repression [3, 4];
(2) miRNAs are closely associated with various diseases, including cancer, neurodegenerative
disorders, and metabolic diseases such as diabetes, and are regarded as potential biomarkers
and therapeutic targets [5-7]; and (3) miRNAs are evolutionarily conserved and play a crucial

role in various biological processes [8, 9].

miRNAs have been widely applied in clinical research, with one of the most promising
applications being their use for early diagnosis and prognostic assessment of cancer,
cardiovascular diseases, and [10-12]. This is because miRNAs can be released from cells into
bodily fluids and remain stable in biological environments such as blood, urine, and tissues.
Commonly used miRNA quantification methods, including RT-qPCR [13, 14], northern blot
[15, 16], microarray [17], and high-throughput small RNA sequencing [18], often require
laborious sample pretreatment procedures, involve tedious data processing steps, or lack

sufficient sensitivity.

Single-molecule detection techniques offer significant potential for improving diagnostics,
especially when applied directly to patient-derived samples [19, 20]. Among these methods,
nanopore sensing is particularly notable for its high-precision detection and characterisation of
individual biomolecules [21, 22]. This technique enables real-time, single-molecule analysis,
providing single-molecule level insights that are beyond the reach of conventional bulk sensing
approaches. However, its application in early-stage diagnostics remains challenging due to the
need for exceptionally high sensitivity, selectivity, and compatibility with complex biological
fluids [23, 24]. Achieving a sufficient SNR requires the nanopore size to closely match that of

the target biomolecule, posing a particular challenge for small biomolecules such as miRNAs
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and small proteins, which often generate low SNR signals [23], making detection difficult.
Additionally, nanopore sensing inherently lacks selectivity in biological fluids, which contain
multiple biomolecules of similar size, shape, and charge, further complicating specific target
identification. Therefore, improving both sensitivity and selectivity is crucial to fully unlocking

the diagnostic potential of nanopore technology.

A promising strategy to address these challenges is the use of molecular carriers [23, 25]. These
carriers bind to target biomolecules, ensuring that their passage through the nanopore produces
distinct ionic current signals that can be differentiated from those of the carriers alone [26, 27].
This approach offers several key advantages. First, molecular carriers regulate translocation
speed, improving signal resolution by aligning the movement of the target with that of the
carrier. Second, they enhance the capture rate of target molecules—particularly DNA, due to its
linear and elongated structure—thereby increasing sensitivity. Finally, molecular carriers offer
versatility, as their receptor components can be readily modified to accommodate diverse
applications.

To date, various linear DNA molecular carriers, in combination with nanopore sensing
platforms, have been developed for detecting protein and nucleic acid biomarkers [28-30].
Typically, DNA carriers are functionalised with a receptor that specifically binds to the target
biomarker. The presence of a bound biomarker is indicated by a subpeak superimposed on the
DNA signal. In some studies, multiple receptors have been anchored at different sites on DNA
carriers to enable multiplexed sensing [26, 31]. More recently, the sandwich structure concept,
inspired by enzyme-linked immunosorbent assay (ELISA), has been adapted to molecular
carriers for detecting small-sized biomarkers [32, 33]. In these studies, an extra reporter probe
can bind to the target biomarker, further enhancing the subpeak signal during nanopore

translocation.

In this chapter, a 9.1 kbp dsDNA derived from lambda DNA was utilised as a molecular carrier
(Figure 3.1). A nicked 0.2 site and a 0.5 site (with the dsSDNA carrier represented as 0-1) were
functionalised with ssDNA receptor sequences for the selective binding of target miRNAs. To

enhance the subpeak signal, a streptavidin (~52.8 KDa) probe was employed as a reporter. The
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successful formation of the sandwich-structured DNA carrier-miRNA-streptavidin probe
complex resulted in a distinct subpeak superimposed on the DNA signal. Additionally,

multiplexed miRNA sensing was achieved by functionalizing the 0.2 and 0.5 sites with different

ssSDNA receptor sequences.

a
9.1 kbp dsDNA
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3 miRNA (0.2)
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Figure 3.1 Design and nanopore sensing of miRNAs using a 9.1 kbp dsDNA carrier. a. The 9.1 kbp dsDNA carrier
(0-1) enables the formation of a DNA carrier-miRNA-streptavidin probe sandwich structure. The 0.2 and 0.5 sites

can be used to detect different miRNAs. b. Schematic of the nanopore sensing platform. c. Representative

nanopore translocation event of the miRNA-bound dsDNA carrier.

3.2 Methods

3.2.1 dsDNA Carrier Preparation
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The detailed method for preparing the 9.1 kbp dsDNA carrier is described in Chapter 2. Pcil
was used to excise the 9.1 kbp dsDNA carrier from the 48.5 kbp lambda DNA. Two types of
nicking endonucleases were employed: Nb.BtsI, which creates a 48-base single-stranded region
at the 0.5 site on the dsDNA carrier, and Nt.BsmAI, which generates a 32-base single-stranded
region at the 0.2 site. The DNA sequences of the action sites for the enzymes mentioned above

are shown in Figure 3.2.

39.4 kbp 9.1 kbp

Pcil  Nt.BsmAl Nb.Btsl
5...GA|CATG TG...3’ / I r'

3..CT GTACIAC...5 52 AG CGA GAC T6G CTC 166 AGT GGA AAG CGA GAT GG G6,.3°
3’ T |GCT CTG ACC GAG ACC TCA CCT TTC GCT CTA cc| e

|
5"..TG AAA CCA CTC AAG TTT GCC AAC CAA ATG TAT ATC GAT ACC GGC GCAGTG TT...%
3'..AC|TTT GGT GAG TTC AAA CGG TTG GTT TAC ATA TAG CTA TGG CCG CGT CACAA...5’

Figure 3.2 Enzymes used for 9.1 kbp dsDNA carrier preparation.

The ssDNA receptor sequences were partially complementary to the nicked single-stranded
region and partially complementary to half of the target miRNA sequence. Additionally, the
streptavidin probe consists of a streptavidin-conjugated biotinylated ssDNA sequence, which is
complementary to the other half of the target miRNA sequence. Thus, hybridisation between
the receptor-functionalised dsDNA, the target miRNA, and the streptavidin probe results in the
formation of a sandwich structure. The DNA sequences used in this chapter are shown in
Figure 3.3. The receptor sequences were phosphorylated at the 5’ terminus to serve as substrates
for DNA ligase, which seals the gap between adjacent residues at a single-stranded break on a

double-stranded substrate.

The phosphorylated receptor sequences and biotinylated ssDNA sequences (Integrated DNA
Technologies, IDT) were ordered in tubes which is purified by standard desalting. The
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concentration of these sequences was determined using a Nanodrop 2000c device (Thermo
Scientific) by measuring UV-Vis absorbance from 220 nm to 350 nm. The sequences were then

diluted to 200 uM with nuclease-free water (Sigma-Aldrich) and stored at -20 °C until use.

a
miR-141 receptor
5'-Phos- CAC TGC GCC GGT ATC GAT ATA TTT TTT -3
MIiRNA-141 3- -5
streptavidin reporter 5'- TTT TTT-biotin- 3
b
miR-7 receptor
VK miR-382 receptor
5'-Phos- CAC TGC GCC GGT ATC GAT ATATTTTTT -3’
mMiRNA-382 3'- -5
streptavidin reporter  5'- TTT TTT-biotin- 3’
5-Phos- CCATCT CGC TTT CCA CTC CAG AGC CAG TCT CG TTT TTT AAC AAC AAA ATC -3’
j miRNA-7  3'- UUG UUG UUU UAG 5
; streptavidin reporter 5'- TTT TTT-biotin- 3’

Figure 3.3 Sequences used for detection of miRNAs. a. Schematic representations of 0.5 site 9.1 kbp dsDNA carrier
used for detection of miRNA-141-3p. b. Schematic representation of 0.2 and 0.5 sites 9.1 kbp dsDNA carrier used

for multiplexed detection of miRNA-7-5p and miRNA-382-5p.

3.2.2 DNA Carrier-miRNA-Streptavidin Probe Complex Preparation

For the detection of miRNAs, the 9.1 kbp dsDNA carrier at a concentration of 5 nM was
incubated with miRNAs (at variable concentrations), 100 nM of each streptavidin reporter

sequence and 500 nM of streptavidin (1 mg/mL, New England Biolabs) at 37 °C for 20 hours.
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The incubated samples were then diluted with a buffer containing 2 M LiCl or 1.5 M LiCl, 5
mM MgCl,, 10 mM Tris, and 1 mM EDTA (pH = 8) to achieve a final carrier concentration of

500 pM for subsequent nanopore translocation experiments.

An alternative method involving a ligase step was also employed. The 9.1 kbp dsDNA carrier at
a concentration of 5 nM was incubated with miRNAs (at variable concentrations) and 100 nM
of each streptavidin reporter sequence at 37 °C for 2 hours. T4 RNA ligase 1 (10,000 units/mL,
New England Biolabs) at a volumetric ratio of 1:20 and T4 RNA ligase reaction buffer (10x, New
England Biolabs) at a volumetric ratio of 1: 10 were added to the samples, which were kept on
ice during the addition. The samples were then incubated at 37 °C for 15 min and inactivated
at 65 °C for 15 min. A QIAquick Gel Extraction Kit (QIAGEN N.V.) was utilised for clean-up
and extracting DNA carrier and DNA carrier-miRNA complex. The concentration of the
carrier in the extracted samples was determined using a Nanodrop 2000c device (Thermo
Scientific). Then above samples were then incubated at a carrier concentration of 2 nM with
200 nM of streptavidin at 37 °C for 2 hours. The samples were then diluted with a buffer
containing 1.5 M LiCl, 5 mM MgCl,, 10 mM Tris, and 1 mM EDTA (pH = 8) to achieve a final

carrier concentration of 500 pM for subsequent nanopore translocation experiments.

3.3 Results and Discussion

3.3.1 Nanopipette Characterisation

The nanopores used in this chapter were nanopipettes fabricated using Protocol 1 (Table 2.1).
The SEM image of the nanopipette is shown in Figure 2.3. A conical-shaped nanopore was
formed at the tip of the nanopipette, with a diameter calculated to be 15 + 3 nm based on

measurements from five nanopipettes.
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Figure 3.4 I-V characterisation of the nanopipettes fabricated using Protocol 1. The measurements were
performed in 2 M LiCl, 5 mM MgCl,, 10 mM Tris, 1 mM EDTA, pH = 8. The conductance of the quartz nanopore
was 18.7 £ 3.1 nS (n = 8), calculated from the ohmic region (+ 100 mV). The error band represents one standard

deviation.

Electrochemical characterisation was conducted using I-V measurements (Figure 3.4). This
process involved applying a voltage range of —400 mV to +400 mV in 50 mV increments across
the nanopipette while it was immersed in a buffer solution containing 2 M LiCl, 5 mM MgCl,,
and 10 mM Tris 1 mM EDTA (pH = 8). The conductance of the quartz nanopipettes was
determined to be G = 18.7 £ 3.1 nS using Equation 2.1, based on measurements from eight

different nanopipettes.

3.3.2 dsDNA Carrier Characterisation

3.3.2.1 Gel Electrophoresis

Gel electrophoresis characterisation was performed after all hybridisation and enzyme reaction

steps (Figure 3.5). Lane 1 was loaded with the reaction product, while lane 2 was loaded with a
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1 kbp extended DNA ladder for reference to estimate the length of the DNA fragments and
identify the target 9.1 kbp dsDNA carrier. Three DNA fragments were observed, corresponding
to three distinct bands in the gel electrophoresis. The lagging band and the 9.1 kbp band were
DNA fragments digested by Pcil. However, an additional band with a length of approximately
5 kbp was observed, corresponding to a DNA fragment generated by two nicking sites on

opposite strands of the lambda DNA.

Figure 3.5 Gel electrophoresis of the 9.1 kbp dsDNA carrier after all enzyme and hybridisation reactions (lane 1:

reaction product; lane 2: 1 kbp extended DNA ladder).

3.3.2.2 Nanopore Study of dsDNA Carrier

Nanopore translocation experiments were conducted to study the 9.1 kbp dsDNA carrier
(Figure 3.6). A translocation buffer containing 2 M LiCl, 5 mM MgCl2, 10 mM Tris, and 1 mM
EDTA (pH 8) was used, and 500 pM of the dsDNA carrier was introduced into the bath. With
a 300 mV bias applied, dsDNA carriers were translocated through the nanopore, resulting in
ionic current blockades. The translocation events of the dsDNA carrier exhibited a steady
platform shape. Additionally, events with a secondary platform were observed, indicating that

the DNA folded while translocating through the nanopore.
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Quantitative analysis was performed to further characterize the translocation behaviour of the
dsDNA carrier. Two populations of translocation events were identified, with mean dwell times
of 958 + 225 us and 1420 + 157 ps and peak currents of 62 + 7 pA and 95 + 10 pA, respectively.
This is attributed to the folded DNA exhibiting a faster translocation speed and a secondary
peak current level. The amplitude of the current blockade is proportional to the hydrodynamic
cross-section of the DNA molecule, while the dwell time is proportional to the DNA length [34,
35]. The mean charge equivalent value was calculated to be 301 + 31 fAs, further confirming
the two distinct translocation behaviours of the dsDNA carrier. The folding ratio of the 9.1 kbp

dsDNA was calculated to be 62.4 + 4.8% (n = 3).

a _ b 150962
9.1 kbp dsDNA carrier
€ 1004 ti =958 + 225 s
= -y
= +
3 ) . t:= 1420 £ 157 ps
0 il -
300 mY, 5.95 nA 0 1000 2000 3000 4000
Dwell Time (ps)
Ll Fr
= A IP1= 62+ 7 pA
S 1004 /A =
20 pA S Ip2=95 + 10 pA
5s \J
0 / LLLS :
0 100 200 300
Peak Current (pA)
300 553
£ 200
o 5 " c=301+31fAs
P \_ 8 100
0.5ms / \
0 W_,,/ e
0 200 400 600 800

Charge (fAs)

Figure 3.6 Nanopore translocation study of 9.1 kbp dsDNA carrier. a. Current-time trace and typical events.
Experiments were performed in 2 M LiCl, 5 mM MgCl,, 10 mM Tris, 1 mM EDTA, pH = 8, and at a voltage bias

of 300 mV. b. Dwell time and peak current statistics.

3.3.3 Detection of miRNA with dsDNA Carrier
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3.3.3.1 Direct Detection of miRNA-141

miR-141-3p, a member of the miR-200 family, has been extensively studied in the context of
cancer, inflammation, and metabolic diseases. It holds significant potential for early cancer
diagnosis, as serum miR-141-3p serves as a biomarker for PCa and colorectal cancer (CRC) [36,
37]. Furthermore, miR-141-3p has demonstrated utility in both the diagnosis and treatment of

cancer.

A control nanopore translocation experiment was conducted to directly detect miRNA (Figure
3.7). The translocation buffer consisted of 2 M LiCl, 5 mM MgCl,, 10 mM Tris, and 1 mM
EDTA (pH 8). miRNA-141-3p at a concentration of 50 nM was introduced into the bath. A 300
mV voltage was applied, but no translocation events were observed during the experiment. This
result highlights the challenge of detecting small biomolecules using nanopipettes due to their

size disparity.

4®_|
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40 pA

10s
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=

Figure 3.7 Nanopore sensing of miRNA-141-3p (500 pM). Experiments were performed in 2 M LiCl, 5 mM MgCl,,

10 mM Tris, 1 mM EDTA, pH = 8, and at a voltage bias of 300 mV.

3.3.3.2 Translocation Buffer Selection
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In nanopore translocation experiments, three key parameters require careful consideration:
translocation time, peak current, and capture rate. Sufficient dwell time ensures adequate
temporal resolution for signal analysis, while peak current similarly affects signal clarity. The
capture rate determines whether a statistically significant number of events can be detected
within a given timeframe for reliable quantitative analysis. Achieving successful nanopore
translocation depends on the appropriate selection of the translocation buffer to meet these

requirements.

Translocation buffers containing 2 M or 1.5 M LiCl, 5 mM MgCL, 10 mM Tris, and 1 mM
EDTA (pH 8) were selected for nanopore detection of miRNA-141-3p using the dsDNA carrier.
LiCl was chosen because DNA translocation time in LiCl is significantly longer than in KCl or
NaCl, which is attributed to the strong binding of Li* to DNA, resulting in a reduced net force
and lower translocation velocity, as observed in simulations [38]. MgCl, was included for its

stabilizing effect on DNA structure.

Figure 3.8 presents the comparative translocation results obtained in 2 M and 1.5 M LiCl buffer
solutions. While both conditions enabled effective detection, the 2 M LiCl demonstrated
marginally better performance, showing a longer mean dwell time (1.42 + 0.28 ms vs. 1.28 +
0.17 ms) and a greater mean current blockade amplitude (68.3 + 6.9 pA vs. 53.8 £ 4.9 pA). This
is attributed to the increased number of bound ions at higher salt concentrations. Notably, both
conditions permitted clear identification of miRNA-streptavidin complex subpeaks. The mean
capture rates were calculated to be 0.17 £ 0.02 s for 2 M LiCl and 0.35 £ 0.11 s for 1.5 M LiCL
This result aligns with previous studies, which have shown that the capture rate is inversely

correlated with translocation time in DNA nanopore detection [38, 39].
1.5 M LiCl translocation buffer was chosen for further nanopore detection of miRNA with

dsDNA carrier, as this concentration provides an optimal balance between effective signal

processing and sufficient capture rate.
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Figure 3.8 Experiments showing the nanopore detection of miRNA-141-3p using the dsDNA carrier in 2 M and
1.5 M LiCl buffer solutions. a. Example translocation events for unbound dsDNA carrier and miRNA-141-3p
bound dsDNA carrier. b. Box plot showing the capture rate for nanopore detection in 2 M and 1.5 M LiCl. The
black central line represents the median, the bottom and top edges mark the one standard error, and the whiskers

represent 1.5x interquartile range (IQR). The measurements were performed with six independent nanopores.

3.3.3.3 Detection of miRNA-141 with dsDNA Carrier

To investigate the feasibility of applying the sandwich complex to nanopore sensing of miRNA
with dsDNA carrier, nanopore experiments were conducted (Figure 3.9). The 9.1 kbp dsDNA
carrier was incubated with miRNA-141-3p, reporter sequence, and streptavidin for 20 hours
before detection. Example events are shown in Figure 3.9a, where the subpeaks of bound
miRNA-streptavidin (green) are superimposed at the middle of the dsDNA event (grey),
corresponding to the 0.5 binding site of the dsDNA carrier. In addition, it is worth noting that
some events exhibit both subpeaks and signal peaks from DNA folding, which represents the
most significant limitation of using dsDNA carriers for nanopore detection of target molecules
[26, 28]. However, these DNA folding signal peaks do not affect subpeak discrimination because
folding only occurs at the dsDNA carrier ends. Subpeaks from bound miRNA-streptavidin
remain clearly recognizable even when substantial folding occurs (e.g., when half or more of the

dsDNA is folded).
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Figure 3.9 Nanopore detection of miRNA-141-3p using dsDNA carrier-miRNA-streptavidin complex strategy.
a. example events for: (i) receptor sequence modified 9.1 kbp dsDNA carrier, (ii) partially folded dsDNA carrier,
(iii) dsDNA carrier-miRNA-streptavidin complex, and (iv) partially folded dsDNA carrier-miRNA-streptavidin
complex. b. The scatter plot of peak current and dwell time for the translocation events of the dsDNA carrier (500

pM), reporter sequence (10 nM), and streptavidin (50 nM) in the presence of miRNA-141-3p (50 nM). Events with
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Subpeak analysis was performed to reveal information of both the miRNA-streptavidin
subpeaks and DNA folding signals, including subpeak width, subpeak amplitude, and fractional
position. The DNA folding signals showed widely dispersed subpeak widths, indicating high
variability, with some values overlapping those of bound miRNA-streptavidin subpeaks. Unlike
larger proteins or protein aggregates [28], the streptavidin reporter produces subpeaks with
relatively small amplitudes that are difficult to distinguish from DNA folding signals based
solely on amplitude. This observation is also reflected in the peak amplitudes of the event. As
shown in Figure 3.9b, the peak amplitude distributions of miRNA-streptavidin bound dsDNA

carriers were indistinguishable from those of unbound dsDNA carriers.

The fractional position of subpeaks proved to be the most reliable criterion for identifying
bound miRNA-streptavidin complexes. In the time dimension, the start and end of dsDNA
translocation events were normalised to 0 and 1, respectively, with the normalised subpeak
position' defined as the fractional location at which subpeaks occur. The distribution of
normalised subpeak positions for miRNA-streptavidin-bound events is shown in Figure 3.9c¢.
The mean normalised subpeak position was 0.49 + 0.15, matching the expected 0.5 binding site

position of the miRNA-141 receptor sequence on the 9.1 kbp dsDNA carrier.

3.3.3.4 Multiplexed Detection of miRNA-7 and miRNA-382 with dsDNA Carrier

Acute kidney injury (AKI) represents a frequent and serious complication in cardiac patients,
typically resulting in worse clinical outcomes, extended hospitalisations, and elevated mortality
rates [40, 41]. This condition develops through combined hemodynamic, inflammatory, and
nephrotoxic mechanisms that impair renal perfusion and function [42]. Therefore, preventing
AKI in cardiac patients represents a critical clinical need. This prevention can be facilitated
through early prediction enabled by detecting relevant biomarkers in patient samples. Two
miRNA biomarkers - miR-7-5p and miR-382-5p - were identified as candidate predictors of

AKI in cardiac patients by Dr Sharad Kholia (Imperial College London).
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The two nicked binding sites (0.2 and 0.5) on the 9.1 kbp dsDNA carrier enable multiplexed
detection of miR-7-5p and miR-382-5p. The 0.2 site was functionalised with a receptor
sequence partially complementary to miR-7-5p, while the 0.5 site was designed for miR-382-5p,

with corresponding reporter sequences for each miRNA.

Nanopore translocation experiments were conducted to evaluate the feasibility of multiplexed
miRNA detection using the sandwich complex approach with dsDNA carriers (Figure 3.10).
The 9.1 kbp dsDNA carrier was co-incubated with both target miRNAs (miRNA-7-5p and
miRNA-382-5p), their corresponding reporter sequences, and streptavidin for 20 hours prior
to detection. Representative events in Figure 3.10a show: Orange subpeaks from bound
streptavidin-miRNA-382-5p at mid-carrier positions (0.5 site); Blue subpeaks from bound
streptavidin-miRNA-7-5p near carrier termini (0.2 site); Events containing both subpeak types,
confirming simultaneous detection. All subpeak positions matched their respective

programmed binding sites on the dsDNA carrier.

Subpeak analysis enabled discrimination of miRNA-streptavidin-bound dsDNA carrier events.
The fractional subpeak positions were used as identification criteria: 0.5 + 0.2 for bound
streptavidin-miRNA-382-5p (0.5 site); 0.2 + 0.1 and 0.8 £ 0.1 for bound streptavidin-miRNA-
7-5p (0.2 site) [32, 33]. The distribution of normalised subpeak positions for miRNA-
streptavidin-bound events is shown in Figure 3.10b. The mean normalised subpeak positions
for bound streptavidin-miRNA-382-5p and bound streptavidin-miRNA-7-5p were 0.47 + 0.12,
0.17 £ 0.06/0.79 + 0.10, respectively, matching their expected 0.5 and 0.2 binding site positions
on the 9.1 kbp dsDNA carrier.
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Figure 3.10 Nanopore multiplexed detection of miRNA-7-5p and miRNA-382-5p using dsDNA carrier-miRNA-
streptavidin complex strategy. a. example events for: (i) streptavidin-miRNA-7-5p bound 9.1 kbp dsDNA carrier,
(ii) streptavidin-miRNA-382-5p bound 9.1 kbp dsDNA carrier, (iii) streptavidin-miRNA-7-5p and streptavidin-
miRNA-382-5p bound 9.1 kbp dsDNA carrier. b. Statistics of normalised subpeak position for bound streptavidin-

miRNA-382-5p and bound streptavidin-miRNA-7-5p subpeaks.
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3.3.3.5 miRNA Binding Optimisation

The binding ratio was observed to be 3.35 + 0.43% for miRNA-141-3p, 6.30 + 0.36% and 3.75
+1.03% for miRNA-7-5p and miRNA-382-5p, respectively. The binding ratio at the 0.5 site was
lower than at the 0.2 site, consistent with results from previously published work. However, the

binding ratios for these miRNAs were smaller than those for viral RNA fragments [32]. This
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can be attributed to the fact that viral RNA fragments have much longer sequences than

miRNAs, resulting in longer hybridisation regions with both receptor and reporter sequences

and higher melting temperatures.
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Figure 3.11 Enhancement of miRNA binding to the 9.1 kbp dsDNA carrier using T4 RNA ligase. a. Two-step T4
RNA ligase incubation approach for nanopore detection of miRNA with dsDNA carrier. The receptor sequence
and reporter sequence can be ligated by T4 RNA ligase. b. Comparison of miRNA binding ratios with versus

without the T4 RNA ligase incubation approach.

To enhance miRNA binding ratios, a two-step T4 RNA ligase incubation approach was
employed (Figure 3.11). T4 RNA ligase catalyses 3’-5" phosphodiester bond formation between
the 3°-OH and 5’-P groups of RNA molecules. In this approach, T4 RNA ligase ligates receptor
and reporter sequences while both are bound to target miRNA. The ligated receptor sequence

subsequently connects to streptavidin. As indicated in Figure 3.11b, the binding ratio was
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observed to be increased to 4.46 + 0.10% for miRNA-141-3p, 8.58 £ 0.98% and 7.16 + 3.01% for

miRNA-7-5p and miRNA-382-5p, respectively.

3.4 Conclusion

In this chapter, we explored the application of a dSDNA-based molecular carrier system for the
nanopore detection of miRNAs, leveraging a sandwich complex approach. The 9.1 kbp dsDNA
carrier was functionalised with specific receptor sequences to facilitate selective miRNA binding,
with streptavidin probes serving as reporters to enhance signal resolution. Through systematic
characterisation and optimisation, we demonstrated the feasibility of this approach for both
single-target and multiplexed miRNA detection. Our findings confirm that the molecular
carrier strategy effectively overcomes challenges related to low signal-to-noise ratios, thereby

advancing the utility of nanopore sensing for miRNA analysis.

The experimental results further highlight key factors influencing detection performance,
including the composition of the translocation buffer, the efficiency of dsSDNA carrier binding,
and the interpretation of nanopore signals. By optimizing binding conditions with a T4 RNA
ligase-based strategy, we achieved notable improvements in miRNA capture efficiency.
Additionally, the successful detection of miRNA-141-3p, miRNA-7-5p, and miRNA-382-5p
underscores the potential of this method for clinical applications, such as the discovery of early

disease biomarkers.
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Chapter 4 Reconfigurable DNA Origami

Nanostructure and Nanopore Characterisation

Synopsis

This chapter presents investigation of a DNA origami hinge mechanism, encompassing
structural design, dynamic behaviour, and single-molecule characterisation. The study utilised
bulk fluorescence assays and a dual photophore quenching pair to quantify hinge conformation
transitions, complemented by TEM and nanopore sensing to probe configuration-dependent
molecular dynamics. Through nanopore sensing and systematic voltage-dependent
measurements, we identify and characterize distinct translocation signatures for closed,
extended, and open hinge configurations, revealing conformation-specific nanopore

interactions.
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4.1 Introduction

DNA origami, a groundbreaking self-assembly technique introduced by Rothemund in 2006,
has revolutionised the field of DNA nanotechnology [1, 2]. This approach utilises a long, single-
stranded viral DNA scaffold that is folded into precise nanoscale structures through the
programmable hybridisation of hundreds of short staple strands, governed by Watson-Crick
base pairing [3-5]. The entire assembly process occurs in a single reaction, enabling the robust
and high-yield fabrication of complex two- and three-dimensional nanostructures with sub-
nanometre precision. A key advantage of DNA origami lies in its exceptional structural
programmability, which extends beyond static shapes to include dynamic reconfigurability
through controlled strand displacement and hybridisation [6-8]. This capability, combined
with the ability to position functional moieties precisely, has established DNA origami as a
versatile platform for engineering responsive nano-systems with tailored mechanical and

chemical properties.

The unique attributes of DNA origami have enabled transformative applications across
multiple disciplines. In biomedicine, it has been employed for ultrasensitive biosensing,
spatially controlled drug delivery, and high-specificity molecular diagnostics [9, 10]. Materials
science has leveraged DNA origami to construct functional nanomaterials with programmable
optical, catalytic, and mechanical behaviours [11-13]. Additionally, this technology has become
indispensable in single-molecule studies, where its nanometre-precise patterning capabilities
have enhanced techniques such as super-resolution microscopy and single-molecule force
spectroscopy [14, 15]. By providing unprecedented control over molecular organisation and
interactions, DNA origami continues to open new frontiers in both fundamental biological

research and the development of advanced nanodevices.

DNA origami has emerged as a powerful component in hybrid nanopore systems, enabling
novel approaches to molecular sensing and nanoscale manipulation [16]. Current research has

established two principal methodologies for incorporating DNA origami structures into these
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systems. The first approach utilizes precisely positioned DNA origami nanostructures within
solid-state nanopores, where they function as modular sensing elements capable of regulating
molecular transport and enhancing recognition specificity [17, 18]. The second method
involves the stable incorporation of DNA origami into lipid bilayers through strategic
hydrophobic modifications, facilitating their seamless integration with biological membrane
environments [19, 20]. These complementary strategies offer distinct advantages in terms of
structural integrity, system tunability, and platform compatibility, enabling tailored

applications across various experimental configurations.

Recent advances have significantly expanded the utility of DNA origami-enhanced nanopore
systems for molecule detection [21, 22]. The technology's programmability has been
particularly valuable in nanopore sensing applications, where DNA origami structures serve as
highly customizable platforms for the selective identification of target biomolecules with
exceptional sensitivity. Furthermore, DNA origami-based molecular carriers have
demonstrated precise control over translocation dynamics, enabling selective nanopore sensing
through engineered interaction mechanisms [23]. While these developments have established
the foundation for DNA origami-nanopore integration, current implementations have
predominantly utilised static configurations [24, 25]. The field now stands to benefit from
further exploration of dynamic DNA origami systems, which could unlock new capabilities in

adaptive sensing and real-time molecular manipulation within nanopore environments [26, 27].

In this chapter, we investigate the structural dynamics of a DNA origami hinge and further
characterize its behaviour using nanopore sensing (Figure 4.1). The hinge is designed to
transition between a compact, closed state and an elongated, extended state, facilitated by
precise strand design and structural flexibility. These distinct conformations produce
characteristic current blockade patterns during nanopore translocation, enabling real-time
observation of conformational changes at single-molecule resolution. Our analysis reveals key
dynamic properties, including transition kinetics and state stability under different conditions.

These findings demonstrate nanopore sensing as an effective tool for studying DNA
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nanostructure dynamics, while providing design insights for developing functional nanodevices,

such as electrochemical biosensors.

—@®—
Closed Hinge

Quartz Nanopipette

Extended Hinge .
] / v \
i \;\

Figure 4.1 Design and nanopore sensing of DNA origami hinge.

4.2 Methods

4.2.1 DNA Origami Hinge Preparation

DNA hinge assembly and purification were performed by Dr Joshua Johnson (Imperial College
London). The details are described in Chapter 2. Hinges utilised in bulk fluorescence
characterisation were purified via PEG precipitation, a well-established method for rapid
separation of DNA origami from excess staple strands [28, 29]. Hinges for nanopore

translocation experiments were purified via gel electrophoresis, as DNA origami must remain

monomolecular while avoiding aggregation.
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4.2.2 Bulk Fluorescence Characterisation

Samples for bulk fluorescence characterisation were prepared using an Opentrons OT-2
pipetting robot to minimise human error in experiments monitoring more than 12 samples.
PEG purified hinges were incubated at 45°C for ~15 minutes prior to use. The robot was
programmed to make multiples of 12 wells, each with 40 uL of 5 1M hinges with 25 nM extender
strands, 250nM closer displacer strands in a bufter containing 1 M KCl, 12.5 mM MgCl2, 5 mM
Tris and 0.5 mM EDTA. The plate was then quickly transferred to a plate reader (ClarioStar
Plus), and the fluorescence of each well was monitored once every 45 seconds with orbital

shaking at 300 rpm between each read.

4.3 Results and Discussion

4.3.1 DNA Origami Hinge

4.3.1.1 Hinge Mechanism

Our DNA origami hinge mechanism is designed with a pair of flexible joints that connect two
structurally rigid yet adaptable arms, enabling controlled rotational movement (Figure 4.2).
This flexibility allows the arms to pivot across a broad angular range of 0 to 300 degrees,
facilitating dynamic transitions between conformations. At specific angles—particularly 0 and
180 degrees—the arms adopt distinct configurations: a compact closed state (vertical alignment)
and an extended state (lateral alignment). These represent the hinge’s extreme positional states,
providing precise mechanical control at the nanoscale. In terms of dimensions, the hinge shows
significant variation between closed and extended states. In the closed state, it measures
approximately 60 nm (length) x 16 nm (width) x 18 nm (height), while the extended state
measures 100 nm x 16 nm x 8 nm. Notably, the cross-sectional area nearly halves during the

transition, reflecting substantial geometric reconfiguration. To verify structural fidelity, we
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performed TEM imaging with negative staining. The images clearly confirmed the expected
morphological differences between the two configurations, validating the successful assembly

and function of the hinge.

a i. Closed Hinge ii. Extended Hinge

Figure 4.2 Design of the reconfigurable DNA origami hinge. a. Schematic illustration of the DNA hinge
reconfiguration. The cross-sectional area of the closed hinge being approximately twice that of the extended hinge.

b. TEM images of the closed and extended hinge (scale bar: 100 nm).

The detailed origami structure design is shown in Figure 4.3. Each joint consists of a pair of
scaffold crossovers with two unpaired bases, intentionally limited to create a partial bias towards
the extended state. Additionally, each hinge arm features a pair of large single-strand scaffold
loops, which can be secured into the extended state through bridging by specific staples
(extender strands). Along the interior face of each arm, a set of up to six overhangs is arranged.
A closer helper strand can bridge these overhangs to lock the hinge into the closed state. Notably,
each closer helper strand possesses a 6-base toehold, enabling a toehold-mediated strand
displacement reaction triggered by closer displacer strands for releasing the hinge into an

unconfined state.
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Closed Hinge

m Closer Helper Strands
M | atching Strands
= Extender Strands

Extended Hinge

Figure 4.3 Schematic illustration of DNA origami closed hinge and extended hinge, showing the positions of the

closer helper strands, latching strands, and extender strands.

4.3.1.2 Bulk Fluorescence Assays

To characterize the hinge transition, we incorporated Alexa488- and Atto550-labelled oligos on
the bottom arm, positioned on opposite sides of the rotation axis, with a quencher attached to
the top arm (Figure 4.4). In the closed state, the quencher is proximal to Atto550, while in the
extended state, it swings adjacent to Alexa488. This dual fluorophore and quencher system
effectively mitigates experimental artefacts during characterisation. Due to the hinge's natural
bias towards the extended state, maintaining it in the closed state was optimised by
incorporating closer helper strands during folding. Transitioning the hinge from a closed to an

extended state was achieved by adding an excess of closer displacer and extender strands.
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Target Latch Closer Helper

Figure 4.4 Design of the DNA origami hinge. The hinge in a closed configuration, with the top and bottom arms

linked by six closer helper strands. A pair of fluorophores (Alexa488 and Atto550) are positioned on the bottom
arm, with a quencher on the top arm, which suppresses Alexa488 fluorescence in the closed state. The extender
strands lock the hinge in an extended configuration to ensure irreversible reconfiguration. The quencher is now

closer to the Atto550.

Bulk fluorescence assays were performed by Dr Joshua Johnson (Imperial College London) to
characterize the hinge reconfiguration kinetics (Figure 4.5) (Also in Chapter 5). Closer helper
and extender strands were introduced to initiate the transition from the closed to extended
configuration. The process was monitored through fluorescence intensity changes in
Alexa488/Atto550 fluorophore pairs, where increasing Alexa488 signal accompanied by

Atto550 quenching confirmed successful hinge reconfiguration.

To minimize artifacts, a fluorescence ratio (Alexa488/Atto550 intensity) was used to more
accurately track the reconfiguration trend. As the hinge transitions from the closed
conformation to the extended conformation, the fluorescence ratio exhibits a two-phase

increase: an initial rapid rise followed by a slower increase until reaching a stable plateau.
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Figure 4.5 a. Kinetics of hinge reconfiguration of closed hinge using displacer strand and a mixture of displacer
and extender strands compared with hinge folded in the closed, open, and extended states. b. Endpoint of

fluorescence ratio.

4.3.1.3 TEM Analysis

TEM characterisation of hinge reconfiguration kinetics was performed by Dr Joshua Johnson
(Imperial College London) at single-molecule resolution (Figure 4.6) (Also in Chapter 5).
Closed hinge samples were incubated with a 5-fold molar excess of closer displacer and extender
strands for varying durations (0, 0.25, 0.5, 1, 4, and 24 hours). Quantitative analysis of the
resulting conformations revealed populations of closed, extended, and open hinge
configurations, with their relative fractions calculated for each time point. To ensure accurate
quantification, we excluded aggregated structures, overlapping molecules and poorly stained

molecules.

The temporal analysis demonstrated successful reconfiguration, as evidenced by the increasing
proportion of extended hinges with longer incubation times. However, a persistent
subpopulation of hinges maintained open configurations throughout the process, suggesting

they were at a transient intermediate state (open hinge configuration) during reconfiguration.
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Figure 4.6 a. Representative TEM image of closed hinge after 4 hours incubation with 5-fold excess of closer
displacer and extender strands (scale bar: 100 nm). Only structures which were clearly identifiable in the closed,
open, or extended states were counted while aggregates, overlapping structures, or structures with unclear stain
were not included. b. Fraction of hinge in closed, open, or extended states counted on TEM images after various

incubation times.

4.3.2 Nanopore Characterisation of DNA Origami Hinge

4.3.2.1 Nanopipette Characterisation

The nanopores used in this chapter and next chapter were nanopipettes fabricated using
Protocol 2 (Table 2.1). The SEM image of the nanopipette is shown in Figure 2.4. A conical-
shaped nanopore was formed at the tip of the nanopipette, with a diameter calculated to be 22

+ 3 nm based on measurements from five nanopipettes.

Electrochemical characterisation was conducted using I-V measurements (Figure 4.7). This
process involved applying a voltage range of —400 mV to +400 mV in 50 mV increments across
the nanopipette while it was immersed in a buffer solution containing 1 M KCl, 12.5 mM MgCl,,

and 10 mM Tris 1 mM EDTA (pH = 8). The conductance of the quartz nanopipettes was
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determined to be G = 36.8 + 3.1 nS using Equation 2.1, based on measurements from 20

different nanopipettes.
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Figure 4.7 I-V characterisation of the nanopipettes fabricated using Protocol 2. The measurements were
performed in 1 M KCl, 12.5 mM MgCl,, 10 mM Tris, 1 mM EDTA, pH = 8. The conductance of the quartz
nanopore was 36.8 + 3.1 nS (n = 20), calculated from the ohmic region (+ 100 mV). The error band represents one

standard deviation.
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4.3.2.2 Closed Hinge vs Extended Hinge

a Closed Hinge b Extended Hinge
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Figure 4.8 Nanopore detection of closed and extended DNA origami hinges. a. Ionic current analysis of the closed
hinge (300 pM): i. Representative current-time trace. ii. Example translocation events. iii. Peak current distribution.
b. Corresponding data for the extended hinge (300 pM), measured under identical conditions. All experiments
were conducted using the same nanopipette in a buffer containing 1 M KCl, 12.5 mM MgCl,, 10 mM Tris, and 1

mM EDTA (pH 8) at a voltage bias of 300 mV.

Nanopore sensing offers substantial throughput advantages over TEM imaging, enabling the
rapid characterisation of hundreds to thousands of biomolecules within brief experimental
timescales. This technique's operation in aqueous environments renders it particularly suitable
for analysing dynamic DNA nanostructures. We proposed that incorporating our hinge
mechanism with nanopore sensing could expand its functional capabilities. To evaluate this
hypothesis, we performed nanopore translocation experiments to investigate potential

differences in ionic current signatures between closed and extended hinge conformations. The
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experimental setup employed a 1 M KCl buftfer filling both the nanopipette interior and exterior
reservoir, with hinge molecules suspended in the external electrolyte bath. Due to the uniform
negative surface charge of the hinge structures, the application of a positive voltage bias enabled
electrophoretic-driven translocation from the bath through the nanopore into the pipette

interior.
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Figure 4.9 Nanopore detection of closed and extended DNA origami hinges. Dwell time and charge statistics for
translocation of a. closed hinge (300 pM) and b. extended hinge (300 pM). c. Scatter plot of peak current vs dwell

time for closed and extended hinges, illustrating distinct event distributions.

Figure 4.8 displays representative time-current traces and characteristic ionic current events
from translocation experiments comparing closed and extended hinge configurations (300 pM).
The analysis identified frequent current blockades, each representing the passage of either hinge
conformation through the nanopore. These blockade events arise because in high-salt buffer

conditions, the volume-excluded ions from the translocating hinge structure significantly
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outnumber its accompanying counterions [30, 31]. Both hinge states produced similarly shaped
single-peak events, preventing reliable conformation discrimination based solely on event
morphology. However, closed hinge translocations consistently generated larger current
deviations (625 £ 59 pA mean peak current) compared to extended hinge events (410 + 38 pA).
This difference reflects the greater cross-sectional area of closed configurations, which
temporarily displace more ions during translocation, thereby creating stronger current

perturbations.

Additional analysis, detailed in Figure 4.9, showed that the mean dwell time for closed hinge
and extended hinge events was 29 + 4 ps and 27 + 4 ps, respectively, while the mean charge was
9 + 1 fAs and 7 £ 1 fAs, respectively. Notably, the peak current of closed hinge translocation
events was approximately 200 pA higher than that of extended hinge events. This substantial
difference in peak current between the two types of hinge events is illustrated in the scatter plot.
Theoretically, extended and closed hinges should exhibit different dwell times due to their
varying lengths [32]. However, our DNA origami hinge is relatively short compared to the
nanopore length, resulting in an exceptionally brief translocation time. This makes it
challenging to accurately resolve the duration of the event, even with a high-bandwidth

amplifier.

4.2.3.3 Voltage Dependant

We systematically investigated the translocation behaviour of both closed and extended hinge
states across a range of applied voltages (150-350 mV). The data revealed a pronounced voltage
dependence, with translocation event frequency increasing substantially at higher potentials
(Figure 4.10 and Figure 4.12). To quantify these effects, we analysed three key parameters—
dwell time, peak current amplitude, and blockade charge—with comparative distributions for
both conformational states presented in Figure 4.11 and Figure 4.13. As the voltage increased,
we observed a notable rise in peak current and a corresponding decrease in dwell time for both

hinge states. However, the reduction in dwell time for the extended hinge was less pronounced
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than for the closed hinge. Notably, the charge remained largely unchanged across varying

voltage.

Peak current analysis revealed conformation-dependent signatures. Extended hinge events
showed a narrow distribution centred around the mean value, contrasting with the broader
dispersion observed for closed hinge configurations (Figure 4.14). Although dwell times
showed minimal voltage-dependent variation between states, closed hinges exhibited
significantly greater charge distribution width (Figure 4.15). The marked separation in peak
current distributions enables reliable differentiation of hinge states without requiring additional

parameters.

For subsequent translocation experiments, 300 mV was chosen as the optimal applied potential,
satisfying two critical criteria: (1) maximizing the peak current differential between closed and
extended hinge configurations, and (2) generating an ideal event frequency for robust statistical
analysis. This voltage selection enabled clear discrimination of conformational states while

maintaining sufficient data throughput for quantitative comparisons.

350 mV, 15.1 nA

300 mV, 13.0 nA

200 pA | 250 mV, 10.6 nA

200 mV, 8.3 nA

150 mV, 6.0 nA

Figure 4.10 Voltage dependant current-time traces for translocation of closed hinge (300 pM) at voltage ranging

from 150 mV to 350 mV in 1 M KCl, 12.5 mM MgCl,, 10 mM Tris, 1 mM EDTA, pH = 8.
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8.
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Figure 4.14 Voltage-dependent peak current characteristics for both hinge states. Shaded error bands represent

one standard deviation from three independent experiments.

a b
80+ 30+
= Closed Hinge = (Closed Hinge
70 4 = Extended Hinge 55 = Extended Hinge
60
9 — 204
=4
= 504 ]
o] 2
= 40 J = i = & 151 |
3 u ; 5 ] . - X
& © 101 = . =
20 1 1
5 u
10
0 T T T T T 0 T T T T T
150 200 250 300 350 150 200 250 300 350
Voltage (mV) Voltage (mV)

Figure 4.15 Voltage-dependant a. dwell time and b. charge for closed hinge and extended hinge. The error bands

represent one standard deviation of three independent repeats.

4.2.3.4 Open Hinge

Nanopore analysis of open hinge (300 pM) translocations revealed two distinct event
populations characterised by different peak current amplitudes (Figure 4.16). These
populations exhibited mean peak currents of 416 + 41 pA and 585 + 89 pA, respectively. The

predominant event type (69 + 21% of total events, n = 3) showed current amplitudes matching
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those of extended hinge configurations. The secondary population displayed currents
approaching, but consistently below closed hinge reference values. We propose that these
discrete states arise from nanopore-induced geometric constraints that force the open hinge to

adopt either a quasi-extended or a quasi-closed conformation during translocation.

Open Hinge

oy

200
300 mV, 12.0 nA h=1244

lo1 =416 £ 41 pA
12 =585+ 89 pA

0.0 0.2 0.4 0.6 08 1.0 1.2
Peak Current (nA)

Figure 4.16 a. Current-time trace, typical events and b. peak current statistics for translocation of open hinge (300
pM). Experiments were performed with the same nanopipette (for closed and extended hinges) in 1 M KCl, 12.5

mM MgCl,, 10 mM Tris, 1 mM EDTA, pH = 8, and at a voltage bias of 300 mV.

A small but consistent subpopulation of events (7.4 + 1.4%) exhibited reduced peak currents
within the closed hinge range (Figure 4.8). We propose that these events correspond to the
translocation of open hinges, suggesting that some closed hinges failed to maintain their

structural integrity, which was also indicated in TEM images (Figure 4.6).

4.4 Conclusion
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This chapter introduces a dynamic DNA origami hinge mechanism capable of controlled
reconfiguration between closed and extended states through strand displacement. TEM
imaging verified successful hinge assembly, while bulk fluorescence assays employing a dual

fluorophore-quencher pair confirmed the conformational transitions.

Single-molecule nanopore characterisation revealed distinct translocation signatures for each
hinge configuration, with the open state exhibiting unique dynamic behaviour. These findings
establish nanopore sensing as a powerful tool for real-time observation of nanostructure

reconfiguration.

Building on this configurational discrimination capability, we propose applying this strategy to
overcome current limitations in miRNA detection. The rapid translocation of small miRNAs
typically produces undetectable signals, but our DNA origami hinge-based approach may

enable their selective sensing at single-molecule level, as developed in the following chapter.
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Chapter 5 Nanopore Detection of miRNA with
Reconfigurable DNA Origami Carrier

Synopsis

This chapter presents the development of a reconfigurable DNA origami hinge serving as a
molecular carrier for nanopore detection of PCa-associated miRNA-141-3p. The hinge
mechanism exhibits programmable conformational switching from closed to extended states
upon target miRNA binding, generating characteristic ionic current signatures during
nanopore translocation. Experimental results demonstrate nanomolar-level detection
sensitivity and exceptional sequence specificity in discriminating miRNA-141-3p from similar
sequences. These advances establish DNA nanostructure-enhanced nanopore sensing as a

promising platform for ultrasensitive biomarker analysis in complex biological media.
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5.1 Introduction

Early disease diagnosis enables timely therapeutic intervention and improved clinical outcomes
by identifying pathologies during their most treatable stages. Contemporary biosensing
platforms achieve this through sensitive detection of disease biomarkers, including proteins,
nucleic acids, and metabolites [1-3]. Modern biosensor architectures employ diverse detection
modalities such as optical, electrochemical, SPR, and microstructured systems, enabling rapid
biomarker quantification [4-8]. Nanotechnology-enhanced biosensors now permit real-time,

point-of-care diagnostics with minimal sample requirements [9, 10].

Nanopore sensing has emerged as a particularly promising biosensing platform [11-13].
Conventional solid-state nanopore systems improve selectivity through surface modifications
with biomolecular receptors, which enhance target transport kinetics while reducing
nonspecific interactions [14-16]. However, these approaches suffer from uncontrolled receptor
placement and limited sensitivity for small biomolecules [17]. An alternative strategy employs
molecular carriers that bind targets prior to translocation [18, 19]. These carrier-target
complexes generate distinctive current signatures, offering advantages over surface
modification through precise receptor positioning and reduced size dependence. Various
carrier systems including nanoparticles and linear DNA constructs have enabled direct

detection in clinical samples, with some achieving multiplexed analysis [18, 20-22].

Among the most promising strategies for building molecular carriers is that of DNA origami,
which allows the fabrication of monodisperse nanostructures with precisely controlled
morphology and mechanical properties [23-27]. The DNA origami technique enables the
production of monodisperse nanostructures with precisely controlled morphology and
mechanical characteristics, which can be decorated with ligands at precise locations [28-31].
Constructing molecular carriers with DNA origami may bring substantial advantages
compared to simpler carriers constructed from flexible strands. For instance, the rigidity of

DNA origami helps avoid false positive signals produced by folding or knotting of the carrier
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configurations producing false-positive signals, enhancing the accuracy and reliability of
nanopore-based detection techniques [18, 32, 33]. Despite these successes, the full potential of
DNA origami molecular carriers remains to be explored. Most studies have focused on
predominantly static DNA origami carriers, while few have harnessed the potential of

reconfigurable DNA origami [34, 35].

This chapter provides further investigation of the DNA origami hinge mechanism initially
presented in Chapter 4, specifically designed to improve nanopore-based detection of small
biomolecules (Figure 5.1). We focus on miRNAs as target analytes due to their significance as
disease biomarkers [36, 37]. In addition, the challenges associated with achieving sufficiently
selective and specific detection with nanopore sensing, target miRNA needs to be discriminated
from the other numerous species of miRNAs and structurally similar molecules present in
complex biofluidic environments. By adjusting to the hinge mechanism, the closed hinge
configuration can be disrupted via toehold-mediated strand displacement [38, 39], enabling the
hinge to relax into its extended state upon binding to the target miRNA. These distinct
structural states produce characteristic translocation events during nanopore sensing, allowing
for straightforward identification of the target strand. Our findings demonstrate that this
sensing strategy enables the detection of low-concentration miRNA in human serum with
excellent selectivity, effectively distinguishing similar miRNA sequences. Notably, this
approach eliminates the need for laborious sample preparation, which would be required in

conventional detection methods [40].
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Figure 5.1 Design and nanopore sensing of the reconfigurable DNA origami hinge. a. Schematic illustration of the

~29 us

DNA hinge reconfiguration. Upon binding to miRNA, the hinge transitions from a closed to an extended state,
with the cross-sectional area of the closed hinge being approximately twice that of the extended hinge. b. TEM
images of the closed and extended hinge (scale bar: 100 nm). c. Schematic of the nanopore sensing platform. The
nanopipette is filled with 1 M KCI Tris-EDTA buffer, with DNA hinges initially placed outside. Under an applied
positive voltage, electrophoretic force drives the hinges from the outer to the inner chamber of the nanopipette. d.

Representative nanopore translocation events of closed and extended hinges, showing distinct differences in peak

current.

5.2 Methods

5.2.1 Kinetic Assays

Samples for kinetics assays were prepared using an Opentrons OT-2 pipetting robot to
minimise human error in experiments monitoring more than 12 samples. PEG purified hinges

were incubated at 45°C for ~15 minutes prior to use. The robot was programmed to make
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multiples of 12 wells, each with 40 uL of 5 nM hinges with 25 nM extender strands, 250nM
closer displacer strands, and 0, 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100, 200, or 500 nM target strand in a
buffer containing 1 M KCl, 12.5 mM MgCl,, 5 mM Tris and 0.5 mM EDTA. A stop was included
before adding the final solution of the target strand to allow the plate to be transferred to a plate
reader (ClarioStar Plus) and scanned for ~10 minutes or until a stable baseline fluorescence was
observed in all wells. Then, the plate was transferred back into the pipetting robot to add and
mix the solution containing the extender, closer displacer, and target strands. The plate was
then quickly transferred back to the plate reader, and the fluorescence of each well was
monitored once every 45 seconds for 12 hours with orbital shaking at 300 rpm between each

read.

5.2.2 Hinge-miRNA Binding Preparation

For the detection of miRNAs, the closed hinge at a concentration of 1 nM was incubated with
miRNAs (at variable concentrations of 0, 1, 10, 100, 1000 nM), at 20 °C for 8 hours. For Kinetic
study, the closed hinge at a concentration of 1 nM was incubated with miRNAs at a
concentration of 1000 nM, at 20 °C for 0, 2, 4, 8, 16 hours. The incubated samples were then
diluted with a buffer containing 1 M KCl, 12.5 mM MgCl,, 10 mM Tris, and 1 mM EDTA (pH
= 8) to achieve a final carrier concentration of 200 pM for subsequent nanopore translocation

experiments

5.2.3 Sigmoidal Trend Fitting

A logistic function was employed to fit the sigmoidal binding dynamics curve [41]:

A — 4,

y:H(xio)”

+4, 5.1
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where A; and A; represent the initial and final values of the binding ratio, respectively, while x,
denotes the inflection point (centre) of the curve, corresponding to the time at which the
response is half-maximal (half-life), p is the power value. The parameter p defines the curve's

steepness, reflecting the cooperativity of the binding process.

The half-life of the binding can be expressed by the following equation [20, 42]:

In2

- 5.2
fe = e S TA]

where t;,; represents the half-life of the binding process, k.. is the association rate constant, and

[A] denotes the concentration of the closed hinge carrier.

A Hill function was employed to fit the sigmoidal binding curve [43, 44]:

n

X 5.3
y=A1+(A2_A1)'kn—_|_xn .

where A; and A; represent the initial and final values of the binding ratio, respectively, k is the
Michaelis constant, and n denotes the number of cooperative binding sites. k" denotes the
inflection point (centre) of the curve, corresponding to the concentration at which the response

is half-maximal (dissociation constant Kg).

5.3 Results and Discussion

5.3.1 DNA Origami Hinge Carrier

5.3.1.1 Hinge Mechanism and miRNA Binding
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To improve the sequence specificity of the DNA origami hinges—particularly for targets such
as specific miRNAs—we introduced a design modification in which one pair of closer
overhangs was replaced with a set of “latching overhangs” that are engineered to bind directly
to each other (Figure 5.2). These latching overhangs establish a singular connection between
the hinge arms when the closer helper strands are removed, effectively locking the hinge in a
closed conformation. The latching strand on the bottom arm features a 6-nucleotide toehold
that is part of a domain complementary to the target sequence. In addition, the latching region
includes 5 supplementary base pairs that are not displaced by the target, serving to stabilize the

closed configuration.

Although maintaining the hinge in a closed conformation results in a high entropic penalty, the
added base pairing within the latching region provides sufficient reinforcement to keep the
hinge closed in the absence of the target. Importantly, this reinforcement is intentionally limited,
such that it does not prevent the hinge from opening once the target strand is fully hybridised.
Upon the introduction of closer displacer strands and extender strands, the hinge becomes

primed to respond to target recognition.

In this configuration, the hinge behaves analogously to a molecular mousetrap—remaining
closed under stabilizing interactions until a specific target is detected. Binding of the target
strand to the toehold domain initiates a strand displacement reaction, which overcomes the
stabilizing base pairs and triggers a conformational change, allowing the hinge to open. This
mechanism enables sensitive and specific detection of biomolecular targets, integrating

structural control with sequence-selective responsiveness.
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Figure 5.2 Schematic of the triggered hinge reconfiguration process: i. The hinge is initially folded in a closed
configuration, with the top and bottom arms linked by a target latch and five closer helper strands. A pair of
fluorophores (Alexa488 and Atto550) are positioned on the bottom arm, with a quencher on the top arm, which
suppresses Alexa488 fluorescence in the closed state. ii. The hinge is primed for target detection after closer helper
strands are removed via toehold-mediated strand displacement. iii. The target strand displaces the top arm latching
strand, allowing the hinge to relax into an open configuration. The quencher moves away from the Alexa488. iv.
The extender strands lock the hinge in an extended configuration to ensure irreversible reconfiguration. The
quencher is now closer to the Atto550. This design allows for the anti-correlation signals from the two fluorophores,

facilitating the readout of the hinge state.

5.3.1.2 Kinetic Assays
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Figure 5.3 a. Example raw Fluorescence data for Alexa488 and Atto550 dyes collected after adding 500nM of

Fluorescence Ratio

Fluorescence Ratio

miRNA-375-3p_DNA to closed hinge with a miRNA-375-3p latching strand. b. Ratio of raw data (with -1 offset)

helps eliminate sample variation and artifacts.

As described in Chapter 4, the conformational transition of the hinge was effectively monitored
using a dual fluorophore-quencher system. During the transition from the closed to the
extended state, an increase in Alexa488 fluorescence is observed, while Atto550 fluorescence
decreases proportionally. This inverse fluorescence relationship serves as a robust and sensitive

indicator of the hinge’s dynamic behaviour, enabling precise tracking of structural changes.

We investigated the kinetics of the hinge opening process triggered by DNA analogues of
miRNA-141-3p and miRNA-375-3p, referred to as miRNA-141-3p_DNA and miRNA-375-
3p_DNA, respectively. These miRNAs have been identified in previous studies as valuable
biomarkers for PCa, highlighting their potential relevance for early detection and disease
monitoring [45, 46]. These studies were conducted across a range of concentrations to evaluate

the concentration-dependent response and binding efficiency of each target analogue.

158



Nanopore Detection of miRNA with Reconfigurable DNA Origami Carrier

0.6
0.6
0nM 05}
| o
T wwmwmw.'mwvww S H
@ )JM@M" AL | 1nM 2 oal l
< 04l ki 2nM o O
o] 5 nM 9
3 ' 10 nM g
_% i L vl L 1 ob Ll Sl il 100nﬂ|V| “—j_ I
=02 ah i ST YRR e gt gggm ool
0.1 L L L L 1
0 200 400 600 800 o1l : - i
Time (min)

miR-141 Concentration (nM)
Figure 5.4 a. Fluorescence response against different miRNA-141-3p_DNA concentrations over time for closed
hinge with a miRNA-141-3p latching strand. b. Endpoint fluorescence ratio as a function of miRNA-141-3p_DNA
concentration, fitted using a Hill equation, yielding a dissociation constant (K4) of 5.5 £ 0.3 nM. Error bars indicate

one standard deviation from 3 independent experimental repeats.

We detected fluorescence changes in both the Alexa488 and Atto550 channels, which were
expected to exhibit anti-correlated behaviour (Figure 5.3). To track the hinge opening
transition, we computed the ratio between the two fluorescence signals, adopting a ratiometric
approach that effectively minimised artifacts arising from sample-to-sample variability. The
resulting fluorescence-ratio traces showed a gradual increase over time, eventually plateauing
at levels that correlated with the concentration of the target strands (Figure 5.4a. and Figure
5.5a.). By interpreting the plateau fluorescence ratios as analogous to binding ratios, we
constructed a pseudo-binding curve describing the interaction between the hinge and target
strands (Figure 5.4a. and Figure 5.5b.). The hinge engineered to detect miRNA-141-3p_ DNA
exhibited a stronger binding affinity compared to the hinge designed for miRNA-375-3p_DNA,
as reflected by their respective dissociation constants (Ka), which were determined to be 5.5 +
0.3 nM and 45.6 £ 0.5 nM. However, no clear correlation was observed between the rate of

change of the fluorescence ratio and the concentration of the target strands.
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Figure 5.5 a. Fluorescence response against different miR-375-3p_DNA concentrations over time for closed hinge
with a miR-375-3p latching strand. b. Endpoint of fluorescence ratio against miR-375-3p_DNA concentration.
The data were fitted with a Hill equation, the dissociation constant (Kq) was determined to be 45.6 + 0.5 nM. The

error bars represent one standard deviation of independent experimental repeats.

5.3.1.3 TEM Analysis
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Figure 5.6 TEM-based quantification of hinge state distribution across different miRNA-141-3p_DNA

concentrations.

To further investigate hinge behaviour upon target strand binding, we employed TEM imaging
to directly visualize individual hinge conformations (Figure 5.6 and Figure 5.7). In agreement
with fluorescence-based measurements, the proportion of hinges undergoing structural

reconfiguration increased with rising concentrations of the target strands. In addition to clearly
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defined closed and extended states, we identified a subset of hinges in an intermediate
conformation, characterised by arm angles ranging from 0° to 180°. We hypothesize that these
intermediate structures represent hinges that partially opened upon target binding but did not
complete the transition to the fully extended state, likely due to incomplete guidance from the
extender strands. This intermediate state was particularly prominent at higher concentrations
of target strands and was especially noticeable in hinges designed to detect miRNA-375-

3p_DNA (Figure 5.7a.). Based on TEM observations, we classified hinge conformations into

1001 I Closed
Open

80 1 I Extended

60 -

three distinct states: closed, extended, and open.

40

Fraction (%)

20

O 4
0 2 5 10 20 50 100 200500

miR-375_DNA Concentration (nM)

Figure 5.7 a. Example of TEM image of hinge imaged after adding 500 nM of miR-375-3p_DNA to closed hinge
with a miR-375 latching strand and allowing to incubate for 24 hours (scale bar: 100 nm). b. Fraction of hinge in
closed, open, or extended states counted on TEM images after 24 h incubating with various miR-375-3p_DNA

concentrations.

5.3.2 DNA Origami Hinge Carrier for Nanopore Detection of miRNA

5.3.2.1 Direct Detection of miRNA-141

A control nanopore translocation experiment was conducted to directly detect miRNA-141-3p
(Figure 5.8). The translocation buffer consisted of 1 M KCl, 12.5 mM MgCl,, 10 mM Tris, and
1 mM EDTA (pH 8). miRNA-141-3p at a concentration of 200 nM was introduced into the

bath. A 300 mV voltage was applied, but no translocation events were observed during the
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experiment. This result highlights the challenge of detecting small biomolecules using

nanopipettes due to their size disparity.

300 mV, 12.6 nA

20;)A|

10s

720N
3 A

Figure 5.8 Nanopore sensing of miR-141-3p (200 nM). The translocation experiment was performed in 1 M KCl,

12.5 mM MgCl,, 10 mM Tris, 1 mM EDTA, pH = 8, and at a volatge bias of 300 mV.

5.3.2.2 Nanopore Study of Binding Dynamic Mechanism

Our experiments demonstrated that target strands can successfully bind to the closed hinge,
triggering a conformational transition to the extended state. This structural reconfiguration
provides a dependable readout of target strand presence, establishing a direct link between
molecular recognition and mechanical response. Furthermore, it enables the application of
nanopore sensing to investigate hinge dynamics and monitor binding interactions with high

sensitivity.

To investigate the binding kinetics, we incubated miRNA-141-3p with closed hinges for up to
16 hours, using the same nanopipette across multiple time points to maintain measurement
consistency. Despite the low concentration of gel-purified hinges, our nanopipettes consistently
detected the presence of miRNA-141-3p across independent samples (N = 5). Histograms of

peak currents at various incubation durations are shown in Figure 5.9a., revealing two clearly
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distinguishable distributions. The lower peak current corresponds to hinges that successfully
bound miRNA-141-3p and underwent structural reconfiguration, while the higher distribution
reflects unbound closed hinges. Notably, an increasing trend in the proportion of reconfigured
hinges, marked by lower peak currents, was observed over time, with the most significant

change occurring within the first four hours of incubation.

To quantify binding, we determined the fraction of hinges by analysing the peak current
histograms. Several methods were tested, including Gaussian fitting and threshold-based
classification (Figure 5.10 and Figure 5.11). Ultimately, the binding ratio was defined as the
mean plus one standard deviation of the reconfigured hinge distribution, serving as a sample-
specific threshold (Figure 5.9b.). This adaptive approach minimised errors associated with the

use of uniform thresholds.

The binding ratio over time exhibited a sigmoidal trend (Figure 5.9c¢.), which was fitted using
a logistic function, yielding a half-life of 1.27 + 0.05 hours for miRNA-141-3p binding. From
this, we determined an association rate constant Ko, of 606 M'-s™'. After eight hours—exceeding
five half-lives—over 97% of the hinges had reconfigured, marking the near-completion of the

binding process.
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Figure 5.9 Study of the binding dynamics between the DNA origami hinge with miRNA-141-3p studied via

nanopore sensing. a. Peak current distribution of initially closed hinge (1 nM) after incubation with miRNA-141-

3p (1 uM) for varying durations (0-16 h). Incubated samples (N = 5) were diluted to a final hinge concentration

of 200 pM and a final miRNA-141-3p concentration of 200 nM before translocation experiments. Histograms were

fitted using a Gaussian function. b. Schematic illustration of the threshold definition. The mean (u) and standard

deviation (o) were derived from Gaussian fitting, with 84.1% of reconfigured hinge events included within the

mean +10 threshold. c. Reconfigured fraction as a function of incubation time, fitted with a logistic equation. The

half-life (t,/») and association rate constant (K,,) were determined to be 1.27 + 0.05 h and 606 M '.s*. Error bars

represent one standard deviation from 3 independent experiments.
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Figure 5.10 Methods of defining the binding ratio or reconfigured fraction. a. The reconfigured fraction is

calculated as the proportion of the area covered by reconfigured events to the total area encompassed by all events.

b. The reconfigured fraction is determined by dividing the count of reconfigured events by the total number of

events. Reconfigured events are identified using a threshold: events with peak current below the mean + 1 sigma

(4 + o) value of the distribution of reconfigured events are considered as reconfigured. Binding ratios, fitted

binding dynamic curve and fitted binding dynamic curve corresponding to different defining method. The error

bars represent one standard deviation of independent experimental repeats. R-square represents coefficient of

determination.
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Figure 5.11 Methods of defining the binding ratio or reconfigured fraction. The reconfigured fraction is

determined by dividing the count of reconfigured events by the total number of events. a. Reconfigured events are

identified using a threshold: events with peak current below the mean + 2 sigma (u + 20) value of the distribution

of reconfigured events are considered as reconfigured. b. Reconfigured events are identified using a threshold:

events with peak current below the localised minimum value between the distribution of reconfigured events and

the distribution of closed hinge events are considered as reconfigured. Binding ratios, fitted binding dynamic curve

and fitted binding dynamic curve corresponding to different defining method. The error bars represent one

standard deviation of independent experimental repeats. R-square represents coefficient of determination.
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5.3.2.3 Nanopore Study of Binding Mechanism
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Figure 5.12 Nanopore analysis of the binding between the closed hinge and miRNA-141-3p. a. Peak current
distribution for the closed hinge (1 nM) after incubation with varying concentrations of miRNA-141-3p (0-1 uM)
for 8 h. Incubated samples were diluted to a final hinge concentration of 200 pM and final miRNA-141-3p
concentrations of 0, 200 pM, 2 nM, 20 nM, and 200 nM for translocation experiments. Histograms were fitted
using a Gaussian function to determine the fraction of open and closed hinges. b. Fraction of reconfigured hinges
as a function of miRNA-141-3p concentration, fitted with a Hill equation. The dissociation constant (Kq) was
determined to be 11.6 + 0.4 nM. Error bars represent one standard deviation from four independent experimental
repeats (excluding 2% human serum data points). ¢. Fraction of reconfigured hinges for blank control, scrambled
miRNA-141-3p, miRNA-200a-3p, and miRNA-141-3p (final concentration: 200 nM). The black central line
indicates the median, the lower and upper edges mark one standard error, and whiskers represent 1.5x the
interquartile range (IQR). Statistical significance was assessed using one-way analysis of variance (**P < 0.01, ***P

< 0.001). Experiments were performed using 3 independent nanopores.
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To elucidate the binding mechanism between the hinge and miRNA-141-3p, we performed
nanopore translocation experiments across a range of target concentrations. Closed hinges at a
constant concentration were incubated with varying amounts of miRNA-141-3p (0-200 nM)
for eight hours prior to detection. As shown in the peak current histograms (Figure 5.12a.), an
increased fraction of reconfigured hinges was observed above nanomolar concentrations. For
each sample, thresholds were extracted via histogram fitting, and the corresponding
reconfiguration ratios were calculated and plotted in Figure 5.12b., ranging from 8.42 + 2.38%
at 0 nM to 23.67 + 2.32% at 200 nM. Fitting the binding curve with a Hill function yielded a
dissociation constant (Ks) of 11.6 + 0.4 nM. This value slightly deviates from those obtained via
fluorescence assays, likely due to the use of DNA analogues in the latter. Notably, lower
detection thresholds were observed at 2 nM, 20 nM, and 200 nM, which may reflect an increased
population of open hinge conformations at higher target concentrations, influencing their

translocation behaviours.

To evaluate the selectivity of the hinge toward its target strand, we performed mismatch
discrimination experiments, as illustrated in Figure 5.12c.. We tested three sequences—
miRNA-141-3p, miRNA-200a-3p, and a scrambled version of miRNA-141-3p—ensuring that
all strands had identical lengths. Importantly, miRNA-141-3p and miRNA-200a-3p differed by
only two nucleotides located at or near the 3' end, enabling an assessment of the hinge’s ability

to distinguish closely related sequences.

Our results showed that mismatched sequences triggered minimal hinge reconfiguration. Even
at a high concentration of 200 nM, miRNA-200a-3p induced only a partial opening of the hinge,
yielding a reconfigured ratio of 11.59 + 2.32%. This was markedly lower than the 20.09 + 3.39%
observed for miRNA-141-3p under identical conditions, highlighting the high selectivity of our

nanopore-based sensing strategy in distinguishing closely related sequences.

5.3.2.4 Detection in Human Serum
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To extend our detection strategy beyond buffer conditions, we investigated its performance in
biological samples, motivated by the relevance of miRNA-141-3p as a PCa biomarker [47, 48].
Given that our nanopore measurements required high-salt conditions, serum samples were
diluted with electrolyte buffer to achieve a final KCI concentration of 1 M, using volumetric
dilution ratios ranging from 20% to 2% (Figure 5.13). At higher serum contents, we observed
significant ion current fluctuations and, in some instances, irreversible nanopore blockage—
likely due to the abundance of biomolecules in serum. To maintain stable current traces and
obtain sufficient translocation events, we selected a 2% serum dilution as the optimal condition

for subsequent experiments.

We subsequently compared nanopore sensing results from human serum samples spiked with
200 nM miRNA-141-3p to those from blank controls. The reconfigured ratios obtained under
these conditions were consistent with measurements in pure electrolyte, yielding values of 10.95%
for the 0 nM control and 22.77% for the 200 nM sample (Figure 5.14). This consistency

highlights the method's robustness and applicability in complex biological matrices.
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Figure 5.13 Nanopore sensing of closed hinge (200 pM) with human serum at 300 mV. Current-time traces for a
range dilution of human serum from 2% to 20% and blank control. Human serum was diluted in 1 M KCl, 12.5
mM MgCl,, 10 mM Tris, 1 mM EDTA, pH = 8 according to the multiplicity and was placed in the bath outside the

nanopipette.
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Figure 5.14 Peak current statistics for closed hinge (1 nM) incubated with 1000 nM miRNA-141-3p and blank
control for 8 hours. Incubated samples were diluted with 2% human serum in 1 M KCl, 12.5 mM MgCl,, 10 mM
Tris, 1 mM EDTA, pH = 8 at the final hinge concentration at 200 pM and the final miRNA-141-3p concentration

at 200 nM for translocation experiments.

5.3.2.5 Dual Detection of miRNA-141 and miRNA-375

To enable dual detection of miRNA-141-3p and miRNA-375-3p, we introduced a design
modification in which two pairs of closer overhangs were replaced with distinct latching
overhangs—one specific to miRNA-141-3p and the other to miRNA-375-3p (Figure 5.15a.).
These latching overhangs formed dual connections between the hinge arms following the
removal of the closer helper strands, thereby locking the hinge into a closed conformation.
Upon the addition of closer displacer strands and extender strands, the hinge was reconfigured

to respond specifically to the simultaneous recognition of both target miRNAs.

To characterize hinge reconfiguration upon dual miRNA binding, we employed
complementary fluorescence assays and TEM quantification (Figure 5.15b.). Fluorescence
analysis revealed significantly enhanced hinge reconfiguration when both target miRNAs were

present concurrently, compared to single miRNA or control conditions. However, TEM-based
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population counts showed no statistically significant differences between experimental groups.

Furthermore, both analytical approaches exhibited non-negligible false positives.

The reconfiguration ratios remained statistically indistinguishable among control samples (1.57
+ 0.10%), miRNA-141-3p only (2.46 + 1.72%), and miRNA-375-3p only conditions (3.58 +
0.82%). Strikingly, co-incubation with both miRNAs triggered a significant increase in
reconfiguration efficiency (14.84 + 2.69%), demonstrating synergistic activation of the hinge

mechanism.

This series of experiments demonstrates that the reconfigurable hinge mechanism, when
employed as a molecular carrier in nanopore platforms, achieves superior sensitivity for dual

miRNA detection compared to traditional techniques.
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Figure 5.15 Hinge reconfiguration of closed hinge with dual latching strands. a. Closed hinge with one miRNA-
141-3p latching strand and one miRNA-375-3p latching strand for miRNA dual sensing. b. TEM counting and

fluorescence bulk measurement for miRNA dual sensing. c. Nanopore sensing for miRNA dual sensing. The error
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bars represent one standard deviation of three independent experimental repeats. Statistical significance was tested

by one-way analysis of variance. ( ***P < 0.0001; ns, not siganificant)

5.4 Conclusion

In this chapter, we present a reconfigurable DNA hinge as a nanopore-based platform for
detecting small biomolecules, such as miRNA, utilising binding-induced conformational
changes for real-time analysis. Nanopore sensing reliably differentiated between closed and
extended hinge configurations, enabling quantitative detection of miRNA-141-3p across a
range of concentrations and within human serum, with high sensitivity and selectivity.
Furthermore, the method allowed simultaneous detection of miRNA-141-3p and miRNA-375-
3p, outperforming traditional techniques such as TEM counting and fluorescence assays in

terms of sensitivity.

Compared to traditional linear DNA carriers, our DNA nanostructure provides a mechanically
rigid framework, minimizing false positives caused by structural twisting or deformation and
addressing charge distribution challenges commonly associated with uniform carriers. In
contrast to previous nanopore studies that focused on static DN A nanostructures, our approach
demonstrates the potential of nanopores for probing dynamic structural changes in DNA-based
nanostructures. Notably, the electrolyte conditions necessary for nanopore sensing do not
disrupt hinge reconfiguration, ensuring compatibility between structural responsiveness and

detection requirements.

Our platform represents a promising approach for small-molecule sensing, with potential for
further optimisation toward protein detection and multiplexed biomarker analysis. These
advancements lay the groundwork for broader applications in disease diagnostics, enhancing

the versatility and clinical relevance of nanopore-based biosensing technologies.
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Chapter 6 CBD Nanopore and Detection

Synopsis

This chapter introduces a cost-effective and efficient CBD-based method for fabricating single
solid-state nanopores with tuneable diameters suited for various analytes. The resulting
nanopores demonstrated comparable performance to nanopipettes in dsDNA translocation
experiments and effectively enabled the use of DNA-based molecular carriers for selective
miRNA detection. Additionally, these nanopores supported the sensing of dynamic DNA
origami hinges, underscoring their versatility for real-time analysis of reconfigurable

nanostructures.
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6.1 Introduction

Solid-state nanopores are nanoscale openings fabricated in thin membranes made of materials
like SiNy, SiO,, or graphene [1-3]. When an electric field is applied across the membrane,
charged biomolecules such as nucleic acids or proteins are driven through the nanopore [4-6].
This temporarily disrupts the ionic current and creates detectable signals. This principle allows
for single-molecule analysis with high temporal resolution, making solid-state nanopores a

powerful tool for biomolecular sensing [7, 8].

Compared to biological nanopores, solid-state versions offer several key advantages. Their
manufacturing process enables precise control over pore size and membrane thickness, which
allows analysis of various different analytes [2, 9]. They demonstrate strong mechanical
durability and chemical stability, making them suitable for use in demanding conditions,
including high salt concentrations or extreme pH levels [10, 11]. Additionally, their surfaces
can be chemically and biomimetically modified to improve molecular recognition or reduce
nonspecific background signals [12-15]. The solid membrane material also enables easier
integration with electronic, optical components and microfluidic systems, supporting the

development of scalable, high-throughput, and reusable sensing platforms [10, 16, 17].

CBD is an innovative approach for generating nanopores in solid-state membranes, including
SiNy [18-23]. Unlike conventional fabrication techniques, which require sophisticated
instrumentation such as focused ion or electron beams or transmission electron microscopy,
CBD operates by applying a progressively increasing electric field across an insulating
membrane [19, 24]. A sudden current spike signals the formation of a nanopore, eliminating

dependence on complex nanofabrication equipment.

A major advantage of CBD is its simplicity and versatility. The nanopore diameter can be
precisely controlled by modulating the applied voltage, breakdown time, or subsequent

processing steps, ensuring adaptability for diverse molecular detection applications.
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Furthermore, CBD enables spatially selective pore formation through electric field focusing,
making it compatible with integrated chip-based platforms. Due to its cost-effectiveness,
potential for high-throughput production, and ease of automation, CBD presents a promising
alternative to traditional nanopore fabrication methods, particularly for scalable biosensing

applications [25-27].

This chapter details the implementation of CBD technique for creating single solid-state
nanopores in SiNy membranes (Figure 6.1). Unlike conventional lithographic techniques, this
electrical fabrication strategy enables rapid and reproducible pore formation while eliminating
dependence on specialised nanofabrication tools. The final pore diameter can be tuned within
a broad range, from a few nanometres up to several tens of nanometres, depending on the
dimensions of the target molecules to be analysed. Our CBD fabricated nanopores have
demonstrated versatility beyond the detection of standard dsDNA. In particular, we utilised
dsDNA not only as an analyte but also as a molecular carrier to deliver specific target molecules
through the nanopore for sensing purposes. This approach expands the functional application
of solid-state nanopores to more complex molecular systems. Moreover, these nanopores
successfully enabled the detection of dynamic DNA origami hinges, highlighting the system’s

compatibility with reconfigurable nanostructures.

N
-

CBD Nanopore

Figure 6.1 Schematic for detection of DNA molecule using CBD solid-state nanopore. The SiN, membrane with a

single nanopore is positioned between two chambers of electrolyte solution.
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6.2 Methods

For comprehensive methodological details regarding the CBD procedure employed in this
investigation, readers are directed to Chapter 2, which provides a complete experimental

protocol.

6.2.1 CBD Pore Formation

Nanopore fabrication begins by applying an electric field near the membrane's dielectric
strength limit (Figure 6.2). This can be implemented through multiple electrical approaches:
fixed potential, gradually increasing voltage, pulsed fields, steady current, or photonic
excitation [20, 21, 28-31]. The imposed field induces a tunnelling current, enabled by random
formation of charge-trapping centres in the dielectric material [32, 33]. Progressive
accumulation of these localised defects, combined with possible thermal effects from resistive
heating, leads to the development of conductive channels [34, 35]. When these defects
interconnect to form a complete pathway, an abrupt current surge occurs, culminating in an

uncontrolled breakdown process that generates a nanopore.

The fundamental physics governing charge trap formation remains actively studied, with
hypothesised mechanisms involving the generation of electron-hole pairs and avalanche
ionisation [36]. For reliable pore fabrication, computer-controlled setups prove essential. These
automated platforms continuously track conduction current and immediately disable the
applied field upon pore formation, minimizing structural over-etching while maintaining

consistent results.
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Figure 6.2 Schematic representation of a SiN, membrane during nanopore fabrication via CBD.

6.2.2 Pore Expansion

Following initial nanopore formation via CBD, the pore diameter can be precisely adjusted by
applying a sequence of voltage pulses. Critical to this process is maintaining the pulse peak
voltage below the dielectric breakdown threshold to prevent the unintended creation of
additional pores [7, 19]. This enlargement mechanism is believed to operate differently from

the initial breakdown event, although the exact details remain actively under investigation.

A leading hypothesis proposes that pore widening primarily results from electrochemical
reactions at the pore walls [37]. Ionic flow under the applied electric field gradually removes
material from the membrane surface through an etching or dissolution process. While not yet
fully understood, this mechanism fundamentally differs from the rapid, defect-driven initial

breakdown and provides a practical means for post-fabrication nanopore size refinement.

—— @
°ee°
e

1 ( SiNx

Figure 6.3 Schematic representation of a SiNy membrane during expansion, with a voltage pulse applied in high

salt.
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6.3 Results and Discussion

6.3.1 CBD Nanopore Fabrication

Individual nanopores are generated directly in solution on thin insulating solid-state
membranes. In our setup, a SiNy, membrane (suspended on a Si/SiO, substrate) serves as the
core structure (Figure 2.5). This membrane is integrated into a fluidic cell, which divides two
chambers filled with 1 M KCI aqueous electrolyte (Figure 2.7c.). The integration of the
membrane into the fluidic cell greatly streamlines the transition to sensing experiments by

eliminating the need for further membrane manipulation.
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Figure 6.4 CBD nanopore fabrication of a SiN, membrane. a. Voltage-time plot of the CBD process. The voltage
profile consisted of two sequential phases: An initial linear ramp from 0 V to 5 V at 1 V/s, a subsequent slower
ramp from 5 V to the breakdown threshold (or 30 V maximum) at 0.025 V/s. b. Current-time plot of the CBD
process. A termination threshold was set at 50 nA. c. I-V measurements before and after CBD process under the
voltage of £400 mV. d. Breakdown voltages of SiN, membranes. The measurements were performed in 1 M KCl,

10 mM Tris, 1 mM EDTA, pH = 8.
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A single nanopore was fabricated by applying ramped voltage across the SiN, membrane
(Figure 6.4). The voltage application followed a two-phase ramping strategy: an initial fast
ramp increased the voltage linearly from 0 V to 5 V at a rate of 1 V/s, followed by a slower ramp
that progressed up to a maximum of 30 V at 0.025 V/s. A current threshold of 50 nA was set to
monitor for leakage current, which served as an indicator of nanopore formation. Once this
threshold was reached, the system automatically halted the voltage application. The appearance
of a detectable leakage current (current surge) signified the dielectric breakdown of the
membrane, and the corresponding voltage at which this event occurred was recorded as the
breakdown voltage. Statistical analysis of the breakdown process across multiple membranes (n
= 25) yielded an average breakdown voltage of 20.69 V with a standard deviation of +1.54 V for

this batch of SiN, membranes.

I-V measurements were conducted both prior to and following the CBD process to confirm
successful pore formation as well as characterize the resulting nanopore. The post-fabrication
I-V curve exhibited I-V characteristic; the pore diameter was calculated to be 1.95 nm from the

ohmic region (+100 mV) using Equation 2.4.
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Figure 6.5 Expansion of a CBD nanopore. a. Voltage-time plot of one voltage pulse cycle in the expansion process.
Each processing cycle consisted of: Application of 0.5 s pulses at 1/3 of the breakdown voltage, subsequent current
measurement at £100 mV for 0.2 s following each pulse. b. Currents measured at +100 mV. A termination
threshold was set at 2.5 nA. c. I-V measurements before and after expansion process under the voltage of 400 mV.

The measurements were performed in 3.6 M LiCl, 10 mM Tris, | mM EDTA, pH = 8.
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To achieve the optimal pore size for sensing applications, we performed an expansion process
(Figure 6.5). A 3.6 M LiCl solution was introduced into both chambers to replace the initial
electrolyte, as prior research has shown that higher ionic conductivity enhances the efficiency
of nanopore enlargement [37]. To facilitate pore enlargement, a series of voltage pulse cycles
were applied across the nanopore. Each cycle consisted of two 0.5s voltage pulses at £1/3 of the
previously determined breakdown voltage, followed by a 0.2s current measurements at £100
mV after each pulse. This step enabled real-time monitoring of changes in nanopore
conductance throughout the enlargement process. A predefined current threshold of 2.5 nA
was set to automatically terminate the voltage pulse cycles once the nanopore reached the
desired conductance level. This threshold corresponds to an estimated pore diameter of
approximately 7 nm, ensuring consistency with the target size for subsequent sensing

experiments.
[-V measurements were performed both before and after the pore expansion process to confirm

that the nanopore reached the desired size. The diameter of the expanded nanopore was

determined to be 6.67 nm from the ohmic region (£100 mV), calculated using Equation 2.4.

6.3.2 Detection with CBD Nanopore

6.3.2.1 Detection of dsDNA

To characterize the sensing performance of our CBD-fabricated nanopores, we conducted
dsDNA translocation experiments using 10 kbp fragments as model analytes (Figure 6.6). Five
nanopores with diameters of approximately 7 nm were employed, as determined by I-V

measurements analysed using Equation 2.4 under the cylindrical symmetry approximation.
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Figure 6.6 Detection of 10 kbp dsDNA using CBD-fabricated nanopores. a. Voltage dependant of capture rate for
detection of 2 nM 10 kbps dsDNA in 1 M KCl buffer (1 M KCI, 5 mM MgCl,, 10 mM Tris and 1 mM EDTA, pH
8) and 2 M LiCl buffer (2 M LiCl, 5 mM MgCl,, 10 mM Tris and 1 mM EDTA, pH 8). b. Concentration dependant
of capture rate for detection in 2 M LiCl buffer at a volatge bias of 300 mV. c. Current-time trace, typical events

and d. peak current statistics for detection of 2 nM 10 kbps dsDNA in 2M LiCl buffer at a volatge bias of 300 mV.

Translocation buffers containing 1 M KCl or 2 M LiCl, 5 mM MgCl,, 10 mM Tris, and 1 mM
EDTA (pH 8) were used for dsDNA detection with CBD nanopores. A linear voltage
dependence of the capture rate was observed in both buffers, consistent with previous reports
[38, 39]. This agrees with the barrier-free capture process of dsDNA in large solid-state
nanopores [40]. The capture rate in 1 M KCl was much higher than in 2 M LiCl buffer, matching
published results [41]. This occurs because the DNA capture rate is inversely proportional to

the translocation time, and very short translocation events were observed in 1 M KCl buffer
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[41]. Given the critical importance of dwell time in translocation analysis, we selected 2 M LiCl

buffer for all subsequent dsDNA translocation experiments.

We investigated the effect of DNA concentration on capture rate and observed a concentration-
dependent increase that followed a nonlinear relationship. This nonlinear behaviour is
consistent with previously reported results obtained at relatively high voltage biases [42]. The
observed trend can be explained by the positive correlation between applied voltage and both
barrier-limited and diffusion-limited capture rates. Specifically, higher applied voltages lead to
expansion of the effective capture region while simultaneously reducing the energy barrier for

molecular entry into the nanopore [43].

Analysis of 10 kbp dsDNA translocations in 2 M LiCl buffer showed a mean dwell time of 500
+ 48 ps and mean charge of 294 + 20 fAs. The peak current histogram displayed two populations
corresponding to unfolded (964 + 65 pA) and folded (1657 + 88 pA) conformations, indicating

structural variability during translocation.

6.3.2.2 Detection of miRNA with dsDNA Carrier

To evaluate the miRNA sensing capability, we utilised a 7 nm CBD-fabricated nanopore with
the 9.1 kbp dsDNA carrier system described in Chapter 3 (Figure 6.7). The translocation
experiments employed an optimised buffer system (2 M LiCl, 5 mM MgCl,, 10 mM Tris, and 1
mM EDTA, pH 8) based on its demonstrated performance for 10 kbp dsDNA detection. All
analyte components, including the 9.1 kbp dsDNA carrier, reporter sequences, streptavidin,
and miRNA-141-3p, their concentrations were corresponding to twice the concentrations used
in nanopipette experiments, as 1 nM was previously shown to yield optimal capture rates for 10

kbp dsDNA fragments.
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Figure 6.7 CBD nanopore sensing of miRNA using a 9.1 kbp dsDNA carrier. a. Schematic of the CBD nanopore
sensing platform. b. Example translocation events for dsDNA carrier-miRNA-streptavidin complex (dsDNA
carrier :1 nM, reporter sequence: 20 nM, streptavidin: 100 nM, and in the presence of miRNA-141-3p: 100 nM).
All experiments were conducted using a 7 nm nanopore in a buffer containing 2 M LiCl, 5 mM MgCl,, 10 mM

Tris, and 1 mM EDTA (pH 8) at a voltage bias of 300 mV.

Consistent with nanopipette translocation results, the CBD nanopore translocation event of
dsDNA carrier-miRNA-streptavidin complexes displayed a characteristic subpeak at 0.5
fractional peak position, superimposed on the primary dsDNA carrier signal. Quantitative
analysis of these subpeaks yielded a miRNA-141-3p binding fraction of 3.16%, in excellent

agreement with the nanopipette derived value of 3.35 + 0.43%.

6.3.2.3 Detection of DNA Origami Hinge

To extend the detection capabilities of CBD-fabricated nanopores to dynamic nanostructures,
we employed a 28 nm diameter pore for characterizing the DNA origami hinge mechanism
detailed in Chapter 4 and Chapter 5 (Figure 6.8). The 28 nm pore diameter was specifically

chosen to match the dimensional requirements of the DNA origami hinge structure.
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Figure 6.8 CBD nanopore detection of closed and extended DNA origami hinges. a. Ionic current analysis of the
closed hinge (500 pM): i. Example translocation events. ii. Peak current distribution. b. Corresponding data for
the extended hinge (500 pM), measured under identical conditions. All experiments were conducted using a 28
nm nanopore in a buffer containing 1 M KCl, 12.5 mM MgCl,, 10 mM Tris, and 1 mM EDTA (pH 8) at a voltage

bias of 300 mV.

Similar to the results obtained from nanopipette translocation, hinges at the closed and
extended configurations can be distinguished based on the peak current of the translocation
events. Quantitative analysis revealed that the mean peak current for closed hinge events was
6.07 £ 0.69 nA, whereas for extended hinge events, it was 10.74 + 2.46 nA/13.89 + 0.88 nA. The
peak current histogram for closed hinge events revealed two distinct populations corresponding
to different translocation behaviours: rapid translocation and prolonged translocation. While
these event types exhibited distinguishable peak currents for closed hinges, they showed no such
differentiation for extended hinges. This observation suggests the effective pore diameter more
closely approximates the hinge dimensions than the theoretically estimated 28 nm value. The
prolonged translocation events likely indicate transient interactions or temporary steric

hindrance occurring at the nanopore entrance before successful translocation.
189



CBD Nanopore and Detection

6.4 Conclusion

This chapter introduces the use of the CBD method for fabricating single solid-state nanopores
in SiNx membranes, offering a fast, low-cost, and equipment-independent alternative to
traditional nanofabrication techniques. The pore size can be precisely tuned to match the
dimensions of target molecules, ranging from a few to several tens of nanometres. In
performance assessments, CBD-fabricated nanopores exhibited comparable sensing capability
to nanopipette-based platforms in dsDNA translocation experiments. Beyond standard DNA
sensing, these nanopores effectively supported a DNA-based molecular carrier system for
detecting small biomolecules such as miRNAs. Furthermore, the platform enabled real-time
detection of dynamic DNA origami hinges, demonstrating its adaptability for probing
reconfigurable nanostructures and expanding the functional scope of solid-state nanopore

sensing.
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Chapter 7 Conclusion and Future Work

Synopsis

This chapter concludes the PhD research by summarising the key objectives and major findings.
It highlights the overall contributions of the work and discusses future directions, including

possible enhancements to device design and sensing strategies for broader applications.
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7.1 Aims

The most clinically valuable application of miRNAs lies in their role as biomarkers for disease
diagnosis, prognosis monitoring, and therapeutic response evaluation. However, current bulk
miRNA quantification methods face significant limitations in both sensitivity and specificity,
particularly for low-abundance targets in complex biological samples. These technical
constraints currently hinder the full clinical translation of miRNA biomarkers. The central aim
of this thesis is to realize precise detection of small-molecule biomarkers, particularly miRNAs,
through nanopore sensing technology. This research directly confronts three fundamental
challenges currently limiting the field: first, the development of effective strategies to detect
small biomolecules by overcoming the characteristically poor SNR inherent to nanopore-based
detection systems; second, the improvement of target specificity to reliably distinguish
particular miRNA sequences amidst the diverse mixture of biomolecules present in complex
biological fluids; and third, the enhancement of detection sensitivity to enable accurate

identification of biomarkers present at physiologically relevant low concentrations.

7.2 Achievements

This research established two DNA-based molecular carrier systems for the selective detection
of miRNA using nanopore sensing. A streptavidin-assisted dsDNA carrier enabled specific
target recognition, while a reconfigurable DNA origami hinge allowed miRNA-responsive
signal detection. Both strategies were effectively applied across nanopipette and CBD-fabricated

solid-state nanopore platforms.

Chapter 2 outlined the key methodologies employed in this study. It detailed the fabrication
and characterisation of solid-state nanopores, followed by the setup and execution of nanopore
translocation experiments to investigate molecular dynamics. The design and assembly of

DNA-based molecular carriers were also described, highlighting their role in target-specific
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detection. Lastly, the chapter introduced the data analysis techniques used to interpret

translocation signals, ensuring robust and reliable extraction of meaningful results.

Chapter 3 demonstrated the application of a dsDNA-based molecular carrier system for
nanopore detection of miRNAs using a sandwich complex approach. A 9.1 kbp dsDNA carrier
was functionalised with target-specific receptor sequences and streptavidin reporters to
enhance signal resolution. Through systematic optimisation, including a T4 RNA ligase-based
binding strategy and translocation buffer adjustments, we achieved effective single and

multiplexed miRNA detection with improved SNR.

Chapter 4 presents a dynamic DNA origami hinge capable of switching between closed and
extended states via strand displacement. TEM imaging and fluorescence assays confirmed
successful assembly and conformational changes. Single-molecule nanopore sensing
distinguished between hinge states through distinct translocation signatures. Overall, the
results highlight nanopore sensing as a powerful method for real-time monitoring of

nanostructure reconfiguration.

Chapter 5 introduces a reconfigurable DNA hinge as a nanopore-based sensing platform for
miRNA detection, where conformational changes upon target binding enable real-time analysis.
Nanopore measurements effectively distinguished hinge states, enabling sensitive and selective
quantification of miRNA-141-3p in buffer and serum, as well as dual detection of miRNA-141-
3p and miRNA-375-3p with superior sensitivity to TEM and fluorescence methods. The rigid
hinge structure reduced false positives common in linear DNA carriers and proved compatible
with nanopore sensing, highlighting the platform’s potential for probing dynamic DNA

nanostructures without compromising detection performance.

Chapter 6 presents the CBD method as a rapid, low-cost approach for fabricating single solid-
state nanopores in SiNy membranes, with tuneable pore sizes suited for various target molecules.
CBD nanopores showed sensing performance on par with nanopipettes in dsDNA

translocation and effectively supported DNA-based molecular carriers for miRNA detection.
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Additionally, they enabled real-time analysis of dynamic DNA origami hinges, showcasing the

platform’s versatility for detecting both static and reconfigurable nanostructures.

7.3 Future Works

This research has established two effective DNA-based molecular carrier systems for the
selective detection of miRNA using nanopore technology. Building on these developments,

future studies could explore several important extensions to further advance the field.

First, the carrier systems could be adapted for the detection of protein biomarkers. This would
require modifying the carrier designs to accommodate the varying sizes, complex structures,
and charge distributions of proteins while maintaining specific binding and detectable
translocation signals. Second, developing multiplexed detection capabilities would be valuable.
Creating carriers with orthogonal recognition elements or distinctive signal patterns could
enable the simultaneous identification of multiple biomarkers in clinical samples, providing
more comprehensive diagnostic information. Third, implementing multi-nanopore arrays
could enhance throughput and reliability. Parallel analysis across multiple pores would improve

statistical power, temporal resolution, and robustness for potential point-of-care applications.

7.3.1 Protein Biomarker Detection

Protein biomarkers serve as essential indicators for disease diagnosis and monitoring through
their direct participation in physiological and pathological processes [1]. Their disease-
associated alterations in expression, conformation, or localisation render them particularly
valuable for clinical applications, including early disease detection, pathological classification,
evaluation of treatment response, and prediction of outcome [2]. The compatibility of
numerous clinically significant protein biomarkers with non-invasive detection in biological

fluids, such as blood and urine, further enhances their practical utility. Building upon the DNA-
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based molecular carrier systems developed in this study, subsequent investigations will focus

on adapting these platforms for selective and stable protein recognition (Figure 7.1).

. PSA

PSA aptamer

)

5'-Phos- CAC TGC GCC GGT ATC GAT ATA TTT TTT AAT TAA AGC TCG CCA TCA AAT AGC TTT-3’

@

Nanobody
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Figure 7.1 Schematic design of DNA-based molecular carriers for nanopore detection of protein biomarker. a. i.
Aptamer sequence integrated 9.1 kbp dsDNA carrier for PSA detection. ii. Nanobody integrated 9.1 kbp dsDNA
carrier for PSA detection. b. Hinge reconfiguration of closed hinge with aptamer sequence integrated latching

strand for small protein detection.

Prostate-specific antigen (PSA), a widely used biomarker for prostate cancer (PCa), has served
as a cornerstone in clinical diagnostics for several decades and is still considered among the
most promising indicators for the disease [3]. Given the current study's focus on miRNA
biomarkers related to PCa, PSA was chosen as a representative protein to evaluate the platform's

adaptability for protein detection.

Similar to miRNA detection, we can integrate the dsDNA molecular carrier with receptor
sequences to selectively bind target proteins. It should be noted that PSA has a slightly smaller

molecular size than streptavidin [4]. Consequently, we expect to observe corresponding
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subpeaks in the translocation signals of the dsSDNA molecular carrier. Previous studies have
addressed this approach by modifying dsDNA with aptamer sequences that bind specific target
proteins with high affinity and specificity [5, 6]. Therefore, we can functionalize the dsSDNA
carrier with PSA-specific aptamers to adopt this strategy [7]. Additionally, recent studies have
developed miniature nanobodies (~ 15 kDa, 4 nm long and 2.5 nm wide) that maintain the high
binding specificity and strong affinity of conventional immunoglobulin G (IgG, 150 kDa)
antibodies while being significantly smaller [8]. Compared to aptamers, nanobodies
demonstrate greater tolerance to high-salt conditions. Thus, incorporating nanobodies into

dsDNA carriers could further enhance the robustness and versatility of our sensing platform.

For protein biomarkers that are small in size and difficult to detect directly, the reconfigurable
DNA origami hinge introduced in this study can serve as an effective molecular carrier. By
integrating specific binding elements, such as aptamers, into the hinge structure, target protein
binding can induce a conformational change. This structural transition generates a
distinguishable signal in nanopore sensing, enabling indirect recognition and signal

amplification for sensitive detection.

7.3.2 Multiplexed Biomarker Detection

The 9.1 kbp dsDNA developed in this thesis functions as an effective molecular carrier for
multiplexed detection of multiple miRNA targets via nanopore sensing. Extending this
capability, future studies could investigate simultaneous detection of diverse biomarker classes
in complex biofluids. For example, integrating both miRNA-141-3p and PSA detection in a
unified assay could enable more comprehensive PCa diagnostics, potentially enhancing early

detection and disease monitoring.

The current reconfigurable DNA origami hinge carrier can only detect a single target, as each

hinge is designed to respond to one specific analyte through its structural transformation. While
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some experiments have shown dual miRNA detection, this does not represent true multiplexing

capability.

To realize genuine multiplexed detection, future designs should incorporate hinge structures of
different sizes, each tailored to a distinct target (Figure 7.2). For example, a second hinge (Hinge
2) could be engineered with a height roughly one-quarter that of the original (Hinge 1). This
would yield four detectable conformations—closed and open states for each hinge—with cross-
sectional areas differing by at least an integer-fold. These distinct geometries should produce

separable translocation signals, enabling simultaneous detection of two targets in a single assay.

Expanding beyond two analytes will require developing more sophisticated hinge architectures

with additional resolvable configurations.

a
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Figure 7.2 Schematic design of multi-scale reconfigurable DNA origami hinge molecular carriers for multiplexed
nanopore detection. a. Hinge structures with fixed height parameters (Hinge 1: 18 nm closed state to 8 nm
extended state; Hinge 2: 5 nm closed state to 2 nm extended state). b. Translocation events for multiplexed

detection while maintaining target-responsive conformational changes.

7.3.3 Multi-nanopore Sensing
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e
?

Figure 7.3 Schematic design of multi-nanopore sensing.

In this study, both nanopipettes and CBD-fabricated nanopores used for sensing belong to the
solid-state nanopore category, with measurements performed through individual nanopores.
Current research on solid-state nanopores predominantly focuses on single-pore

configurations.

In contrast, biological nanopores have seen faster development. A prime example is the
commercial MinION chip (Oxford Nanopore Technologies), which incorporates a dense array
of biological nanopores enabling massively parallel sequencing [9]. This design significantly
increases data throughput and sequencing speed while improving coverage and adaptability for

complex samples across various applications [10, 11].

Future developments could adapt strategies from protein nanopores by organizing solid-state
nanopores into integrated arrays on a single membrane, enabling parallel multi-pore sensing
(Figure 7.3) [12]. This architecture would enhance data throughput and permit concurrent
detection of multiple analytes in a single experiment. Each pore in the array could be
independently monitored and controlled, offering greater experimental flexibility and

improved result reliability.

Unlike protein nanopores, solid-state nanopores allow easier pore size adjustment to
accommodate different target molecules, enhancing both detection accuracy and sensitivity.
When combined with the DNA-based molecular carrier systems developed in this work, such
solid-state nanopore arrays could evolve into practical platforms for multiplexed analysis in

clinical diagnostics and biological research.
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7.4 Conclusion

Nanopore-based sensing platform was developed for selective detection of small biomarkers,
particularly miRNAs, using two DNA-based molecular carrier systems: a streptavidin-assisted
dsDNA carrier functionalised with target-specific receptors, and a reconfigurable DNA origami
hinge. These carrier designs overcome key nanopore sensing challenges including low signal-
to-noise ratios, insufficient specificity in complex biofluids, and sensitivity limitations. Both
systems were successfully implemented across nanopipette and solid-state nanopore platforms,
demonstrating robust performance for single or multiplexed miRNA detection, as well as real-

time monitoring of dynamic nanostructure reconfiguration.

While achieving successful miRNA detection, this work also provides a foundation for
extending nanopore sensing to broader diagnostic applications. Future development will focus
on adapting these carriers for protein biomarker detection via aptamer/nanobody integration,
creating scalable multiplexing strategies using size-varied DNA hinge architectures, and
developing solid-state nanopore arrays for parallelised sensing. Together, these advancements
will significantly improve the sensitivity, specificity, and clinical utility of nanopore biosensing

technologies.
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ABSTRACT: The advancement of biosensor technology is driving the development of ultrasensitive detection methods, with
single-molecule sensing emerging as a particularly promising approach. Nanopore sensing enables the detection of biomarkers
at the single-molecule level, offering high sensitivity and specificity for biological sample analysis. In this study, we designed a
reconfigurable DNA origami hinge as a molecular carrier for nanopore-based detection of miRNA-141-3p, a biomarker
associated with prostate cancer. The hinge undergoes a controlled transition from a closed to an extended state upon binding to
miRNA-141-3p, with distinct ionic current signatures recorded before and after reconfiguration during nanopore translocation
experiments. Our approach demonstrates detection sensitivity down to the nanomolar level and exhibits excellent selectivity,
effectively distinguishing miRNA-141-3p from closely related sequences. These findings highlight the potential of DNA

nanostructure-based nanopore sensing for ultrasensitive and selective biomarker detection in biological samples.

KEYWORDS: nanopore sensing, DNA origami, microRNA, single-molecule sensing

1 Introduction

Single-molecule detection techniques hold great promise for
advancing diagnostics, particularly when applied directly to
patient-derived samples such as blood, saliva, and urine [1-
4]. Among these techniques, nanopore sensing stands out for
its ability to detect and characterise individual biomolecules
with high precision [5-9]. By applying a voltage bias across a
nanopore, biomolecules translocate through it, generating
ionic current changes governed by electrophoretic,
electroosmotic, and diffusive forces [10]. These current
fluctuations arise from ion exclusion by the translocating
molecule and variations in the surrounding electrolyte
composition [11]. This approach enables real-time, single-
molecule analysis, providing molecular-level insights that
conventional bulk-sensing methods cannot achieve.
Nanopore technology has been successfully employed for
detecting nanoparticles [12, 13], nucleic acids[14, 15],
proteins [16-18], and various other biomolecules [19].
However, its application in early-stage diagnostics remains
challenging, as it requires exceptionally high sensitivity,
selectivity, and compatibility with complex biological fluids
[8]. Achieving a sufficient signal-to-noise ratio (SNR)
depends on the nanopore size closely matching that of the
target biomolecule [5, 8]. This presents a particular

challenge for small biomolecules, such as microRNAs
(miRNAs) and small proteins, which often produce low-SNR
signals, making detection difficult. Furthermore, nanopore
sensing inherently lacks selectivity in biological fluids, which
contain several biomolecules of similar size, shape, and
charge, further complicating specific target identification.
Therefore, enhancing both sensitivity and selectivity is
essential to fully realise the diagnostic potential of nanopore
technology.

A promising strategy to overcome these challenges is the
use of molecular carriers [8, 20]. These carriers are designed
to bind target biomolecules, ensuring that their passage
through the nanopore generates distinct ionic current events
distinguishable from those of the carriers alone [21, 22].
This approach offers several key advantages. First, carriers
modulate translocation speed, improving signal resolution
by aligning the target's motion with that of the carrier.
Second, they enhance the capture rate of target molecules,
particularly DNA, due to its linear and elongated structure,
thereby boosting sensitivity. Finally, molecular carriers
provide versatility, as their receptor components can be
readily modified to accommodate various applications.

Previous studies have explored a variety of molecular
carriers, including nanoparticles and linear DNA, for
nanopore sensing [23-26]. Significant progress has also been
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