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ABSTRACT

DNA nanotechnology based on DNA aptamers and DNAzymes is highly
beneficial because they provide more stable, programmable and manageable
alternatives to their native counterparts (i.e. antibodies and enzymes) on top of

being cost-effective.

One of the widely reported features of DNA-aptamer based biosensors is by
coupling it with gold nanoparticles (AuNPs), due to the unique opto-electronic
characteristics of the latter. While the positively charged cysteamine-coated gold
nanoparticles (cysAuNPs) present an ideal candidate to directly interact with
negatively charged DNA, the fundamental understanding and precise modulation on
their interaction for biosensing purposes are still largely unexplored. By carefully
studying the interaction between cysAuNPs and lysozyme-binding aptamer (LBA), a
colorimetric aptasensor has been developed for lysozyme detection. Despite
inducing aggregation initially, further increasing the amount of LBA above critical
redispersion concentration (CRC) was found to redisperse cysAuNPs, as proven by
UV-visible spectroscopy and zeta-sizer study. The changing dispersion states of
cysAuNPs was further exploited to construct a bimodal colorimetric aptasensor, with
modes A (aggregation) and R (redispersion) utilising LBA at concentrations below and
above CRC, respectively. Both modes were found to be complementarily: mode A
having a linear range of 37.5 - 180 nM of lysozyme with a limit of detection (LOD) of
2.29 nM; whereas mode R can detect lysozyme linearly in the range of 500 - 4000 nM
with a LOD of 375 nM. Synergistic screening via both modes also display a
remarkable selectivity towards lysozyme against other control proteins. Besides,
detection of lysozyme via mode R also demonstrated a novel analytical concept of

inverse sensitivity, with exceptional signal-to-noise ratio (SNR) of 72.56.
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From another perspective, DNAzymes are frequently coupled with
fluorescence resonance energy transfer (FRET) in the development of metal ion
sensors. Despite allowing analysis being performed ratiometrically, FRET is hindered
by several pivotal limitations, preventing such DNAzymes-driven metal ion sensors to
be translated into practical scenarios. Bioluminescence resonance energy transfer
(BRET) provides a good solution in line with that premise as it does not require an
excitation stimulus. An 8-17 DNAzyme and its cofactor, Zn?* ions, have been chosen
for proof-of-concept study, with the BRET pair consists of Lucia luciferase and Cy3
fluorophore. The implementation of BRET was verified by observing a second
luminescence peak from co-excited Cy3. Further structural and experimental
optimisations have resulted in an improved BRET ratio at 0.43. The DNAzyme-driven
BRET-based biosensor also showed great selectivity towards Zn?* ions by inducing a
noticeable BRET percentage changes and was able to quantify Zn? from 100 to 3200
nM in buffered solution. Compared to other reported Zn?* sensors, the DNAzyme
biosensor described here was able to quantify > 300 equivalent concentration of Zn?*
ions, yet still having a low LOD estimated at 62.58 nM. The study here represents a
milestone that for the first time, a previously unexplored technique of BRET has been

successfully implemented in DNAzyme system for metal ion sensing.

In summary, the works detailed here have provided an insight on the further
development of DNA nanotechnology with regards to biosensing purposes. These
successful applications of both DNA aptamers and DNAzymes, when coupled with
cysAuNPs and BRET, respectively, have not only addressed their currently associated
limitations, but also opens up more possibility of utilising them as biosensing

platforms to reliably detect biomarkers and metal ions in the near future.
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CHAPTER 1

INTRODUCTION

1.1 General overview

DNA is always known as a molecule responsible for storing and transmitting
genetic information from generation to generation in all biological systems. Built on
this premise, the principle idea of DNA nanotechnology is to take the DNA out of its
initial biological context and utilise it for various purposes, either in biological or non-
biological frameworks. Since the first proposal by Seeman in 1980s to utilise nucleic
acids as building blocks in constructing self-assembled nanomaterials (Seeman,
1982), DNA nanotechnology has always been a fast-growing field. Nowadays, it has
even far exceeded the original biological function of DNA as a mere storage of
genetic information. Their feasibility in terms of sequence programmability,
structural flexibility and unique chemical properties have synergistically made them a
very powerful component for nanostructure assembly (Seeman, 2017; Ke, Castro and
Choi, 2018), molecular recognition (Xing et al., 2014; Alizadeh et al., 2018; Zhang, Lai
and Juhas, 2019), and reaction catalysis (Hollenstein, 2015; Liu, Chang and Li, 2017).
Nevertheless, despite constant global efforts to further develop DNA

nanotechnologies, their full potential is yet to be uncovered.

DNA aptamers are short, single-stranded DNA molecules that can be folded
specifically to recognise particular targets with both high affinity and specificity
(zhang, Lai and Juhas, 2019). Their antibody-like behaviour is often harnessed for the
functionalisation of gold nanoparticles (AuNPs) in developing colorimetric biosensors
targeting various molecules-of-interest (Li et al., 2011; Z. B. Chen et al., 2013; Peng et
al., 2013). Represented by citrate-reduced gold nanoparticles (citAuNPs), AuNPs are

nanosized gold that depending on their dispersion state, can undergo transition



between ruby red (dispersed) and bluish grey (aggregated) in colour (Xia et al.,
2016). Such unique colour-changing behaviour makes them a remarkable reporter
probe in biosensors development to indicate the presence of particular molecules-
of-interest. However, during DNA functionalisation, conventional citAuNPs are
negatively charged as-synthesised and thus requires laborious protocols such as salt
aging to bring both DNA aptamers and citAuNPs into close proximity to enable their
interactions (Mirkin et al., 1996). Furthermore, expensive thiolation on DNA is also
needed to provide a mean of conjugation through the formation of covalent Au-S
bond. To circumvent these bottlenecks, cysteamine-stabilised gold nanoparticles
(cysAuNPs) appear to be a good alternative. Given that they are positively charged
upon synthesis (Niidome et al., 2004), cysAuNPs can interact with non-modified DNA
with ease. On top of their improved stability due to intrinsic cysteamine-stabilisation
via Au-S bonds, the advantages of cysAuNPs has been slowly gaining more attention
in recent years. Coupled with the goal of addressing the current limitations of the
mainstream citAuNPs, a beneficial advancement would be to further the
investigation and exploitation on the electrostatic interaction between cysAuNPs and
DNA aptamers to rationally design an aptamer-based biosensor (aptasensor). In the
light of above, Chapter 3 focuses on the development of a bimodal cysAuNPs-based
aptasensor using lysozyme and lysozyme-binding aptamer (LBA) as study models.
Physical characterisations on the cysAuNPs were first conducted, indicating a
nanoparticles system physically similar to the conventional citAuNPs with the
exception of reversed zeta potential. The positively charged cysAuNPs were then
allowed to interact with LBA at various concentrations. The subsequent LBA
concentration-dependent response were studied in the forms of cysAuNPs
aggregation and redispersion through ratiometric analysis on their resulting UV-Vis

absorbance spectra. The unprecedented observation of cysAuNPs redispersion in



presence of excess LBA was documented with the proposal of critical redispersion
concentration (CRC), a theoretical concentration of DNA required to induce
dispersion instead of aggregation on cysAuNPs. Built on the premise that the binding
between lysozyme and LBA would negate the electronegativity of the latter, a
colorimetric and ratiometric aptasensor has been rationally designed for lysozyme
detection. A bimodal detection with different dynamic ranges and promising limits of
detection (LOD) has been achieved by applying LBA at the concentration of either
below or above CRC, paving a path for tuneable detection. Apart from having
remarkable sensitivity performance, the bimodal screening can also complement
each other to rule out false positive results, therefore achieving good selectivity even
in the presence of mixed control proteins. The significance of this work is further
ascertained by the successful implementation of inverse sensitivity, a novel analytical
concept of having increased responsive signal despite decreasing concentration of

targeted analyte.

Another aspect of DNA nanotechnology is DNAzyme. Instead of having
antibody-like properties as DNA aptamers, DNAzymes are a family of short and
single-stranded DNA that possess certain catalytic capabilities, thus making them
“enzyme-like”. Upon activation by cofactors, DNAzymes can catalyse various
enzymatic reactions, most notably in RNA transesterification that effectively cleave a
RNA or RNA-DNA chimera strand into two shorter strands at specific site (Breaker
and Joyce, 1994; Silverman, 2016). While most DNAzyme constructs are double-helix
initially, the RNA-cleavage will lead to a drastic drop in their melting temperature,
thus leading to strand dehybridisation between the enzyme and substrate strands.
Due to their metal-dependent activities, DNAzymes are frequently incorporated into
metal ion sensors with the implementation of fluorescence resonance energy

transfer (FRET). A DNAzyme-driven FRET-based metal ion sensor typically utilises the



change in fluorescence, either an increase or decrease, to reflect the assembly or
disassembly of the DNAzyme construct. However, such sensing platforms suffer from
pivotal bottlenecks including photobleaching, signal contamination, and the
requirement of excitation energy (mostly an external light source) that unfavourably
hinder their practical usability. In line with the goal of translating DNAzymes
technology into truly sustainable portable sensor for metal ion detection, one can
infer that it is of utmost importance to explore other possible reporting techniques
to complement with the unique molecular activities of DNAzymes in presence of
specific metal ion cofactors. Therefore, Chapter 4 of this present thesis is to address
the aforementioned FRET-related limitations by incorporating DNAzymes with
bioluminescence resonance energy transfer (BRET) instead, as demonstrated by the
study models of DNAzyme 8-17 and its metal ion cofactor, Zn?* ions (Li et al., 2000).
BRET was achieved by modifying the DNAzyme 8-17 enzyme strand (8-17E) with a
Lucia luciferase, a coelenterazine-utilising luciferase derived from marine copepods,
through streptavidin-biotin conjugation whereas a Cy3 fluorophore was labelled at
the DNAzyme 8-17 substrate strand (8-17S). Only when fully hybridised, the close
proximity between Lucia and Cy3 will enable a strong BRET to co-excite the Cy3 in
presence of coelenterazine. In principle, the BRET efficiency can be ratiometrically
analysed by comparing the luminescence of Lucia and fluorescence of Cy3, indicating
the presence and concentration of Zn? ions. To study the feasibility of a DNAzyme-
driven BRET system, the event of BRET was first verified by comparing the DNAzyme
construct consisted of only 8-17E or 8-17S, followed by a completed complex of 8-
17E/S and the complex in presence of Zn?" ions. Then, the biosensor conditions were
optimised in terms of strand modifications, molar ratio of 8-17E/S as well as
Lucia/Cy3. The optimised DNAzyme biosensor was first incubated with various

monovalent and divalent metal ions, and the results showed very promising



selectivity performance as only Zn?* ions can induce a noticeable change in BRET
percentage (A BRET (%)) compared to control without any metal ions. An excellent
sensitivity performance is also evidenced that a linear range of Zn?* ions detection
was observed with good R? value. Notably, considering that there is no signal
amplification, the DNAzyme biosensor presented here demonstrated an outstanding
quantification of > 300 equivalent concentration of Zn?* in addition to its low LOD.
The achievement of BRET implementation hereby represents a major advancement
in the field of DNAzyme technology as it successfully expanded its horizon to another

previously unexplored sensing platform.

1.2 Problem statement, hypothesis and objective

As mentioned previously, biosensors derived from DNA aptamers and
DNAzymes are mostly solely available in laboratory settings at present time due to
their respective associated disadvantages which prevent them to be deployed for
practical purposes like on-site and real-time detection. New generation of such
biosensors are thus needed with proper consideration to avoid such limitations.
Therefore, the main objective of this study is to explore and expand the current
scope of DNA nanotechnologies, by rationally designing a DNA aptamer-based and
another DNAzyme-based biosensor for the detection of biomarkers and metal ions,

respectively.

Together with their individual hypothesis, the specific objectives serving as
prerequisites in achieving the main objectives are listed below, separated into two

major groups each dedicated to DNA aptamer and DNAzymes.

For DNA aptamer-based biosensor, it is hypothesised that the electrostatic

interaction between cationic cysAuNPs and anionic DNA is of advantage to prevent



the common limitation faced by citAuNPs, which can even be exploited for the

detection of targeted analyte. The specific objectives are as following:

1. To study the effect of LBA aptamer on the dispersion states of cysAuNPs
across a wide range of concentration.

2. To construct a cysAuNPs-derived aptasensor for lysozyme detection based
on the optimised LBA concentrations.

3. To evaluate the sensitivity and selectivity performance of the proposed

aptasensor for colorimetric detection of lysozyme in buffered solution.

On the other hand, for DNAzyme-based biosensor, it is hypothesised that
BRET can effectively substitute FRET to avoid the disadvantages, thus further
expanding the practical usability of DNAzymes for metal ion detection. The specific

objectives are as following:

1. To design a BRET-compatible 8-17 DNAzyme system and verify its working
principle.
2. To maximise the BRET efficiency and to evaluate its performance for

luminescence detection of Zn%* ions in buffered solution.

1.3 Overview of thesis structure

Following on Chapter 1, Chapter 2 is comprised of literature review to
provide a fundamental understanding of this thesis. First focusing on the background
information of biosensors, their basic principle, components, classifications as well as
a brief history on the technological advancement in the field will be introduced. The
main aspects in DNA biosensors will also be reviewed, including the typical
properties associated with DNA, such as complementary base pairing and melting

temperature. Their applications in biosensing will also be appraised based on the



underlying mechanisms, such as direct hybridisation/ dehybridisation, DNA aptamers
and DNAzymes. From another perspective, an overview of nanomaterials will be
presented, focusing on AuNPs to highlight the common routes for their synthesis,
preparations and modifications. Their physico-chemical properties will also be
described together with the commonly associated characterisation techniques.
Lastly, luminescence-based sensing will be discussed, focusing on the resonance

energy transfer related techniques such as FRET and BRET.

Chapter 3 consists of the development of a colorimetric aptasensor based on
cysAuNPs for the detection of lysozyme. In this chapter, the synthesis and
characterisation of cysAuNPs together with their interaction with LBA will be
presented. Then, the proposed aptasensor will be investigated for its capability in

detecting lysozyme in buffered solution both quantitatively and qualitatively.

Chapter 4 documents the development of a luminescence BRET biosensor
based on 8-17 DNAzyme for the detection of Zn?* ions. In this chapter, the proof-of-
concept will first be described through verification of BRET on top of the assembly of
the DNAzyme system. Following that, further optimisation to obtain highly efficient
BRET will be detailed. Finally, the now optimised DNAzyme biosensor will be
particularised in terms of its ability to qualitatively and quantitatively indicate the

presence of Zn? ions in buffered solution.

Last but not the least, to end this thesis, Chapter 5 and 6 will provide some

general conclusions and future remarks, respectively.



CHAPTER 2

LITERATURE REVIEW

2.1 General background of biosensors

Sensor in analytical chemistry, refers to an analytical device that is used for
the detection of molecule-of-interest/ targeted analyte either for identification or
quantification purposes (Petrukhin and Maksimenko, 2008). Typically, a sensor is
consisted of a recognition probe that can recognise the presence of targeted analyte.
The recognition event will then be translated into quantifiable signal by a reporter
probe that corresponds to the amount of the targeted analyte (Lowe, 1984) as

illustrated in Figure 2.1.

Examples
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Small molecules
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DNA e
Enzyme Recogn ition RE::Iao:rr‘egclt?osn
Antibody event Strand de-/ hybridisation

Antibody-antigen binding
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Electrode o Examples
Nanoparticle Quantifiable [k A e—
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Conductivity/ Impedence

signal

Figure 2.1. The general principle of biosensors with regard to recognition and
reporter probes that synergistically generate a measurable output to indicate the
presence of molecule-of-interest or targeted analyte.

To be classified as biosensor, either one or both recognition and reporter
probes consist of biological elements. Historically, the term “biosensor” was first
proposed by Cammann in year 1977 in spite of many previously proposed sensors

that had started to exploit biological activities, especially enzymatic reactions for



detection purposes (Cammann, 1977). Depending on the biological components
involved as either recognition or reporter probes, biosensors can be categorised into

several major types (Table 2.1).

Table 2.1. Example of major classifications of biosensors based on recognition and
reporter probes

Classification of Biosensor

Recognition Probe Reporter Probe
DNA Optical

Enzyme Electrochemical
Antibody Acoustic
Microbial Thermal

2.2 Recognition probes

Biosensors from earlier years are usually antibody-based that exploit
antigen-antibody interaction to achieve the determination of targeted analytes
instead of radioactivity (Luppa, Sokoll and Chan, 2001; Lequin, 2005). Classical group
of antibody-based biosensors are enzyme-linked immunosorbent assays (ELISA) in
which the presence of the targeted analyte (known as antigen) is recognised by an
antibody and the recognition is subsequently converted into a measurable feedback
by an enzyme. ELISA can be divided into four formats, namely direct, indirect,
competitive and sandwich ELISA with their fundamental detection mechanism
remains the same. Using indirect ELISA as example illustrated in Figure 2.2, on an
ELISA microplate, the antigen that have been pre-immobilised on the surface of the
microplate wells will first be recognised by their specific primary antibodies, followed
by enzyme-labelled secondary antibodies targeting the primary antibodies. After
extensive washing to remove all unbound components, the enzymatic reaction from

9



the remaining bound enzyme on the secondary antibodies will typically generate
optical signals (i.e. absorbance or fluorescence) by hydrolysing their respective
substrate to indicate the presence of the antigen (Aydin, 2015; Thiha and lbrahim,
2015; Liang et al., 2016). Commonly used enzymes are alkaline phosphatase and
horseradish peroxidase which can provide optical feedback when hydrolyses certain
substrates, such as the colorimetric compounds of p-nitrophenyl phosphate (PNPP)
(Chenetal., 2017) and 3,3',5,5'-tetramethylbenzidine (TMB) (Uppalapati et al.,

2016), respectively.

‘ Substrate

| 3

Enzyme-labelled =

Primary secondary antibody 2

L antibody k o

2

Antigen
j \ \ Antigen
(A) (B) (C) (D)

Figure 2.2. Principle of indirect ELISA. (A) Immobilised antigen. (B) Antigen
recognition by primary antibody. (C) Further recognition by enzyme-labelled
secondary antibody and the hydrolysis of substrate by the enzyme. (D)
Spectroscopic analysis to indicate the concentration of antigen.

The versatility of ELISA has made it a gold standard as clinical diagnostic tool
for the detection over a wide range of targeted analytes. Despite being highly
specific, sensitive and efficient when performed by experienced researchers, those
biosensors generally associated with a few critical bottlenecks including expensive
immunological reagents, high possibility of false results, and hard-to-obtain or hard-
to-maintain antibodies especially when monoclonal antibodies were required (Aydin,

2015; Sakamoto et al., 2018).

Due to the huge technological advancement in the field over the past few

decades, both DNA-based and enzyme-based biosensors have arisen to represent
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the conceptual epicentre to the field of biosensors nowadays (Zhai, Cui and Yang,
1997; Oliveira Brett, 2005; Kavita, 2017; Piro and Reisberg, 2017; C. Liu et al., 2018),
with their performances often being compared to ELISA. As this thesis is built on the

fundamentals of DNA-based biosensors, it will be focused in following context.

2.2.1 DNA biosensors

With the importance of biosensors slowly gaining more attention in recent
decades, further development for detection in more complicated scenarios urged for
considerable exploration into other biosensor designs. Instead of relying on the
conventional antibodies as in the case of ELISA, DNA nanotechnologies have been

widely adapted nowadays.

The implementation of nucleic acids as recognition or reporter probes are
being studied extensively due to their exceptional physical, chemical as well as
biological activities that promise rapid, reliable and low cost testing (Berney et al.,
2000; Kavita, 2017). As a recognition probe, the application of DNA usually derived
from three major principles, including (1) DNA-DNA/RNA hybridisation and
dehybridisation, (2) DNA-target binding and (3) DNA catalytic reaction which will be

discussed accordingly.

2.2.1.1 DNA hybridisation based

Due to Watson-Crick DNA base pairing, each purine always preferably binds
to one pyrimidine, for example guanine (G) with cytosine (C) as well as adenosine (A)
with thymine (T) for DNA or uracil (U) for RNA. These complementary base pairings,
held by hydrogen bonds, have formed the basis for biorecognition in DNA

hybridisation biosensors.
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2.2.1.1.1 Direct hybridisation and dehybridisation

Only DNA or RNA targets with matching sequences can effectively hybridise
with their complementary counterpart whereas a mismatched or non-matching
sequence will have less to no hybridisation during the recognition event. Given that
DNA is highly flexible, long ssDNA prone to self-fold into various structural
configurations, especially secondary structures such as hairpin or random coil which
can complicate their hybridisation with the incoming target. Therefore, ssDNA that
serves as recognition probe is typically short, with ideally 40 base pairs or less

(Kavita, 2017).

Since the first introduction of DNA-based electrochemical biosensor, or E-
DNA biosensors by Millan and Mikkelsen in 1993 (Millan and Mikkelsen, 1993), a
layer of short ssDNA is typically immobilised onto the transducer or electrode
surface. Changes in various electrical signals (i.e. chronopotentiometric tranduction,
impedance or conductivity) can be expected in the presence of targeted analyte
when they hybridise with the immobilised probes, primarily altering the ionic
exchange rate on the electrode surface (Wang et al., 1996; Tichoniuk, Ligaj and
Filipiak, 2008; Rahman et al., 2015; Gu et al., 2018). The hybridisation event can also
be converted into other quantifiable signals, including optical (Chen et al., 1998;
Peter et al., 2001) and chemiluminescence (Wu et al., 2010; Liu et al., 2016; Zhang et

al., 2018).

2.2.1.1.2 Toehold-mediated strand displacement

Apart from the matching sequence, DNA hybridisation is also dependent on
their melting temperature (Tm). Tm hereby refers to the temperature in which half of
the DNA oligonucleotides lost their intermolecular bonds, resulting in denaturation,

dehybridisation or structural relaxation (Wartell and Benight, 1985). In terms of
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dsDNA, they will disassociate into two individual ssDNA whereas for ssDNA, they will
undergo structural relaxation to unwind into linear form, subsequently adapting a
random coil configuration (Khandelwal and Bhyravabhotla, 2010). In other words, T
is a direct indication of the tendency of DNA to remain stable in particular
configurations, such as double helix and hairpin structure. For instance, a dsDNA
with a high T, means that the dsDNA is more thermodynamically stable against

dissociation.

Among all physico-chemical factors (including base stacking, hydrophobic,
electrostatic and van der Waals interactions) (Sundaralingam and Ponnuswamy,
2004), hydrogen bonding is the most dominant force that stabilises the double helix
DNA structures during complementary base pairing. Reducing the number of
complementary base pairing such as shortening the binding arm (hybridising
sequence) will lead to drastic drop in the Tr, effectively causing dehybridisation
between two DNA strands or prohibit their hybridisation even when they are fully

complementary to one another.

In terms of DNA biosensors, it is often exploited in a technique called
toehold-mediated strand displacement. During the process, the recognition DNA
probe is pre-hybridised to a blocking strand with a hanging segment exposed, thus
the name toehold. In the presence of targets, the incoming DNA target (invading
strand) will first initiate the hybridisation with the toehold, and consequently
substitute the blocking strand. This results in either immediate displacement of the
blocking strand, or a sharp reduction in the Tr, of the remaining partially hybridised
blocking strand. In both cases, the blocking strand will be released, hence displaced

from the DNA probe. Other derivatives including strand displacement cascade
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(Teichmann, Kopperger and Simmel, 2014; Li et al., 2019) and hybridisation chain

reaction (Dirks and Pierce, 2004; Evanko, 2004).

2.2.1.2 DNA-target binding based

Apart from hybridising with complementary sequences, DNA can also bind
with molecules other than its complementary strand, a characteristic that is also
exploited in biosensing applications. In recent decades, DNA-target binding has been
revolutionised by the introduction and subsequent blooming studies of DNA
aptamers in 1990s. They are typically single-stranded oligonucleotides with
polynucleotide lengths of lesser than 100 bases that upon folding into specific
tertiary structures, present antibody-like properties such as capability to bind to their
targets with high affinity and specificity (Ellington and Szostak, 1990; Gold and Tuerk,
1990). In fact, the first study of aptamer came in the form of RNA aptamer which can
provide HIV resistance by binding to its viral protein, thereby physically inhibiting the
following viral RNA-protein binding required for viral replication (Sullenger et al.,

1990).

Nowadays, DNA aptamers are mostly discovered via systematic evolution of
ligands by exponential enrichment (SELEX) technique whereby a series of selection
and amplification processes are taken to isolate a high-affinity oligonucleotide
strands from pools of variants against a molecule-of-interest (Jayasena, 1999).
During SELEX, a combinatorial library of synthetic DNA oligonucleotides with
approximately 10*° different sequences were incubated with targeted analyte,
allowing specific sequences to interact and bind with it. Then, washing steps will be
performed for the separation of bound and unbound strands, while the remaining
bound strands will undergo PCR amplification to replenish their amount. At each

cycle of DNA-target incubation, separation, elution and amplification, the
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identification for selected aptamers will be repeated under increasingly stringent
conditions (increasing ionic concentration or ionic strength), ultimately narrowing
the pool of DNA aptameric strands down to a single one with highest affinity against
particular target (Figure 2.3). Typically, a DNA aptamer selective to a targeted analyte

can be identified within 10 to 15 cycles.

DNA library

¢ Pool of ssDNA with
random sequences

Amplification Incubation

¢ PCR-amplification of e Binding between
bound sequences ssDNA and targets

Separation

e Removal of unbound
sequences

Figure 2.3. Scheme of aptamer identification through SELEX. At each cycle, the
ssDNA pool will undergo repeated selection procedures under increasingly
stringent conditions until a final sequence is identified to bind with the targeted
analyte at highest affinity.

Despite can be used to screen for DNA aptamers selective to virtually any
molecules-of-interest, from ions (Wang et al., 2006), and toxins (Alizadeh et al.,
2018) to cells (Catuogno and Esposito, 2017; Rahimizadeh et al., 2017) or even
microorganisms (Zhao et al., 2018; Shin et al., 2019), SELEX and its derivatives have
also been associated with several critical disadvantages that limited their true
potential to be widely adapted in most laboratories to identify new aptamers. Due to
the requirements of repeated screening using radioactive labelling, highly
maintained experimental environment, and well trained personnel, performing

SELEX in most non-specialised laboratories is undesirably labour-intensive, time-

15



consuming, expensive and not environmentally compatible (Stoltenburg, Reinemann

and Strehlitz, 2005).

Instead, many aptamers-related studies were actually carried out based on
pre-established aptamers, such as anti-thrombin or thrombin-binding aptamer (TBA)
(Avino et al., 2012; Deng et al., 2014) and anti-lysozyme or lysozyme-binding
aptamer (LBA) (Vasilescu et al., 2016) that have been studied intensively and
extensively as study models for the proof-of-concept development of biosensors.
Although behaving like antibodies, aptamers are much stable, cheaper, easily
available and thus gaining more and more credibility nowadays to serve as a
potential alternative in tagging particular molecules, primarily for diagnostic or

therapeutic purposes (Song, Lee and Ban, 2012).

2.2.1.3 DNA catalytic reaction based

DNA has been thought to be just a repository of genetic information for a
very long time, until the ground-breaking discovery of DNA aptamers that can
structurally adapt in order to recognise and bind to their specific targets (Ellington
and Szostak, 1990; Gold and Tuerk, 1990). However, another significant milestone in
functional DNA technologies was made in year 1994, when Breaker and Joyce
reported a RNA-cleaving DNA enzyme for the first time (Breaker and Joyce, 1994).
Herein, such catalytic DNA strands are called as DNAzymes, owing to their enzymatic

capability.

Unlike the natural ribozymes, native DNAzymes have yet to be reported and
are thus obtained synthetically. Nevertheless, their discovery has encouraged
following efforts in designing or identifying new species with various reaction-
catalysing activities. Being essentially strands of DNA oligonucleotides, DNAzymes

are more stable and efficient solid-phase synthesis of specially designed DNAzymes
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makes them more cost-effective than designing and producing actual enzymes for

various applications (Liu, Chang and Li, 2017).

Most DNAzymes were identified from in vitro selection, another term usually
given to SELEX when addressing DNAzymes, referring to a series of variation,
selection and replication processes that only interacting DNA strands were retained
and amplified over increasing levels of stringency (Breaker and Joyce, 1994; Wang et
al., 2017). However, instead of screening for remaining bound DNA aptamers, in vitro
selection isolates DNA catalyst based on their ability to undergo certain reactions,
that are their RNA-cleaving activities, in either column binding or gel retardation

approach (Achenbach et al., 2004).

In a column binding setup, the pool of double stranded oligonucleotides
(either DNA-DNA, RNA-RNA or DNA-RNA with one of it assuming the role of
enzymatic strand to cleave the other, named as substrate strand) will be attached to
the stationary phase via the non-covalent biotin-streptavidin binding. Only under
certain conditions (that is in the presence of specific metal ion functioning as
cofactor), the reactive and potential DNAzymes will carry out their RNA cleavage
activity. When the RNA substrate strand is cleaved into two shorter strands, the
reduced T, on the now-separated binding arms resulted in dehybridisation of the
double helix DNA-RNA chimera, effectively releasing the oligonucleotide strands
from stationary phase to be eluted out (Achenbach et al., 2004). In this case, only

non-active species will be retained as opposed to SELEX during DNA aptamer studies.

On the other hand, during a gel retardation protocol, the now separated
strands of enzyme and substrate strands will move at different rates compared to
the non-active species. Similar to typical gel electrophoresis, as the active species are

smaller (dehybridised) and shorter (substrate strand gets cleaved into two shorter

17



strands), they can travel faster through the gel than other non-active species.
Although there are numerous DNA derived “enzymes” that can catalyse a wide range
of chemical reactions, such as DNA (Cuenoud and Szostak, 1995) and RNA ligation
(Flynn-Charlebois et al., 2003), the RNA-cleaving DNAzymes have always been the

centred theme (Silverman, 2016).

Among the DNAzymes discovered so far, the DNAzyme “8-17" remains as the
classical example of DNAzymes that has been most extensively studied and applied
to date. The activity of 8-17 DNAzyme is dependent on its cofactors, with its highest
activity reported with Pb?*, followed by Zn?* and finally Mg?*ions (Kim et al., 2007).
Since the first report of RNA-cleaving DNAzyme (Breaker and Joyce, 1994), there are
a few following reports that documented additional DNAzymes with similar activities.
Among them, 8-17 appears to be the core motif in driving the RNA-cleaving reaction
(Bruesehoff et al., 2012), that it has been repeatedly identified under various
conditions during in vitro selection (Faulhammer and Famulok, 1996; Santoro and

Joyce, 1997; Li et al., 2000).

The enzymatic motif of 8-17 DNAzyme consists of a stem and a bulge loop
(collectively termed as catalytic core) opposite to the adenosine cleavage site, held
by binding arms at both sides. Despite the 8-17 DNAzyme is widely believed to cleave
the RNA by catalysing the RNA transesterification in the presence of divalent metal
ions (Figure 2.4), the fundamental understanding of their structural features or even
the underlying reaction mechanisms remain elusive even to date. It has only been
recently documented that the reaction is apparently driven by a general pH-sensitive
acid-base catalysis mechanism whereby the G14 of the bulge loop opposite to the
RNA cleavage site is involved in a proton transfer reaction during the cleavage

(Cepeda-Plaza, McGhee and Lu, 2018). As the end product, the reaction produces a
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separated 2'3’-cyclic phosphate and another 5’-hydroxyl termini, effectively cleaving

the RNA strand into two shorter strands (Grimpe, 2011).

Over the years, continuous studies have indirectly refined the structure of
the original 8-17 DNAzyme. In year 2000, Lu group reported the 17E, an 8-17 variant
with highly conserved catalytic core sequence, that can even work on a DNA-RNA
chimera strand (adenosine RNA is preserved as cleavage site) and has improved Zn%'-

dependent activity (Li et al., 2000).

Nowadays, given its high similarity on top of promising selectivity against
both Pb?* and Zn?* metal ions, 17E is commonly reported as 8-17 DNAzyme. To make
use of these DNAzymes in biosensors development, researchers often exploit the

RNA cleavage in reducing the overall T, of the hybridising strands.

As depicted in Figure 2.4, the initial Tr of the assembled DNAzyme is

calculated to be well above 40 °C (excluding the Hoogsteen base pairing of GeT). It is

presumed that only certain metal ion cofactors (such as Pb? and Zn%) can fit into the
catalytic core to facilitate the RNA transesterification. After cleavage, both binding
arms will have their Tr, reduced to below 25 °C with some even lower than the
typical room temperature of 20°C. The reduction in T, consequently leads to strand
dehybridisation, disassembling the DNAzyme complex. This has formed the basis in
many biosensing platforms for metal ions detection, including catalytic and
molecular beacon (CAMB) (Zhang et al., 2010; Song et al., 2012), resonance energy
transfer (RET) (Li and Lu, 2000; Yang et al., 2018), and enzymatic-based metal ions

DNAzyme biosensors (Zhang et al., 2015).
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2.3 Reporter probes

Nanotechnology is a novel field that has been expanding exponentially

2.3.1 Nanotechnology and nanomaterials

manipulation and functionalisation processes.
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Figure 2.4. (A) The sequences and structures of 8-17 (left) and 17E (right)
DNAzymes, respectively with G14 on 8-17 being circled in red. The substrate
strand for 8-17 DNAzyme is an RNA whereas for 17E, it is a DNA-RNA chimera
strand with rA (adenosine RNA) being the only RNA base. The arrows, lines, and
dots represent the cleavage sites, Watson-Crick base pairings and Hoogsteen base
pairings, respectively. (B) Proposed mechanism of 8-17 DNAzyme driven RNA
transesterification (Achenbach et al., 2004)

throughout recent decades and its impacts can be easily spotted on multiple areas
especially economy, environment, electronics and biosciences (Coté, Lec and Pishko,
2003; de Lima, Seabra and Duran, 2012; Wang and Yu, 2013). A simple definition for

nanotechnology is the application of nanomaterials through a series of fabrication,
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Conventionally, nanomaterials with an average diameter of smaller than 100
nm are classified as nanoparticles (Zeng et al., 2011). Due to their exceptional
advantages compared to respective bulk counterpart, nanoparticle research is now
an active field of study with attention centred on metal derived nanoparticles.
Among them, gold nanoparticles (AuNPs) are among the most extensively studied

candidates and therefore, represent the focus in this section.

2.3.1.1 Gold nanoparticles (AuNPs)

Gold, traditionally regarded as a symbol of power and wealth, together with
others like silver, is one of the irrefutably important metal elements throughout the
entire human civilisation. Since the beginning of commerce history, gold has been a
universal means of financial transactions and reserve due to its reliable value

(Rahman and Rebrov, 2014).

In spite of the idea of existence of non-bulk gold has been proposed in 1676,
the first systematic synthesis of AUNPs and its subsequent study was pioneered by
Michael Faraday in 1857 (Faraday, 1857). Through the preparation of colloidal gold
solution via the reduction of aqueous tetrachloroaurate (AuCls) by phosphorus in a
two-phase system, he described the optical properties of these AuNPs that their
colour appearance can be reversibly changed from bluish-purple to green when
mechanical compression was applied on a thin film prepared from the AuNPs

(Faraday, 1857; Daniel and Astruc, 2004).

Since then, many works have been conducted to advance the study of AuNPs
and various synthesis approaches have been reported, from as simple as “mix-and-
stir” to a series of chemical and/or physical processes (Merza et al., 2012; Saha et al.,
2012; Elia et al., 2014). Application wise, an important breakthrough that should not

be overlooked is the contribution of Chad Mirkin, who introduced and pioneered the
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idea of utilising nanoparticle-biomolecule conjugates as colorimetric reporter probe
in year 1996. By conjugating AuNPs with DNA oligonucleotides via thiol linkages, he
successfully assembled the nanoparticles rationally into macroscopic materials
(Mirkin et al., 1996) and later with his research group, they even developed a
colorimetric assay to selectively detect oligonucleotides (Elghanian et al., 1997). His
researches eventually established the fundamental framework that most following
works, especially for biosensing and bio-imaging, are made possible with or without

modification built on the premise of his initial DNA-AuNPs nanostructure.

To date, AuNPs still remain as a major research interest with a significant
number of related papers being published from time to time. The areas where AuNPs
hold key potential for further advancements and are constantly under reviews
included but not limited to biosensing and diagnostics (Dykman and Khlebtsov, 2011;
Zeng et al., 2011), drug delivery (Arvizo, Bhattacharya and Mukherjee, 2010), cancer
therapy (Jain, Hirst and O’Sullivan, 2012; Muddineti, Ghosh and Biswas, 2015),
environmental pollutant detection (Wang and Yu, 2013) and chemical process
catalysis (Daniel and Astruc, 2004). Nonetheless, the full potential of AUNPs is not
entirely uncovered yet and thus more development and improvement in the related

knowledge and application can be anticipated.

2.3.1.2 Synthesis, preparations and modifications

There are numerous protocols being proposed to prepare AuNPs with
various characteristics and surface modifications such as particle sizes, surface
charges and conjugated ligands. While the exact conditions for each method might
be different, the underlying mechanisms to form AuNPs usually relies on the same
basic principle, that is the chemical reduction of the gold ions from Au3* to Au® and

subsequent stabilisation of the as-prepared nanoparticles.
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The common synthetic, modification and functionalisation routes which are
well established hitherto are citrate reduction, the Burst-Schiffrin method, place
exchange, physical particle modification and polymer stabilization techniques. Each
technique has its own pros and cons while citrate reduction and Brust-Schiffrin
systems concurrently represent the current mainstream in AuNPs preparation and

are widely employed by research groups.

2.3.1.2.1 Citrate reduction

Citrate reduction is generally considered as the most classical, convenient
and simplest way to prepare monodispersed AuNPs which was first reported by
Turkevich et al in 1951. Typically, trisodium citrate reduces the gold ions and
subsequently stabilises the resulting AuNPs. Given that citrate is not a strong
reducing agent per se, constant reflux throughout the reaction is needed to provide
the heat energy required in driving the reduction process (Turkevich, Stevenson and
Hillier, 1951). The as-synthesised colloidal solution is usually referred as citrate-

reduced gold nanoparticles (citAuNPs).

With simple “one-pot” synthesis, citAuNPs with good monodispersity can be
prepared and the resulting diameter (particle size) can be controlled by varying the
molar ratio of gold: citrate (Frens, 1973; Ghosh and Chattopadhyay, 2013). However,
due to the citrate having three pKa values (i.e. 3.06, 4.74 and 5.40), the resulting
citAuNPs will be limited to having a negative surface charge. The resulting colloidal
solution might also be contaminated by unreacted, excessive reactants (Kimling et

al., 2006).

Besides, citAuNPs are also prone to undesired salt-induced aggregation
although further studies have been conducted to make use of this feature for

downstream applications (Aung et al., 2014; Lukman et al., 2014). This is due to the
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fact that the citrate—gold bonding is mediated via monocarboxylate bridging,
dicarboxylate bridging and monocarboxylate monodentate modes (Al-Johani et al.,
2017). The weak bonds are susceptible to environmental changes such as ionic
strength, ionic concentration and pH variation. In fact, recent study has reported that
the performance of citrate reduction is highly pH-dependent that slight variation in
the pH during synthesis can cause a drastic 46% reduced yield despite same size and

morphology of the citAuNPs (Contreras-Trigo et al., 2018).

2.3.1.2.2  Brust-Schiffrin system (thiol ligand conjugation)

Brust-Schiffrin system is another well-known method pioneered by Brust and
Schiffrin together with their team that AuNPs are conjugated with thiol-containing
molecules via a strong Au—S bond to achieve stabilisation purpose upon synthesis. In
their two-phase reduction system, chloroauric acid is transferred to toluene by
tetraoctylammonium bromide and subsequently reduced in the presence of
dodecanethiol (Brust et al., 1994). In most cases, the reduction is carried out by a

strong reducing agent, that is sodium borohydride.

Compared to citAuNPs, the AuNPs stabilised by thiol ligands are more stable
due to the covalent Au-S bond. Besides, while citrate-reduction has been well-
established to prepare AuNPs with high monodispersity and controlled shape,
reduction via sodium borohydride generally gives high yield with smaller size
(Oliveira et al., 2020). As virtually any thiol ligands can be conjugated (Templeton et
al., 1998; Negishi et al., 2004; Su et al., 2013), this system allows facile
functionalisation of the AuNPs with different characteristics (Brust et al., 1995;
Daniel and Astruc, 2004). Subsequent studies also achieved improvements such as

single-phase system (Yee et al., 1999; Zheng, Li and Huang, 2004), alternative
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reducing agents (Yee et al., 1999) and mixed monolayer-coating in producing a wide

variety of AuNPs (Itoh et al., 2004).

Due to thiol ligands conjugation, the opportunity for synthesising AuNPs with
various surface chemistry for various applications can be fulfilled. For instance,
AuNPs can be characterised with different surface charges depending on the types of
ligands being conjugated, unlike the citrate-coated AuNPs which are limited to
negative charge. As first demonstrated by Niidome’s group, AuNPs conjugated with
2-aminoethanethiol, also known as cysteamine, exhibit positive surface charge
(Niidome et al., 2004; Su et al., 2013). Being the shortest aminothiol, cysteamine
offers both thiol and amine groups that enable strong binding to gold surface with a
net positive surface charge (Su et al., 2013; M. Wang et al., 2016). The resulting

colloidal system is referred as cysteamine-stabilised gold nanoparticles (cysAuNPs).

Despite being novel, the early applications of cysAuNPs prepared by direct
capping of cysteamine during synthesis are still limited, mostly as a direct reporter
probe in various sensing platforms, such as colorimetry (Cao and Li, 2011; Sharma et
al., 2018) and electrochemical based biosensors (Ramirez-Segovia et al., 2014;
Asadzadeh-Firouzabadi and Zare, 2017). Nevertheless, given their opposite surface
charges and surface chemistry that direct to a path different than the conventional
CitAuNPs, cysAuNPs are slowly gaining attention in recent years with more

forthcoming studies expected in near future.

2.3.1.2.3 Ligand exchange technique

In short, place exchange technique is the gradual displacement and
substitution of ligands on the AuNPs by other ligands after their synthesis (Hostetler

et al., 1996; Hostetler, Templeton and Murray, 1999). With dynamic competition
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between the ligands, mixed or completely substituted monolayer coating on the

AuNPs can be achieved after optimisation (Donkers, Lee and Murray, 2004).

Among the possible ligand exchange, thiolated DNA were often used to
conjugate with AuNPs by substituting the citrate ligands. The weak bonding of
citrate—gold allows easy replacement by stronger thiol-gold bonds. Such post-
synthetic modifications on citAuNPs is frequently applied in analyte detection (Chen
et al., 2013), AuNPs self-assembly (Lalander et al., 2010; Giir et al., 2016) and DNA-
directed biological functionality (Heo et al., 2015). Although DNA-functionalised
AuNPs are considerably stable (Heo et al., 2015), they are limited by same negative
electrostatic charges of DNA and citAuNPs. This is because such electrostatic
repulsion has to be screened off delicately through a procedure known as salt aging,
a time-consuming and laborious technique whereby salt ions were slowly added to
mask off the repulsive surface charges of the citAuNPs and DNA in order for them to

conjugate in close proximity (Mirkin et al., 1996; Liu and Lu, 2006).

Recently, efforts to address such issues have finally been materialised with
the introduction of diverse approaches to prepare DNA-functionalised AuNPs, such
as mononucleotide-mediated (Zhao, Lin and Hsing, 2009), pH-assisted (Zhang et al.,
2012; Zhang, Servos and Liu, 2012) and freezing-directed (Liu and Liu, 2017a)
conjugation. However, such techniques are still relatively immature compared to
salt-aging with more studies and optimisations being expected. Moreover, these
procedures involve excessive reagents or drastic changes in reaction conditions (i.e.

pH or temperature), which can complicate the downstream applications.

2.3.1.2.4 Polymer stabilisation

As the name suggested, polymer stabilisation is the stabilisation of AUNPs by

coating them with polymer as outer shell. Four principle techniques are widely used:
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(1) “grafting from” (growth of polymer chain from initiators pre-attached onto
AuNPs), (2) “grafting to” (coating of AuNPs with thiol-containing polymers), (3)
physisorption (physical engulfment of AuUNPs by polymers without specific chemical
bonds) and (4) post-modification (modification with polymers after AuNPs synthesis)

(Saha et al., 2012).

2.3.1.2.5 Physical synthesis, modification and separation

Apart from above-mentioned chemical synthesis, physical approaches have
also been developed to manipulate the structure and properties of AuNPs, including
but not limited to thermolysis (Nakamoto, Kashiwagi and Yamamoto, 2005; Erk et al.,
2012), digestive ripening (Prasad et al., 2002, 2003), conventional ripening (Zhong et
al., 1999; Maye et al., 2000), UV irradiation (Sau et al., 2001), laser irradiation
(Muttagin, Nakamura and Sato, 2015), microwave irradiation (Augustine, Nampoori
and Kailasnath, 2014), ultrasonication (Okitsu et al., 2001; Lee et al., 2012) and
radiolysis (Henglein and Meisel, 1998). Post-production separation such as size
chromatography has also been applied to physically separate the AuNPs with high

monodispersity (Wei, 1999; Liu, 2012).

While those mentioned above are concurrently considered “conventional”
due to their frequent reports and reviews throughout the years, there are a few
novel and unorthodox synthetic protocol for AuNPs. The first is the so-called “green
synthesis” whereby AuNPs were prepared through reduction using various plant
extracts such as Salvia Officinalis, Lippia Citriodora and Punica Granatum (Elia et al.,
2014). Other reported plants included black cardamom (Singh and Srivastava, 2015)
and several species of citrus fruits (Sujitha and Kannan, 2013) which might be highly

potential but not fully exploited yet.
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Moving away from “green synthesis”, one particularly interesting way to
synthesise AuNPs is dipping a stainless-steel mesh into the tetrachloroauric acid
under acidic condition for hours (Han et al., 2013, 2014). It was suggested that the
progressive corrosion of the stainless-steel surface can release sufficient number of
electrons to drive the Au®* reduction. Despite in-depth studies are required, these
novel and relatively “unconventional” methods should pave another new route to

further encourage and extend the current application possibility of AuUNPs.

2.3.1.3 Properties and characterisations

As the AuNPs are prepared in nanometer scale, they show prominent
guantum size effect which are so inimitable and attracts enormous interest
worldwide for both scientific and commercial purposes. In order to precisely study
the AuNPs, many analysis techniques have been developed and used to characterise
them, subsequently trying to gain more insights into their quantum properties in

order to apply them.

Among all other parameters, the first and therefore most influential criterion
in assessing the as-prepared AuNPs is their particle sizes undoubtedly. Despite being
in nanometer, the precise diameter of the AuNPs have been repeatedly studied and
reported to play part in determining their morphology, biological and chemical
properties (Xia et al., 2016; Liu et al., 2016). By applying AuNPs of various particle
sizes, the resulting bio-distribution profile will be different as evident in lab mice and

rats (Sonavane, Tomoda and Makino, 2008; Hirn et al., 2011).

On the other hand, assembling AuNPs with different sizes through
complementary oligonucleotides acting as bridge will lead to a chiro-plasmonic
assemblies because of the double helix nature of DNA. Indeed, Liu and co-workers

(Liu et al., 2016) reported an 8-hyrdoxy-2’-deoxyguanosine detection using AuNPs
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held together via a dsDNA bridge (each strand is thiolated and conjugated to the
differently sized AuNPs) that presence of the target would disassemble the DNA-

AuNPs nanostructure, providing a mean of detection based on the chirality of AuNPs.

Thanks to the successful breakthrough inventions in imaging field (Haguenau
et al., 2003), the physical diameter of AuNPs are now frequently measured
microscopically, such as transmission electron microscope (TEM) (Han et al., 2013)
and scanning electron microscope (SEM) (Chen et al., 2013). High-resolution
transmission electron microscope (HRTEM) can also be applied to obtain clearer
images which are then processed digitally to measure the average core diameters of

AuUNPs (Liu et al., 2007).

Dynamic light scattering (DLS), also known as photon correlation
spectroscopy (PCS) is another technique to measure the hydrodynamic particle sizes
(or Stokes radius), a hypothetical sphere encircling each AuNP like an intermedium
layer between the physical core and the solvent capable of altering the path of
traveling photons (Goldburg, 1999). When a monochromatic laser is illuminated
through the colloidal solution, the resulting intensity and distribution of scattered
light in the form of frequency shift are measured (Hackley and Clogston, 2011). This
frequency shift correlates to the Brownian motion, with larger nanoparticles moving
slower than smaller nanoparticles, providing a mean to back-calculate and estimate

their size distribution.

Apart from measuring hydrodynamic particle size, the convenient
presentation of size distribution when performing DLS also serve as a direct
reflection on the monodispersity profile of the AuNPs which can be coupled with the
microscopic techniques mentioned earlier for higher accuracy in understanding the

physical parameters of the nanoparticles.
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From another perspective, zeta potential (ZP) is also an important criterion in
describing nanoparticles, AUNPs in this context. ZP can be referred as the effective
surface charge, the electric potential of the interfacial layer between AuNPs and its
immediate environment (Doane et al., 2012). As nanoparticles with a net surface
charge can attract and hold their counterions, there is always an electrical double
layer (EDL) between their surface and the surrounding medium. This EDL arises from
their intrinsic surface charge and the ions present in the environment, therefore, can
be influenced by the parameters of the dispersing medium, such as pH, ionic

concentration and ionic strength (Clogston and Patri, 2011).

Conventionally, most AuNPs are synthesised with strong surface charges
conferred by the surface ligands to enable effective electrostatic repulsion in order
to withstand their thermodynamically unstable high surface energy, thus achieving
stability against unwanted aggregation (Wang et al., 2006; Heo et al., 2015; Xia et al.,
2016). This means that a stronger ZP will impose more effective electrostatic
repulsion and therefore, the key to fulfil long-term stability. Considering that AuNPs
have high Hamaker constant (Bishop et al., 2009), their high tendency for Van der
Waals attraction requires a strong ZP to counter it, typically with a ZP of more than
30 mV or less than -30 mV (Bhumkar et al., 2007). Furthermore, in-depth studies also
evidently found that the cytotoxicity mechanisms (Schaeublin et al., 2011) and bio-
distributions (Hirn et al., 2011; Schleh et al., 2012; Elci et al., 2016) of AuNPs are
highly associated with their ZP which directly affects how these AuNPs interact with

the surrounding environments.

For examples, exploiting the interaction between cationic AuNPs (such as
cysAuNPs) and anionic DNA aptamer has enabled the possibility to develop novel

detection assay as demonstrated in detection of lysozyme (Su et al., 2013), mercury
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(Qietal., 2017), melamine (Zheng et al., 2017), estradiol (Li et al., 2018), tetracycline
(Luo et al., 2015) and oxytetracycline (Su et al., 2016). To gauge the ZP, specialised
instruments such as zeta potential analyser or zetasizer system are employed which
measure the electrophoretic light scattering of the nanoparticles, a variant of DLS
that applies an oscillating electric field to drive the movement of nanoparticles

instead of relying on their Brownian motion.

Apart from the parameters mentioned, another critical characteristic of
AuNPs is their quantum size effect as a direct result of their small diameters. Surface
plasmon resonance (SPR) is a quantum phenomenon first demonstrated in year 1968
whereby the conductive electrons on a metallic surface are collectively oscillating at
resonant frequency when excited by incident light at specific wavelengths (Bhumkar

et al., 2007; Daghestani and Day, 2010).

For metals, the excitation of plasmons can only occur in nanosized materials
when the electric field of incident light is able to penetrate the metal and
subsequently polarise the conduction electrons for resonance (Amendola et al.,
2017). To assess the SPR phenomenon, UV-Vis spectroscopy proved itself to be a
convenient way by performing a spectral scanning on AuNPs to identify the
maximum absorbance band across a broad wavelength of light. UV-Vis spectroscopy
is an analytical technique used to measure the absorbance of a given sample by
analysing the light intensity passing through the sample in contrast to a reference

sample.

In terms of AuNPs, the nanoparticles can absorb light at certain wavelengths
due to SPR. Conventionally, the observed absorbance band is also known as localised
surface plasmon resonance (LSPR) band while the exact maxima can be referred as

LSPR peak. With such small sizes, the occurrence of SPR is more prominent in AuNPs

31



but the exact phenomenon can be affected by the precise diameter of the
nanoparticle that even a few nanometer can make a difference in the resulting SPR

profile (Xia et al., 2016).

For example, most dispersed AuNPs show a LSPR band centring around 520
nm but gradual increase in sizes will cause a corresponding red-shift of the band (Xia
et al., 2016). Significantly increased core diameter of AuNPs will further move the

SPR band towards red region, that is 670 nm (Su et al., 2013).

Besides, SPR profile can also be used to indicate the monodispersity of
AuNPs whereby highly monodispersed sample will display a sharp and prominent
SPR band while less monodispersed sample will generally show a broadened band at
longer wavelength region (Bhumkar et al., 2007; Dhumale et al., 2012). The SPR
phenomenon is also reflected on the solution appearance, for instance, dispersed
AuNPs will appear as ruby red in colour but progressively change to bluish grey if the
dispersed AuNPs are getting larger in sizes, especially after aggregation. Indeed, the
SPR phenomenon of AuNPs is so potential that many of their derivative sensors are
based on the SPR profiling, including biological, chemical and physical sensing

(Dhumale et al., 2012; Saha et al., 2012; Liu et al., 2018; Chang et al., 2019).

2.3.2 Resonance energy transfer (RET)

RET refers to an interactive mechanism between two light-sensitive
molecules (known as chromophores) in which the donor chromophore gets excited
and transfers the energy to an acceptor chromophore when they are in close
proximity (Jones and Bradshaw, 2019). The transfer of excitation energy is mediated
by a distance dependent, radiationless and long-range dipole-dipole interaction
(Hussain, 2009) with the theoretical model first proposed correctly by Theodor

Forster in 1940s (Forster, 1946, 1948). During RET, the excess energy released during
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relaxation of electrons from exited state to a lower energy electronic state from the
donor chromophore is transferred to the electrons of a nearby acceptor
chromophore in the form of transmitted photon (Jones and Bradshaw, 2019). As a
result, RET can lead to two possible outcomes: (1) co-excitation of acceptor
chromophore or (2) total quenching of the donor chromophore (Figure 2.5). While
depending on the exact acceptor being used, RET typically change the fluorescence
spectra of the sample. Fluorescence quenching can also happen if all of the energy
was being transferred to the acceptor without re-emission, with the acceptor
commonly referred as quencher in this case (Marras, 2002).

(A) With RET (B) Without RET (C) RET quenching
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Figure 2.5. Schematic idea of two chromophores under various conditions. (A)
with RET. (B) Without RET. (C) with RET quenching with the resulting fluorescence
spectra.

In practical scenario, RET can be divided into three classes, known as
fluorescence resonance energy transfer (FRET), bioluminescence resonance energy
transfer (BRET) and chemiluminescence resonance energy transfer (CRET). Their
fundamental mechanisms are the same, with the only difference being the
chromophores involved. As the donor and/ or acceptor chromophores, FRET typically
uses only fluorescence molecules (fluorophores), including fluorescence dyes such as

Cy3 and fluorescein (Huang et al., 2016; Wen et al., 2018; Ren et al., 2019; Sapkota et
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al., 2019) and nanomaterials such as quantum dots and nanoparticles (Wu et al.,
2006; Gao et al., 2011; Wang et al., 2017; Biilbil et al., 2018). However, due to the
requirement of highly energised excitation light source, the use of fluorescence dyes
are often associated with drawbacks such as photobleaching (Song et al., 1995;
Satsoura et al., 2007; Vicente et al., 2007) and signal contamination (Chen et al.,

2007; Liao, Song and Liu, 2015; Bene and Damjanovich, 2019).

In addition to fluorophores, both BRET and CRET involves the catalytic
oxidation of certain luminescence substrates in which bioluminescence proteins such
as luciferases and fluorescent proteins (Li et al., 2012; Brown, Blumer and Hepler,
2015; Machleidt et al., 2015; Aper, Dierickx and Merkx, 2016; Arts et al., 2016;
Engelen et al., 2017; Rainey and Patterson, 2019) was applied in BRET whereas CRET
can make use of typical HRP-driven or novel DNA-based HRP-mimicking luminol
chemiluminescence systems (Huang et al., 2006, 2012; Zhao, Huang, Liu, et al., 2010;
Zhao, Huang, Shi, et al., 2010; Freeman, Liu and Willner, 2011; Mun et al., 2014; Bi et
al., 2015). Typically, BRET and CRET does not require an excitation source since the
chromophore donor is capable of producing the energy through the substrate
oxidation and thus represent the effort to circumvent the FRET-related limitations

aforementioned.

Applications of RET can be easily seen throughout biosensor development
that exploit their distance-sensitive response to indicate presence of targeted
analyte, including a wide variety of biomolecules (Medintz et al., 2003; Xu et al.,
2014; Huang et al., 2016; Zhang et al., 2017; Wen et al., 2018; Umrao et al., 2019),
metal ions (Liu et al., 2011; Wu et al., 2017; Yang et al., 2018; Feng et al., 2019), etc.
Biosensors with successful RET implementation are actively being developed as they

allow ratiometric analysis by comparing the fluorescence of donor and acceptor
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chromophores which can theoretically provide better reliability and repeatability

compared to conventional sensors.
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CHAPTER 3

BIMODAL COLORIMETRIC DNA APTAMER SENSOR BASED ON CYSTEAMINE-COATED
GOLD NANOPARTICLES: A PROOF-OF-CONCEPT WITH LYSOZYME

3.1 Chapter overview

In this chapter, the application of DNA aptamer is explored together with
gold nanoparticles (AuNPs), each representing one of the centred themes in the
fields of DNA and material nanotechnologies, respectively. Using cysteamine-coated
gold nanoparticles (cysAuNPs) and a lysozyme-binding aptamer (LBA), the purpose of
this study is to investigate and exploit the electrostatic relationship between the
oppositely charged cysAuNPs and LBA in developing an aptasensor for lysozyme
detection. After understanding the correlation between LBA concentration and
dispersion behaviour of cysAuNPs, a bimodal aptasensor is developed for sensitive
and selective detection of lysozyme in buffered samples. Lastly, the chapter will be
concluded with significant achievements of this study and suggestion for possible
future works, underlining the potential and prospects of cysAuNPs as an alternative

to the conventional citrate-capped gold nanoparticles (citAuNPs).

3.2 Introduction

Lysozyme is a small enzyme consists of 129 amino acids and usually carries a
net +8 charge over a wide range of pH due to its high isoelectric point (pl = 11) (Blake
et al., 1965; Gorbenko, loffe and Kinnunen, 2007). It is a ubiquitous protein found in
many living organisms, usually responsible for innate antimicrobial activity (Cheng,

Ge and Yu, 2007; Salazar and Asenjo, 2007; Kozuka et al., 2015).

Lysozyme catalyses the hydrolysis of B-1,4-glycosidic bond between N-
acetylmuramic acid and N-acetylglucosamine. Such lytic action results in degradation

36



of the cell wall mucopolysaccharides of Gram-positive bacteria (Nash et al., 2006;
Rodriguez and Rivas, 2009). However, abnormal concentration and distribution of
lysozyme in human body has also been reported as promising pathological
biomarker. For example, increased concentration of lysozyme in cerebrospinal fluid
can be associated with neurological diseases such as Alzheimer (Helmfors et al.,

2015).

An elevated concentrations of lysozyme in serum and urine can also indicate
chronic myelomonocytic leukaemia due to lysozyme-induced nephopathy
(Moscinski, Kasnic and Saker, 1992; Santoriello et al., 2017; Patel, Miles and
Deininger, 2019). It is also a prognostic factor and potential therapeutic target in

several carcinomas (Vizoso et al., 2001; Serra et al., 2002; Wang et al., 2016).

In food industries, lysozyme is also widely used either as food processing or
preserving agent, as seen in the production of cheese, beer, etc (Silvetti et al., 2010;
Chen, Sun and Li, 2011; Kondekova et al., 2014). Given its biological and industrial
importance with established structural understanding, lysozyme is clearly an
excellent model of analyte to be studied for the development of novel detection

assay.

The current mainstream analytical approaches for lysozyme detection are
chromatography and ELISA that typically associated with expensive, lengthy and
complicated procedures. To overcome these, many lysozyme sensors have been
designed based on various methods, mainly derived from electrochemistry (Cheng,
Ge and Yu, 2007; Li et al., 2010; Chen et al., 2011; Ocana et al., 2015; Ortiz-Aguayo
and del Valle, 2018), colorimetry (Chen et al., 2008; Wang et al., 2011; Su et al.,
2013; Yao et al., 2016; Lou, Qiang and Chen, 2017), and fluorescence techniques

(Wang and Liu, 2009; Liao et al., 2013; Liu et al., 2014).
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With these achievements, aptamers appear to hold great potential as
recognition probe to identify the presence of lysozyme instead of conventional
antibodies. As discussed in Chapter 2.2.1.2, DNA aptamers are short strands of
antibody-like oligonucleotides that can bind to their target with high selectivity once
folded into appropriate structures. The LBA used in this study was derived from the
anti-lysozyme DNA aptamer first reported by Cox et al. with a dissociation constant
of 31 nM in year 2001 to demonstrate an automated SELEX protocol (Cox and
Ellington, 2001). It was then further studied by Kirby et al. to incorporate into an
electronic tongue sensor arrays for higher screening throughput and reusability

(Kirby et al., 2004).

In terms of AuNPs, the traditional citAuNPs cannot directly interact with
most anionic molecules due to their same electrostatic charge as mentioned in
Chapter 2.3.1.2. Taking DNA as example, it has to be first thiolated to enable a strong
covalent Au-S bond, providing a mean of anchoring point for possible conjugation. In
order to bring the citAuNPs and thiolated DNA into close proximity to enable their
interaction, a salt aging technique developed by Mirkin and co-workers (Mirkin et al.,
1996) is typically involved by gradually adding salt or NaCl for electrostatic masking
purpose (Liu and Liu, 2017b). However, the protocol per se is laborious and time-
consuming due to the weak binding energy of Au—carboxylate resulting in
electrostatic repulsion between both negatively charged citAuNPs and DNA has to be
screened off very delicately during the salt aging to avoid irreversible aggregation

(Liu and Lu, 2006).

With that in regards, considerable efforts have been devoted in modulating
the interaction between DNA and AuNPs to achieve surface functionalisation. For

instance, Hsing and co-workers (Zhao, Lin and Hsing, 2009) presented a new method
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to synthesise DNA-functionalised AuNPs via mononucleotide-mediated conjugation.
In later years, Liu and co-workers (Zhang et al., 2012; Zhang, Servos and Liu, 2012)
introduced pH-assisted and freezing-directed (Liu and Liu, 2017a) routes to prepare
DNA-modified citAuNPs. However, excessive reagents or drastic changes in reaction
conditions (i.e. pH or temperature) are required, which can be unfavourable for

downstream applications.

This chapter thus aims to address the aforementioned bottlenecks by
studying non-citAuNPs, i.e. cysAuNPs and subsequently harnessing their electrostatic
interactions with non-modified DNA in sensor development. Being the shortest
aminothiol, cysteamine offers both thiol and amine groups that enable strong
binding to gold with a net positive surface charge (Su et al., 2013; Wang et al., 2016).
Therefore, cysAuNPs can interact directly with DNA without any electrostatic
masking required. While the simplicity of preparation and generality of cysAuNPs are
comparable to that of citAuNPs, the former is relatively stable due to the stronger
Au-S bonds as aforementioned (Niidome et al., 2004; Zheng et al., 2013). In terms of
optical property, cysAuNPs show similar LSPR behaviour that display a colour
transition between ruby red (dispersed state) and bluish grey (aggregated state) in

respond to altered intermolecular distance.

Given their interesting properties, cysAuNPs have been incorporated into
various assays for different sensing purposes, including colorimetric (Cao and Li,
2011; Su et al., 2013, 2016; Luo et al., 2015; Mura et al., 2015; Qi et al., 2017; Zheng
etal., 2017; Li et al., 2018; Sharma et al., 2018; Yadav, Patel and Lad, 2018) and
electrochemical platforms (Ramirez-Segovia et al., 2014; Asadzadeh-Firouzabadi and
Zare, 2017). In the context of cysAuNPs-derived aptasensors, they are mainly based

on the following general principles:
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in the absence of targets, electrostatic attraction between oppositely charged
DNA aptamers and cysAuNPs leads to close proximity of the particles and

aggregate them;

in the presence of targets, the specific recognition between DNA aptamers
and targets would negate the electrostatic interaction between the aptamers

and cysAuNPs, leading to dispersed particles.

Keeping this in mind, the concept is further developed here by systematically

measuring the dispersity of cysAuNPs over a wide range of LBA concentrations. On

top of the expected outcome where cysAuNPs aggregated in the presence of LBA,

redispersion of cysAuNPs has been observed when LBA achieves a critical

redispersion concentration (CRC), attributed to the formation of anionic LBA layer

surrounding each cysAuNP. CRC hereby refers to the threshold in which any LBA

concentration above CRC would lead to redispersion of cysAuNPs rather than

aggregation. This inspires a bimodal colorimetric aptasensor to detect lysozyme by

modulating the concentration of LBA (Figure 3.1) based on the following principles:

mode A (A = aggregation), where concentration of LBA that could aggregate
cysAuNPs was employed. The presence of targets (i.e. lysozymes) would

reduce the aggregation of cysAuNPs as aforementioned,;

mode R (R = redispersion) with excess LBA at CRC regime. Adding lysozymes
to the redispersed cysAuNPs would lead to two observations: (1) formation of
lysozyme/LBA complexes would deplete the free LBA adsorbed onto the
particle surface, subsequently cysAuNPs aggregate due to electrostatic
masking; (2) further increased amount of lysozyme would result in exhausted
LBA layers, hence cysAuNPs re-establish their positive charges and repel each

other.
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In both modes, the changes in dispersity of cysAuNPs is reflected by the red
shift of their LSPR bands. This allows a ratiometric detection of lysozyme by
measuring the absorptions on the relevant wavelengths. With positively charged and
amino-rich surface as-synthesised, the unique features of cysAuNPs make them a
very interesting and promising alternative to conventional citAuNPs by paving new
path in the sensing field, especially with regards to DNA nanotechnology as

demonstrated here in this work.

DNA concentration

Critical redispersion concentration (CRC)
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Figure 3.1. Proposed cysAuNPs-based aptasensor with bimodal responses (modes
A and R). The dispersion states of cysAuNPs are represented by their colours,
which include red (dispersed), purple (partially aggregated) and blue (aggregated),
respectively. Note: Different LBA concentrations are used for different modes.
Components are not drawn to scale.
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3.3 Experimental section

3.3.1 Instrumentation

An Epoch™ microplate spectrophotometer was used to measure the UV-Vis
absorbance spectra (Biotek Instrument, USA). DNA heating was performed on a
ThermoMixer® C (Eppendorf, Germany). DNA quantification was performed using a
NanoDrop™ One (Nanodrop, USA). Dynamic light scattering and zeta potential
analyses were conducted on a Malvern Nanoseries Zetasizer (Malvern, UK).
Scanning-transmission electron microscopy (STEM) images were taken on a Quanta
400F (FEI Company, USA) at 15 kV under high vacuum, with the samples being air-

dried on formvar-coated copper grids without specific fixation.

3.3.2 Chemicals

Lysozyme, cytochrome C, insulin, vascular endothelial growth factor (VEGF),
bovine serum albumin (BSA), mercaptoacetic acid (C;H40,S), acetylcysteine
(CsH9gNOsS), and gold(lll) chloride (HAuCls) solution were purchased from Sigma-
Aldrich (St. Louis, USA). 2-aminoethanethiol or cysteamine (C;H;NS) was obtained
from Tokyo Chemical Industry Co., Ltd (Kyoto, Japan). Sodium borohydride (NaBH,)
was purchased from Nacalai Tesque Inc. (Kyoto, Japan). 1x phosphate buffered saline
(PBS) buffer at pH 7.4 was used. All reagents and chemicals were of analytical grade
and used without further purification after reconstituted as recommended by the
respective suppliers. Deionised water (DI H,0) with measured conductivity of 18.2
MQ.cm was used throughout all experiments. Unless otherwise stated, all

experiments were conducted at room temperature (20 °C).
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3.3.3 Sequences and preparation of DNA oligonucleotide

The DNA oligonucleotide, LBA, with sequence of 5’- ATC TAC GAATTC ATC
AGG GCT AAA GAG TGC AGA GTT ACT TAG -3’ was synthesised by Integrated DNA
Technologies, Inc (Singapore). All oligonucleotides were reconstituted in DI H,0 and
stored in -20 °C freezer as recommended by manufacturer and used without further
purification. The concentrations of the oligonucleotides were measured using UV-Vis

spectrophotometry prior to each usage.

3.3.4 Preparation and characterisations of CysAuNPs

Prior to synthesis, all glassware was rinsed with aqua regia (HNOs3:HCl of 3:1
(v/v)), then washed extensively with DI H,0 and air-dried overnight. The cationic
cysAuNPs were synthesised according to published protocol with slight modifications
(Niidome et al., 2004; Su et al., 2013). In brief, 400 puL C;H;NS (213 mM) was mixed
with 40 mL of HAuCl, (1.42 mM) solution under gentle stirring in dark. After that, 10
uL of fresh cold NaBH4 (10 mM) was added under vigorous stirring for another 10
min, followed by mild stirring for 30 min. The solution was then stored in dark at
room temperature for overnight before use. After that, an aliquot of as-prepared
cysAuNPs was taken for characterisations purpose, including STEM, dynamic light

scattering and zeta potential analyses. All cysAuNPs were used within two months.

3.3.5 Colorimetric assays

The LBA was first diluted to the desired concentration in buffer. Then, the
LBA was heat treated at 90°C for 5 min and slowly cooled down to room
temperature. As general screening procedure in a 96-well plate, 5 pL of sample
solution containing LBA was incubated with 95 pL of cysAuNPs for 5 min under mild

mixing on a rotary shaker. The samples were then photographed against a white
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background and subjected to UV-Vis measurement to obtain their respective

absorbance spectra from 400 to 900 nm with 1 nm interval.
3.3.6 Evaluation of sensitivity of lysozyme sensor

Two different concentrations of LBA (25 and 150 nM of final concentrations)
were used to detect lysozyme via modes A and R, respectively. The LBAs were
prepared fresh and heat-treated as mentioned above, then incubated with various
concentrations of lysozyme for 1 hour. After that, 5 pL of the mixture was added into
95 pL of cysAuNPs for 5 min in a 96-well plate under mild mixing on a rotary shaker.
The samples were then photographed and subjected to UV-Vis absorbance

measurement as previously described.
3.3.7 Evaluation of selectivity of lysozyme sensor

Different proteins were used to incubate with LBA apart from lysozyme (My:
14.6 kDa; pl: 11), including cytochrome C (My: 11.7 kDa; pl: 9.6), insulin (M: 5.73
kDa; pl: 5.3), VEGF (M(y: 19.3 kDa; pl: 6.6) and BSA (M,: 66.43 kDa; pl: 4.7) for 1
hour. 5 pL of the protein/LBA mixture were then mixed with 95 pL of cysAuNPs on a
rotary shaker for 5 min. The samples were then photographed and subjected for UV-

Vis absorbance measurement.
3.3.8 Data analysis

The obtained UV-Vis absorbance spectra were analysed ratiometrically for
their dispersion ratios (D) by comparing the absorbances at 526 and 700 nm as

shown in below:

. . . Ab5526
D T ettt ettt et e ae s st ae e et e e eae e et snaee snaen sunaen
ispersion ratio Ao (3A)
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The obtained data were then further analysed for their signal-to-noise ratio (SNR)

and limit of detection (LOD) using the equations given below:

R (3B)
LOD = 33X 3 vt e (30)
where R, = signal response of least known concentration
o] = standard deviation of noise of blank sample (no analyte)
S = slope of the linear regression model obtained

3.4 Results and discussion

3.4.1 Characterisation of CysAuNPs

CysAuNPs were first prepared in one-pot synthesis reaction via sodium
borohydride reduction in the presence of cysteamine without post-synthesis
modification (Liang et al., 2011; Ma et al., 2013; Kang et al., 2016). In accordance
with other reports, the as-synthesised cysAuNPs in this study were ruby-red in colour
with the characteristic of LSPR band peaked at 526 nm (Figure 3.2) (Kim et al., 2009;

Zheng et al., 2013).

The STEM image reveals homogenously dispersed spherical particles, with an
average physical diameter of 28 nm (Table 3.1). The stability of cysAuNPs is further
evidenced from their zeta potential measured at 44.3 mV, implying that the particles
are highly dispersed by virtue of electro-repulsive force among protonated
cysteamine ligands (pka = 8.3). While it is well known that citAuNPs are highly
susceptible to aggregation in presence of thiol-containing molecules, such as
mercaptoacetic acid (Alkilany et al., 2014), cysAuNPs are expected to have better
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tolerance due to their covalent Au—S bonds upon synthesis. As shown in Figure 3.3,
the cysAuNPs could tolerate a high concentration of thiol-containing molecules,

including both mercaptoacetic acid and acetylcysteine, up to 12.5 uM, respectively.

In terms of structural coordination, cysteamine is known to cap onto the
AuNPs through strong Au-S bond conferred by the thiol group presumed to be in a
trans conformation as illustrated in Figure 3.4. However, the possibility of Au—N
coordinative bond from amino group via gauche conformation should not be
neglected as it could play a certain role in the interaction between cysAuNPs and
DNA (Aina et al., 2010; Xia et al., 2012; Radenkovic et al., 2017). The slow transition
of cysteamine ligands from trans to gauche conformation has been recently
simulated by Puangmali and co-workers (Toomjeen et al., 2019). They reported that
different ionic forms of cysteamine (i.e. protonated, zwitterionic and deprotonated)
will have different conformation profiles, with the protonated form present
predominantly as trans configuration. Their simulations also demonstrated the
preference of protonated cysteamine on AuNPs over the other two ionic forms in

their study using cysAuNPs to detect 8-oxo-dG.
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Figure 3.2. UV-Vis absorbance spectra of cysAuNPs in the absence and presence of
LBA with both concentrations below and above CRC. Inset: the corresponding
photographs of cysAuNPs in response to different final concentrations of LBA (left
to right: 0, 25, 150 nM).
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Table 3.1. Summary of STEM images and zeta sizer results of cysAuNPs under

different conditions: (A) blank PBS buffer, (B) incubated with 25 nM of LBA and (C)
incubated with 150 nM of LBA, respectively

CysAuNPs with CysAuNPs with
Parameter | Sample (A) Blank cysAuNPs (B) 25 nM LBA (€) 150 nM LBA
STEM image

(scale bar =200 nm)

Hydrodynamicsize 45.52 + 0.41 Severely aggregated 46.33 + 0.41
(nm)
PDI 0.15 +0.01 Severely aggregated 0.35 £ 0.05
Zeta potential (mV) 44.3 +1.37 17.5+£1.95 -21.6 + 2.10
(A) (8)
0.5+ ——ouM 051 —0uM
3 04+ T 04
O Q
2 e
S 03+ S 03
2 £
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Figure 3.3. UV-Vis absorbance spectra of cysAuNPs in the presence of (A)

mercaptoacetic acid and (B) acetylcysteine at their respective final concentration as
indicated in the legend (1.56, 3.13, 6.25, and 12.5 uM).
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Figure 3.4. Possible structural arrangements of cysteamine being conjugated onto
the surface of AuNPs in the form of (A) trans, and (B) gauche conformations.
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3.4.2 Interaction between LBA and CysAuNPs

Similar as other single-stranded DNAs (ssDNAs) reported elsewhere (Su et
al., 2013, 2016; Luo et al., 2015; Qi et al., 2017; Zheng et al., 2017; Li et al., 2018), the
polyanionic LBA wraps onto cysAuNPs at pH 7.4, leading to electrostatic masking that
disrupt the initial stabilisation provided by cysteamine ligands. As the nanoparticles
aggregate, the interparticle distance between each cysAuNPs decreases along with
increasing LBA concentration. Ratiometric analysis on the resulting red shift of LSPR
band on their absorbance spectra can thus be carried out to indicate the dispersion
ratio of cysAuNPs in response to LBA concentration based on equation 3A. The
cysAuNPs aggregation is also coupled with a gradual colour transition from ruby red
to bluish grey (Figure 3.5). The colour transition is also evidenced by the red shift in

their UV-Vis absorbance spectra shown in Figure 3.6.

Owing to LBA-induced electrostatic masking, the aggregation of cysAuNPs is
supported by the decreased in zeta potential of cysAuNPs in presence of 25 nM
(where cysAuNPs aggregated and appeared blue) with significant reduction from
44.3 to 17.5 mV. As the zeta potential is now lower than +30 mV (typical threshold
assigned for strong electro-repulsive nanoparticles stabilisation) (Clogston and Patri,
2011), the colloidal system collapses due to strong interparticle Van der Waals

attraction (Bishop et al., 2009; Liu and Liu, 2017b).

Moving forward, as the amount of LBA increases to 50 nM and above, the
cysAuNPs starts to retain their colloidal stability. The change from aggregation to
dispersion is accompanied by increased dispersion ratio and gradual colour transition
from blue to red as illustrated in Figure 3.5 with the individual spectrum shown in
Figure 3.6. From the gradual response of cysAuNPs towards increment of LBA, the

CRC was determined at 150 nM, where the particles redispersed and appeared red.
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Interestingly, the zeta potential of cysAuNPs with LBA above CRC was also reverted
to -21.6 mV. This implies that the excess LBA adsorbs onto the surface of cysAuNPs
and hence renders them negatively charged. Additionally, both the hydrodynamic

particle size and STEM image of cysAuNPs at CRC regime are comparable to that of

blank particles, further confirming the re-stabilisation of cysAuNPs (Table 3.1).
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Figure 3.5. Dispersion ratio plot of cysAuNPs in response to increasing
concentration of LBA. Results were presented as mean + S.D. (n = 3). Inset: the

corresponding photographs show gradual colour changes of cysAuNPs samples
upon mixing with LBA.
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Figure 3.6. UV-Vis absorbance spectra of cysAuNPs incubated with different final
concentrations of LBA. (A) CysAuNPs aggregate as concentration of LBA increases

from 0 to 50 nM. (B) CysAuNPs disperse as concentration of LBA increases from 75
to 250 nM.
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3.4.3 Detection of lysozyme in buffered solutions

3.4.3.1 Sensitivity performance

After establishing the relationship between cysAuNPs and LBA, two
concentrations of LBA have been chosen for bimodal detection of lysozyme, i.e.
modes A and R. In mode A, LBA with a final concentration of 25 nM (below CRC) was
employed. At this stage, cysAuNPs aggregate due to their electrostatic interaction
with LBA. In the presence of lysozyme, the LBA binds to its target to form a rigid
lysozyme/LBA complex, mimicking the antigen/antibody binding (Jayasena, 1999).
The formation of such complex would negate the amount of effective negative
charge on LBA to electrostatically interact with cysAuNPs (Su et al., 2013). Hence,
cysAuNPs retain their stability, as reflected by the recovery of LSPR band at 526 nm

with increasing concentrations of lysozyme (Figure 3.7).

By analysing the dispersion ratio, a good response along with lysozyme
concentrations was observed, accompanied with a colour transition from bluish grey
to red and the linear detection range was established from 37.5 to 180 nM. The LOD
was calculated as 2.29 nM based on equation 3C, which is considerably lower than
the lysozyme content reported in submandibular saliva (i.e. 353 — 468 nM) (Yeh et

al., 1997) and in colostrum milk (i.e. 4.7 uM) (Goldblum et al., 1982).
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Figure 3.7. (A) The UV-Vis absorbance spectra and (B) dispersion ratio plot of the
cysAuNPs aptasensor in mode A with different concentrations of lysozyme with
(C) the linear regression fitting model. Results were presented as mean +S.D. (n =
3). Certain spectra were selected to highlight the blue shift and re-establishment
of LSPR band at 526 nm. Insets show the progressive colour changes of cysAuNPs
in response to increasing concentrations of lysozyme. Note that due to huge
number of samples in a 96-well plate, different photography lighting and angles
may influence the overall appearance of some sample images.

On the other hand, a final concentration of 150 nM LBA was used in mode R
to represent concentration above CRC. At this stage, cysAuNPs were in dispersion
stage due to additional LBA coated on nanoparticles and rendered them negative
electrostatic repulsion. In this mode, the presence of lysozyme would competitively
disrupt the electrostatic adsorption of LBA onto cysAuNPs, causing aggregation as
evidenced by the red shift in their UV-Vis absorbance spectra in Figure 3.8 (A and B).
This leads to decreased dispersion ratios as indicated in the blue regime shown in
Figure 3.8 (C).
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Since adding lysozyme would aggregate cysAuNPs, the dispersion ratio
experiences a sharp decrease, indicating that the equilibrium of cysAuNPs and LBA is
highly sensitive to their relative concentrations. However, as the concentration of
lysozyme further increases, the response is inverted, in line with recovery of
dispersion ratio as indicated by the red regime of Figure 3.8 (C). This interesting
phenomenon is due to the further formation of lysozyme/LBA complexes that has
depleted the LBA available to aggregate cysAuNPs. Hence, the particles regain their

electro-repulsive positive charge conferred by the cysteamine ligands.

Noteworthily, such response curve demonstrates an inverse sensitivity
behaviour, i.e. lower analyte yields higher response. In this case, the dispersion ratio
at inverse sensitivity limit (ISL; i.e. the observed LOD in red regime at 375 nM) is
0.918, implying the highest aggregation level of nanoparticles. As the blue regime is
so narrow and reversed to that in red, response below the ISL is almost negligible.
Such observation and assumption would therefore lead to a linear range of detection
from 500 to 4000 nM with good R? value (Figure 3.8 (D)) and significantly improved
SNR of 72.56 at the ISL, a whopping 24-fold higher than the typically required SNR of
3 for most sensors at their respective LOD (Long and Winefordner, 1983; Shrivastava

and Gupta, 2011).

In fact, the novel idea of inverse sensitivity was actually first proposed by
Rodriguez-Lorenzo et al. (Rodriguez-Lorenzo et al., 2012) using enzyme-directed
silver deposition on gold nanostars to detect cancer biomarker. Later on, Pallares et
al. (Pallares et al., 2015; Pallares, Thanh and Su, 2018) further developed the concept
using hexadecyltrimethylammonium bromide-coated gold nanorods (CTAB-AuNRs)

for quantification of extracellular DNA and circulating cell-free DNA.
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The discovery of this inverse sensitivity concept is ground-breaking because
one can quantify low concentration of analyte with higher reliability due to
exceptional SNR. The aptasensor reported here indeed demonstrated the first
implementation of inverse sensitivity for colorimetric detection using spherical
AuNPs. While the performance of CTAB-AuNRs could be affected by aspect ratio of
the nanorods (Pallares, Thanh and Su, 2018), utilising cysAuNPs per se is more

controllable considering they are round shaped with stronger Au-S conjugation.
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Figure 3.8. UV-Vis absorbance spectra and dispersion ratio plot of the cysAuNPs
aptasensor in mode R with different concentrations of lysozyme. The spectra were
selected to highlight (A) the increased aggregation and then (B) redispersion of
cysAuNPs that also correspond to (C) the blue and red regimes in their observed
dispersion ratio with (D) the linear regression fitting model from 500 to 4000 nM
(concentration in logarithmic scale). Results were presented as mean + S.D. (n = 3).
Insets show the progressive colour changes of cysAuNPs in line with increasing
concentrations of lysozyme.
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Overall, the aptasensor demonstrated good sensitivity for lysozyme
detection. Compared to other colorimetric aptasensors for lysozyme detection (Table
3.2), the work reported here presents several advantages in general, including
versatility of bimodal sensing modes, wide and tuneable detection range, lower LOD
as well as exceptional SNR. These are achieved through carefully modulating the

concentration of LBA to enable bimodal sensing which is yet to be reported in others.

Table 3.2. Comparison of the reported colorimetric aptasensors for lysozyme
detection

Materials LOD Linear range Reference
(nM) (nM)
Polydiallyldimethylammonium chloride 4.4 4.4 -200 (Yaoetal.,
(PDDA), CitAuNPs 2016)
cysAuNPs 35 35-1050 (Suetal.,
2013)
Human serum albumin (HSA)-modified 50 100 — 1000 (Chen et
citAuNPs al., 2008)
Core-shell Cu@AuNPs, 3,3,5,5- 60 100 - (Lou,
tetramethylbenzidine - hydrogen peroxide 1000000 Qiang and
(TMB-H,0,) Chen,
2017)
Polydimethylsiloxane (PDMS)-AuNPs, Ag 0.0069 0.69-69 (Wang et
al., 2011)

2.29 37.5-180
(Mode A)
cysAuNPs This work
375 500 - 4000

(Mode R)

3.4.3.2 Selectivity performance

To evaluate if the aptasensor is selective towards lysozyme, several control
proteins with different sizes and isoelectric points were tested. As indicated by their
respective UV-Vis absorbance spectra in Figure 3.9, only samples containing
lysozyme are dispersed in mode A and aggregated in mode R; whereas the others
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show the opposite results. Despite so, an exception was observed for BSA samples,
where the cysAuNPs were indeed dispersed in both modes, implying that these bulky
proteins may provide electro-steric stabilisation to the cysAuNPs. Notably, BSA has
been widely used in passivating gold surfaces, particularly in positively charged
nanomaterials such as CTAB-AuNRs (Tebbe et al., 2015; Yasun et al., 2015). Avila et
al. (Cardoso Avila et al., 2017) have also reported the preparation of AuNPs co-
coated with both cysteamine and BSA as mixed layer, by incubating cysAuNPs with
BSA. The high binding affinity of BSA towards metal surfaces could be attributed to
its high-molecular-weight charges, as well as the prevalence of carboxylate, thiol,
amine, and imidazole groups within the protein structure (Brewer et al., 2005;
Chakraborty et al., 2011; Tsai et al., 2011; Tebbe et al., 2015). Despite that, the
positive error of BSA could be easily identified and eliminated based on its outlier

dispersion ratios in both modes (Figure 3.10).

By calculating the averaged dispersion ratios of all the other control proteins
+/- 3 S.D. for modes A and R, respectively, cut-off values could be set to distinguish
lysozyme from the rest. The difference in mixed protein samples containing multiple
control proteins with or without lysozyme could even be observable by naked eyes
under optimised condition as illustrated in Figure 3.11. Therefore, the findings reveal
that the selectivity of this aptasensor is attained since only lysozyme samples
produced distinguishable results from other control proteins and performing

bimodal screening can eliminate false positive outcome.
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Figure 3.9. UV-Vis absorbance spectra of the aptasensor in (A) mode A and (B)
mode R in the presence of lysozyme and control proteins individually. The

concentrations of proteins were tested at 180 and 375 nM for modes A and R.
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Figure 3.11. UV-Vis absorbance spectra of the aptasensor for lysozyme detection
in mixed samples containing the control proteins (cytochrome C, insulin and VEGF)
(red lines: mode A; blue lines: mode R). Mode A contains 540 nM of control
proteins and 180 nM of lysozyme, whereas mode R contains 1125 nM of control
proteins and 375 nM of lysozyme.

3.4.3.3 Comparison between modes A and R

As compared to mode R, mode A enables a more straightforward detection
approach since the former requires careful screening to identify the CRC regime of
DNA aptamer. However, the detection range of mode A is generally narrower, in
accordance with other studies using cysAuNPs as aptasensor to detect melamine (1 —
24 nM) (Zheng et al., 2017) and 17 B-estradiol (3.67 —312.06 nM) (Li et al., 2018).
This can be attributed to the number of aptamers available in mode A which is
relatively lesser than that in mode R. Furthermore, as demonstrated in the selectivity
test, mode A is also more susceptible to false positive result when bulky protein is

assayed.

Having bimodal screening modes in a single assay has undoubtedly provided
a complementary approach with greater versatility. On top of having the merit to
choose the suitable screening mode, one can further validate the sensing results

using the same batch of detection probes (i.e. cysAuNPs in this case). As
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demonstrated in the selectivity study, erroneous result can be eliminated with high
accuracy. Furthermore, since modes A and R can be used for different concentration

ranges of lysozyme, it provides a mean of tuneable dynamic range of detection.

3.5 Conclusion and future direction

As a summary, this chapter addresses the electrostatic relationship between
DNA aptamer and cysAuNPs from the perspective of consequent nanoparticles
aggregation or redispersion. The first observation is in line with other literatures
whereby incubating cysAuNPs with DNA aptamer resulted in aggregation. However,
this study documented an unprecedented trend of cysAuNPs redispersion when the
DNA concentration was further increased upon CRC. Inspired by this observation, a
bimodal colorimetric aptasensor has been rationally designed through manipulation
on the electrostatic interaction among DNA aptamer, target and cysAuNPs using
lysozyme and LBA as study models. While the concept of bimodal detection
behaviour is relatively new, this study also shows the first demonstration of inverse
sensitivity on spherical AuNPs when lower concentration of target gives rise to

higher signal response.

The achievement demonstrated here is important as it signifies that once the
technology is fully developed, an aptasensor could be designed without theoretical
LOD to detect as little analyte as possible as long as the relevant instrument can
analyse the increasing response with high resolution. Despite more studies are
needed to further understand the fundamental chemistry between DNA aptamer
and cysAuNPs (e.g. their coordination mechanisms), the findings here substantiate

their huge potential to be incorporated as a colorimetric aptasensor.

As for the future prospect, the aptasensor proposed here could be employed

for real sample testing, such as human serum or saliva samples. Performance
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comparison with ELISA could also be conducted to confirm the validity and feasibility
of this aptasensor. Besides, as this study is currently limited only to lysozyme
detection, the generalisability of this aptasensor could also be evaluated by studying
other targets with their respective DNA aptamers. With that in regards, thrombin
appears to be a good candidate given that it has two different DNA aptamers (TBA15
and TBA29) that recognise different moieties on the protein (Bock et al., 1992; Deng
et al., 2014), thus potentially allowing the development of a sandwich type

aptasensor derived from the current design.

Last but not the least, the study here demonstrates that cysAuNPs could
present many other possible routes for diverse reactions and applications that are

otherwise not achievable by the mainstream citAuNPs with ease.

59



CHAPTER 4

A DNAZYME-DRIVEN SENSOR FOR METAL IONS DETECTION BASED ON

BIOLUMINESCENCE RESONANCE ENERGY TRANSFER (BRET)

4.1 Chapter overview

This chapter explores another aspect of DNA nanotechnology in the form of
DNAzymes, a family of “enzyme-like” oligonucleotides. The main aim of this study is
to address the conventional limitations of DNAzyme systems associated with FRET
(including excitation light source, noisy background, photobleaching). This is done by
introducing BRET, where a bioluminescent luciferase was employed to generate light
emission required to co-excite an adjacent acceptor fluorophore. To investigate the
feasibility of this BRET sensor, the DNAzyme “8-17” and its targeted analyte, Zn% ion,
have been chosen as model for proof-of-concept study. After a series of
optimisations, the DNAzyme-driven BRET-based sensor was evaluated for its
performance in identifying and quantifying Zn?* ions in buffered solution. The
chapter then concludes with highlights on the importance of this study, coupled with
future outlook of BRET-based DNAzyme in contrast to the conventional FRET-based

systems.

4.2 Introduction

Zinc, usually exists as divalent cation Zn%, is one of the both biologically and
industrially important elements. It is the second most abundant metals to be found
in human body, required by more than 300 enzymes from all six classes (i.e.
oxidoreductases, transferases, hydrolases, lyases, isomerases and ligases) to function

properly, which can be collectively named as zinc metalloenzymes (McCall, Huang
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and Fierke, 2000; Outten, 2001; Cai and Chou, 2005). Zinc is also involved in
regulatory proteins in the form of zinc finger motif for a wide variety of biological
functions (Laity, Lee and Wright, 2001; Cassandri et al., 2017). In terms of industrial
significance, zinc is heavily applied in galvanization of iron or steel and the
preparation of other alloys. Its nanomaterial form, i.e. zinc oxide nanoparticles, are
also extensively used in various fields including but not limited to cosmetics,

electronics or chemical catalysis (Kotodziejczak-Radzimska and Jesionowski, 2014).

Nonetheless, the huge demand of zinc has resulted in excessive mining
activities that subsequently lead to several environmental concerns, particularly for
their hazardous effects on aquatic ecosystems and human health (Zhang et al., 2012;
X. F. Li et al., 2019). Over-exposure to zinc or abnormal zinc homeostasis has been
reported to cause many adverse effects, including skin corrosion (Singh et al., 2011),
attenuated energy production (Lemire, Mailloux and Appanna, 2008), carcinogenesis
(Zaichick, Sviridova and Zaichick, 1997; Costello and Franklin, 1998; Leitzmann et al.,
2003; Wang et al., 2019), immunodeficiency (Prasad, 2008; Nishida et al., 2009),
growth retardation with osteogenic issues (King, Shames and Woodhouse, 2000;
Inoue et al., 2002), neurodegenerative disorders (Cuajungco and Lees, 1997;
Frederickson et al., 2000; Grabrucker, Rowan and Garner, 2011), etc. With that in
mind, a reliable method to detect and quantify the amount of zinc presents in a

given sample is clearly demanded.

Given the importance of zinc, there are numerous Zn?*-sensors developed
over the years. In particular, the luminescence type can be categorised into two
groups, namely intensity and ratiometric probes. The intensity probes rely on
photoinduced electron transfer (PET) between a fluorophore and a Zn?*-chelating

organic molecule. The coordination of Zn?*ion inhibits the PET quenching of the
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unmetalated fluorophore, leading to restoration of fluorescence emission (Carter,
Young and Palmer, 2014). Some of the classical examples of intensity probes include
8-aminoquinoline derivatives (Nasir et al., 1999; Nowakowski and Petering, 2011;
Nowakowski et al., 2015) and Zinpyr family (i.e. small molecule zinc sensor derived
from dichlorofluorescein) (Walkup et al., 2000; Burdette et al., 2001, 2003; Zhang et

al., 2008).

On the other hand, ratiometric probes are derived on the principle of FRET in
which the energy is being transferred from a donor to another proximate acceptor
fluorescent molecule, resulting it being co-exited and re-emitting the fluorescence,
as previously discussed in Chapter 2.3.2. In practical, it usually involves two separate
emission wavelengths and their relative intensities can then provide a ratiometric
value that corresponds to the concentration of analyte. For Zn?* ion sensing, the two
fluorescent domains are connected via a Zn**-binding moiety, e.g. eCALWY
(Vinkenborg et al., 2009) and ZapCY (Qin et al., 2011) (i.e. fluorescent proteins-based
FRET sensors developed by different research groups). The Zn?*-binding moiety
would undergo structural conformation change upon binding with Zn% ions,
subsequently affecting intermolecular distance between the FRET pair and FRET

efficiency.

As previously introduced in Chapter 2.2.1.3, DNAzyme is a novel double-
stranded oligonucleotide that requires specific cofactors, such as metal ions, to
hydrolyse its internal phosphodiester bond, making it a good candidate to construct
a metal ion sensor (Santoro and Joyce, 1997; Hollenstein, 2015). Most of the
DNAzyme-derived sensors for metal ions sensing nowadays utilise FRET (Li and Lu,
2000; Zhang et al., 2010; Wu et al., 2017; Yang et al., 2018; Feng et al., 2019; Wang

et al., 2019), which generally suffer from limitations such as photobleaching as well

62



as signal contamination from high background and scattered light. Moreover, FRET-
based sensors require an external light source to excite the donor fluorophore, which
can be cost ineffective as commercialised excitation light sources such as laser are
expensive and hard to maintain. Altogether, these unfavourably hinder the

technology to be translated into true portable sensor for metal ion detection.

This study aims to circumvent the aforementioned bottlenecks by exploring
other reporting techniques. Instead of FRET, BRET was being incorporated into a
Zn**-dependent DNAzyme system as a proof-of-concept study. The DNAzyme “8-17"
was chosen as a sensing platform for Zn? ions, with its enzyme and substrate strands
(termed as 8-17E and 8-17S individually) each modified by a bioluminescence protein
and fluorophore. The 3’ biotinylated 8-17E was further conjugated with a
streptavidin-Lucia fusion protein (referred as Strep-Lucia), in which the Lucia
luciferase can emit a strong bioluminescence when its luciferin substrate,
coelenterazine, is supplied. On the other hand, 8-17S was labelled with a Cy3
fluorophore at its 5’ terminal to bring the fluorophore in close proximity with Strep-
Lucia when the DNAzyme complex (i.e. hybridised 8-17E/S) was fully assembled. The

general sensing principle is as below (Figure 4.1):

1) Without Zn?* ions, the Strep-Lucia emits bioluminescence at 480 nm in the
presence of coelenterazine. The close proximity between Strep-Lucia and
Cy3 enables BRET between the two, resulting co-excited Cy3 to emit a
second fluorescence emission at 560 nm.

2) With Zn* ions, 8-17S is cleaved and the DNAzyme complex disassembles due
to reduced Tr. The now displaced substrate strands with Cy3 fluorophore
becomes distant to Strep-Lucia moiety, disfavouring BRET between them and

reducing the fluorescent intensity of Cy3 emission.
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3) In both scenarios, the BRET efficiency is primarily determined by the
proximity between Strep-Lucia and Cy3 fluorophore, which is reflective of
the assembly of DNAzyme complex. By measuring the relative intensities of
Strep-Lucia and Cy3 ratiometrically, the presence and concentration of Zn?*

ions can be reliably determined.

While being principally similar to FRET, this DNAzyme-driven BRET-based
biosensor requires no external excitation light but a simple supply of the
coelenterazine. This provides a mean of controllable reaction with minimal signal
degradation over time. While it is highly translatable into a portable detection sensor
and eliminate the expensive instrumental setup, the feature of ratiometric
measurement retains its accuracy, making this a highly promising and practicable

metal ion biosensor in real application.
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Figure 4.1. Sensing mechanism of DNAzyme-driven BRET-based sensor for Zn?*

detection proposed in this present work.
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4.3 Experimental section

4.3.1 Instrumentation

The Agilent Cary 8454 UV-Vis spectrophotometer was used to obtain
absorbance spectra. A Horiba FluoroMax-P fluorometer was used for the
bioluminescence/ fluorescence measurements. DNA heating was performed on an

Eppendorf ThermoMixer® C.

4.3.2 Chemicals

All chemicals purchased from Sigma-Aldrich were of analytical grade and
used without further purification. 1x Tris-HCI (pH 7.4) was prepared with its pH
calibrated using a pH meter. Strep-Lucia (100 pug/ml, 37 kDa) and its coelenterazine-
based luminescence assay reagent Quanti-Luc™ were obtained from InvivoGen. All
reagents were reconstituted as recommended by the respective suppliers. DI H,0
with measured conductivity of 18.2 MQ.cm was used throughout all experiments.
Unless otherwise stated, all experiments were conducted at room temperature (20

°().

4.3.3 Oligonucleotides sequences

All DNA and DNA-RNA chimeric oligonucleotides were synthesised by
Integrated DNA Technologies, Inc. All oligonucleotides were reconstituted in DI H,0
and stored at -20 °C freezer as recommended by manufacturer and used without
further purification. The concentrations of the oligonucleotides were measured using
UV-Vis spectrophotometry prior to each usage. The oligonucleotides used in this

chapter are as following:
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Table 4.1. List of DNA and DNA-RNA chimeric strands used in this study. The cleavage
site and stem loop motif were colour coded in grey and yellow, respectively. Other
modifications were underlined with respective footnote annotations for ease of reading

Oligonucleotides Sequence (5’ - 3’)
3S ACT CAC TAT rAGG AAG AGA TGG A/3Cy3Sp/
5S /5Cy3/ACT CAC TAT rAGG AAG AGA TGG A
OE TCC ATC TCT TCT CCG AGC CGG TCG AAA TAG TGA GT/3Bio/
9E TCC ATC TCT TCT CCG AGC CGG TCG AAA TAG TGA GT/iSp9//3Bio/
18E TCC ATC TCT TCT CCG AGC CGG TCG AAA TAG TGA GT/iSp18//3Bio/
3TE TCC ATC TCT TCT CCG AGC CGG TCG AAA TAG TGA GT TTT/3Bio/
6TE TCC ATC TCT TCT CCG AGC CGG TCG AAA TAG TGA GT TTTTTT/3Bio/

1rA = adenosine RNA
23Cy3Sp and 5Cy3 = Cy3 fluorophore labelling
33bio = Biotin labelling

4iSp9 and iSp18 = triethylene and hexa-etheylene glycol derived carbon spacer

4.3.4 BRET assays

Both 8-17E and 8-17S were first heat treated at 95 °C for 5 min and slowly
cooled to room temperature in an optimised molar ratio of E:S = 1:2. 100 ul of the
resulting DNAzyme complex (hybridised 8-17E/S) was then mixed with 50 pl of buffer
solution containing Zn?* ions and subsequently incubated at room temperature for
30 min. After that, 50 pl of Strep-Lucia solution was added to conjugate with the
biotinylated DNAzyme in an optimised molar ratio of DNAzyme:Strep-Lucia = 1:1. 50
pl of Quanti-Luc™ solution (containing coelenterazine) was added right before
luminescence measurement to minimise signal degradation. The total volume of the

final sample solution was 250 pl.
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4.3.5 Optimisation of assay

The assay has been optimised for the following parameters prior to Zn%
detection: (i) DNAzyme strands modifications, i.e. Cy3 position on 8-17S (i.e. 3S and
5S) and spacers on 8-17E (i.e. OE, 9E, 18E, 3TE and 6TE); (ii) molar ratio of 8-17S and

8-17E; and (iii) molar ratio of DNAzyme:Strep-Lucia.

4.3.6 Evaluation of selectivity of zinc sensor

Various metal ions (Li*, Na*, K*, Ba%*, Ca?*, Mg?* and Pb?*) were used to react
with DNAzyme on top of Zn?* ions and the resulting luminescence spectra were
compared. The final concentration of DNAzyme, Strep-Lucia and metal ions were
fixed at 10, 10 and 3000 nM, respectively for standardised comparison of BRET

signals.

4.2.7 Evaluation of sensitivity of zinc sensor

DNAzyme complexes were prepared as above and the concentrations of
DNAzyme and Strep-Lucia were set as 10 nM, respectively as optimised conditions.
The BRET was monitored with increasing concentrations of Zn?* ions (100, 200, 600,

1600, 2400, 3200, 5000, 10000, and 20000 nM) in final sample solution.

4.3.8 Data analysis

OriginPro v. 2018b was used to analyse the data. All luminescence spectra
were smoothed using Savitzky—Golay filter with 10 points of window and
subsequently normalised to their respective peak values for comparison purpose. All

graphs were presented as mean with standard deviation at n = 3.

The measured luminescence spectra were then analysed for their respective
BRET ratio by comparing the luminescence intensity at 480 and 560 nm using the

formula shown in equation (4A). The obtained BRET ratio was then further analysed
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for changes in BRET (A BRET in %) by comparing the BRET of the control (without Zn?*
ions) and that of sample (with Zn%"ions), to represent BRET before and after reaction

based on equation (4B).

BRET FAHO = 550 oo seee oo seeeee e seeeeee e ees oo (4A)
L4—80
Changes in BRET (A BRET %) = omete BB 3 00 oo (4B)
BRET,
Limit of Detection (LOD) = 3.3 X G/S v cteseeeeeseetsseseeee st stesresessns s seseenees (4C)
where L = Luminescence intensity (at either 480 or 560 nm)

BRET. = BRET ratio of control (before reaction)

BRET; = BRET ratio of sample (after reaction)

o = standard deviation of blank solutions

S = slope of the calibration curve
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4.4 Results and discussion

4.4.1 Verification of BRET

To confirm the occurrence of BRET between Strep-Lucia and Cy3 labelled on
8-17E and 8-17S strands, respectively, DNAzymes with only 8-17E, 8-17S or both
were prepared to represent conditions before and after full DNAzyme assembly in
the presence of Strep-Lucia. As shown in Figure 4.2, it is clear that BRET only
occurred when both 8-17E and 8-17S were present and hybridised into a full
DNAzyme complex. With only 8-17E, there was no BRET since no Cy3 was present to
re-emit the luminescence. On the other hand, in the case of 8-17S alone, BRET
cannot be achieved despite the presence of both Strep-Lucia and Cy3 fluorophore.
This is due to the absence of biotinylated 8-17E to provide an attachment site for
Strep-Lucia to be in close proximity with Cy3. Therefore, in both conditions, there
was only one luminescence band observed at 480 nm, corresponding to sole
emission of Strep-Lucia supplied with coelenterazine. However, when both 8-17E and
8-17S were present together with Strep-Lucia, a second luminescence band
appeared at 560 nm, indicating the co-excitation of Cy3 due to BRET. The calculated
melting temperature of full DNAzyme complex was 49.7 °C. Upon cleavage induced
by 3200 nM final concentration of Zn%, each shorter binding arm will have its
melting temperature reduced to 14.7 and 29.6 °C, respectively, effectively displacing
the Cy3-labeled strand at room temperature (Figure 4.1). The now displaced Cy3 will
not be able to undergo BRET with Strep-Lucia effectively, resulting in decreased

emission at 560 nm.
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Figure 4.2. The luminescence spectra of samples containing DNAzyme formed by
8-17E, 8-17S or both with the final concentration of 10 nM. The spectra were
smoothed and normalised to their respective maximum value for ease of
comparison.

4.4.2 Optimisation of sensor conditions

After confirming the occurrence of BRET, the sensing parameters have to be
optimised to maximise the sensor performance. The energy transfer efficiency via
BRET is a multifactorial event that mainly influenced by the initial intermolecular
distance between the BRET pair (i.e. Strep-Lucia on 8-17E and Cy3 on 8-17S), as well
as the intrinsic emission of acceptor fluorophore (i.e. Cy3). Besides, since every 8-17E
can only hybridise with a single 8-17S and conjugate with one Strep-Lucia, their
hybridisation and conjugation efficiencies are pivotal for optimal BRET. These
parameters were therefore optimised by studying the (1) strands modifications on 8-
17E and 8-17S, respectively; (2) molar ratio of 8-17E and 8-17S during DNA
hybridisation; as well as (3) molar ratio of Strep-Lucia and DNAzyme complex during

conjugation step.
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4.4.2.1 Strands modifications

As a general principle, the BRET efficiency is inversely proportional to the
sixth power of distance between the BRET pair, with a commonly agreed working
distance of no greater than 10 nm (Brown, Blumer and Hepler, 2015; Bajar et al.,
2016). Hence, alternating the relative position of Cy3 or introducing spacer between
Cy3 and Strep-Lucia could increase the BRET efficiency. The effect of such
modifications was evaluated by calculating and comparing their BRET ratios based on
equation 4A. 3S and 5S were used to study the effect of Cy3 position on subsequent
BRET, each representing Cy3 labelled at 3’ and 5’ ends individually. Samples
containing 3S generally yielded weak to no BRET, which could be attributed to the
intermolecular distance between the BRET pair. Note that an intact 8-17 DNAzyme
without coordination with metal ions generally adapts a B-form conformation
(Mazumdar et al., 2009). Assuming a diameter of 0.34 nm per base pair in this form
(Hatters et al., 2001), the end to end diameter of the entire DNAzyme structure
alone is predicted to be approximately 7.26 nm, based on a 22 base pair excluding
the stem loop motif of 8-17E. With the inclusion of biotin at approximately 2 nm, the
intermolecular distance between Cy3 at 3’-end and the Strep-Lucia is approximately
>10 nm (Figure 4.1), leading to inefficient BRET. This concludes that Cy3 has to be

located at 5’-end of the 8-17S strand.

However, streptavidin has been previously shown to quench Cy3
fluorescence in close proximity (Wang et al., 2014). The quantum yield and
fluorescence lifetime of Cy3 also determines how efficient this fluorophore can
convert and re-emit the energy received from Strep-Lucia. For instance, after
photoisomerization, a highly emissive trans Cy3 can return to ground state and turn

into non-fluorescent cis isomer despite under continuous excitation (Levitus and
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Ranjit, 2011). This trans-cis transition can be restricted by the microenvironment,
mainly through steric interactions with nearby proteins as seen in protein induced
fluorescence enhancement (PIFE) (Stennett et al., 2015), or by strategically
positioning of the fluorophore on dsDNA strand during DNA hybridisation (Morten et
al., 2018). A few modifications have been made by adding variation of spacers on 8-
17E to elucidate how these could influence the subsequent BRET. There are two
types of spacers with various lengths studied here, including polyethylene glycol (i.e.
9E and 18E) and poly(dT) (i.e. 3TE and 6TE) derivatives, each representing carbon-
based and DNA-based spacers, with their numbers indicate the number of
monomers. The polyethylene glycol-derived spacer is presumed to be inert on Cy3
emission or DNAzyme activity as it is essentially non-DNA and electrostatically
neutral. As summarised in Figure 4.3, the combination of OE5S showed highest BRET
ratio compared to others. This indicates that the streptavidin moiety did not quench
the Cy3 emission in this case. Introducing spacers on 8-17E, regardless of carbon or
DNA derivatives, distances the BRET pair and reduces subsequent BRET efficiency, as
demonstrated by their reduced BRET ratios. Interestingly, while incorporating
poly(dT) spacers with different lengths led to similar BRET reduction, adding carbon
spacers demonstrated gradual decrease in BRET efficiency as the polyethylene glycol
doubled in length from 9 to 18 bases. The emission of Cy3 attached onto a DNA
strand can also be altered by nearby nucleobases, for instance, its fluorescence is
weaker when placing close to pyrimidine-rich sequence (Kretschy, Sack and Somoza,
2016). This implies that the effect of poly(dT) spacers on BRET might be due to the

impact from its pyrimidine-based DNA rather than the spatial differences.
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Figure 4.3. Averaged BRET ratio (n = 3) calculated based on equation 4A as a
function of varying the combinations between spacers on 8-17E and Cy3 positions
on 8-17S. Note that control in this study refers to Strep-Lucia samples without any
DNAzyme strands.

4.4.2.2 Molar ratio of 8-17E:8-17S

Moving on, the sensor has also been optimised in terms of DNAzyme
assembly (i.e. efficiency of DNA hybridisation) by altering the molar ratio between 8-
17E and 8-17S. To enable controlled conjugation with Strep-Lucia in later stage, the
molar ratio of the DNA strands was manipulated by changing the relative
concentration of 8-17S under a fixed concentration of 8-17E at 10 nM. Since BRET
only occurs when 8-17S and 8-17E strands are in close proximity, the resulting BRET
ratio can be a direct indication on the efficiency of DNA strand hybridisation. Figure
4.4 shows the BRET ratios of 8-17E:8-17S prepared in various combination of molar
ratios with 1:0 represents control samples without 8-17S at all. In general, as the
amount of 8-17S increases, DNA hybridisation efficiency increases accordingly, with

8-17E:8-17S of the molar ratio 1:2 yields the best BRET ratio. Such stoichiometry with
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higher amount of 8-17S could be due to the structural feature of a catalytic core
motif in 8-17E that affects the hybridisation efficiency. Besides, modifications of Cy3
and biotin at each DNA strand may further contribute to the electro-steric hindrance
that lowers the hybridisation efficiency. Assuming DNA molecules behave like
particles with Brownian movement (Chan, Graves and McKenzie, 1995), higher
amount of 8-17S increases its frequency of intermolecular collision with 8-17E
strand, consequently improving rate of successful collisions and hybridisation
efficiency. Nonetheless, there is no apparent improvement after increasing the
relative concentration of 8-17S to 2 and above. This implies that the optimal
DNAzyme hybridisation has already been achieved at the molar ratio of 8-17E:8-17S
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Figure 4.4. Averaged BRET ratio (n = 3) calculated based on equation 4A as a
function of varying the molar ratio between 8-17E and 8-17S strands during DNA
hybridisation.

74



4.4.2.3 Molar ratio of Strep-Lucia:DNAzyme complex

With the hybridisation of 8-17E:8-17S now optimised, the subsequent
conjugation efficiency between the DNAzyme complex and Strep-Lucia was
investigated. This is important as the BRET is highly dependent on the successful
conjugation of Strep-Lucia with biotinylated 8-17E on DNAzyme complex.
Noteworthily, the intrinsic streptavidin/biotin interaction has been reported with an
exceptionally high association constant in the 10° regime (Gonzalez et al., 1997). As
there is no overhanging sequence on the DNAzyme complex, the presence of Cy3
might pose steric hindrance for optimal conjugation. Although this is somewhat
negated by the observation from section 4.4.2.1 where effect of spacers was found
non-beneficial. Note that the Strep-Lucia studied here has a reported molecular mass
of 37 kDa (Ora et al., 2016), suggesting a fusion protein comprised of a Lucia
luciferase (23 kDa) and potentially a monomer subunit of streptavidin (14 kDa). To
study the conjugation between Strep-Lucia bearing a monomeric streptavidin and
the biotinylated 8-17E, a fixed amount of Strep-Lucia was incubated with different
amount of DNAzyme complexes. As illustrated in Figure 4.5, there was a progressive
albeit small increase in BRET ratio as the Strep-Lucia:DNAzyme complex increases
from 1:0 to 1:1 molar ratio. The findings lead to two conclusions: (1) the streptavidin
moiety of Strep-Lucia is indeed in monomeric form as the binding ratio between
Strep-Lucia:DNAzyme complex was determined to be 1:1 and (2) its high affinity to
bind with biotin is retained despite the co-expression of Lucia luciferase. Given such
properties, the conjugation efficiency between Strep-Lucia and DNAzyme complex
can thus achieve a near ideal 100 % since each Strep-Lucia can be conveniently

conjugated with one DNAzyme complex individually as evidenced here.
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Figure 4.5. Averaged BRET ratio (n = 3) calculated based on equation 4A as a
function of varying the molar ratio between Strep-Lucia and DNAzyme complex
during conjugation.

4.4.3 Selectivity performance

Moving forward, in order to deploy the sensor for Zn?* ions detection, its
ability to identify this metal ion from others has to be first determined. The
selectivity performance was evaluated by introducing the sensor to various metal
ions at the same concentration, including both monovalent and divalent ions such as
lithium (Li*), sodium (Na*), potassium (K*), barium (Ba?*), calcium (Ca%*), magnesium
(Mg?) and lead (Pb?*) with the resulting activity analysed based on equation 4B. As
summarised in Figure 4.6, only Zn?* ions resulted the highest A BRET %, indicating
their selective catalytic activity. Notably, the 8-17 DNAzyme is known to be catalytic
not only when incubated with Zn%, but also with Pb%* and Mg?* ions. In fact, the
affinity in activity of 8-17 DNAzyme with Pb?* (K4 < 0.12 mM) is significantly lower as

compared to that of Zn?* (K4 = 1.15 mM) and Mg?* (K¢ = 53 mM), indicating the higher
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affinity of the former to interact with 8-17 DNAzyme in driving the catalytic reaction

(Kim et al., 2007).

Contradictorily, the selectivity result observed here showed that there is no
adverse interference from Pb?*, possibly due to biotinylation or Strep-Lucia
conjugation on the DNAzyme complex. Lu and co-workers (Kim et al., 2007) have
previously reported that the higher activity of Pb?* could be due to its unique
reaction route compared to the other two metal ions. While Zn?* and Mg? ions were
found to induce global folding configurational rearrangement on the DNAzyme prior
to RNA transesterification, there was no Pb**-related global folding activity observed.
This suggests that the Pb?*-related activity of 8-17 DNAzyme might be hindered by
the incorporation of BRET, such as the presence of Strep-Lucia. As Pb?* is known to
bind with a wide variety of biomolecules, especially low molecular weight and
thiolate-rich proteins (Gonick, 2011; Cangelosi, Ruckthong and Pecoraro, 2017), the
possibility of this metal ion getting sequestered and prevented from interacting with
the DNAzyme complex cannot be ruled out. Nonetheless, the exact interactions of 8-
17 DNAzyme with regards to Pb?* ions are yet to be fully unveiled even to date.
Based on the findings reported here, only the Pb?*-containing sample exhibits a
minimally enhanced BRET compared to control, resulting a negative A BRET % value.
However, with regards to this study for Zn?* detection, such small changes from Pb?*
can be considered to have negligible impact when compared to the value obtained
from samples containing Zn?* ions. Still, more thorough investigations are needed to
provide substantial evidence on how BRET, as demonstrated here, could render the

DNAzyme activity to be insensitive to Pb? ions.
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Figure 4.6. Selectivity results of the DNAzyme BRET sensor for Zn?* ions detection
against other metal ions. The metal ions were fixed at a final concentration of
3000 nM individually. The averaged A BRET (%) is calculated in relative to control
(sample without metal ions) with n = 3 based on equation 4B.

4.4.4 Sensitivity performance

With the sensor demonstrated to be greatly selective, its performance in
quantifying Zn?* ion was then assessed. Figure 4.7 depicts the gradual changes in
luminescence spectra and A BRET (%) value of Zn?*-containing analyte samples
calculated based on equation 4B. Using a final concentration of 10 nM DNAzyme, the
sensor demonstrated good and reliable quantitative results by showing a gradual
decrease in BRET (hence higher A BRET) with increasing final concentration of Zn?*
ions. With such small amount of probe, the linear range of detection was from 100 to
3200 nM of final Zn?* ion concentration with 0.99 of R? value. Based on equation 4C,
the LOD was calculated to be 62.58 nM. This achievement is indeed encouraging
compared to other reported Zn?*-related sensors, especially with regards to those

derived from DNAzymes (Table 4.2).
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Table 4.2. Comparison of the reported DNAzyme sensors for zinc ions detection

Reference DNAzyme LOD Detection Remarks
used range
This work 8-17 62.58 nM  100-3200 10 nM of DNAzyme
nM complexes
Reaction duration of 30
minutes

No signal amplification

(Lietal., 8-17 Not Upto 500 0.5 nM of DNAzyme
2000; Hwang mentioned uM complexes

etal., 2014) Used radioisotopes
(Lietal., 8-17 0.47 nM 1-30nM Estimated 300 nM of
2015) DNAzyme complexes

Used DNAzyme-
functionalised citAuNPs

(Sietal., 8-17 0.1 nM 0.25-2 80 nM of DNAzyme
2018) nM complexes
Signal amplified via
hybridisation chain

reaction
(Xuetal., 9NL27 10 nM 50 nM -50 Signal amplified via PCR
2014) UM Long reaction duration of
4 hours

For instance, despite Lu group (Li et al., 2000; Hwang et al., 2014) reported a
linear response to Zn?* up to 500 uM with just 0.5 nM of putative hybridised 8-17
DNAzyme complexes, modification on the oligonucleotide strands with radioisotopes
was required and the actual performance for Zn? ion quantification was not
discussed in details. Similarly, an 8-17 DNAzyme-AuNPs nanoprobe based on AuNPs-
induced fluorescence quenching reported by Tang and co-workers (Li et al., 2015)
showed a good linearity from 1 to 30 nM, with a detection limit of 0.47 nM for Zn?*
quantification. While the results are encouraging, a rather laborious procedure to

prepare the DNAzyme-functionalised citAuNPs with an estimated final concentration
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of 300 nM of active DNAzyme complexes were required. Later on, the group further
proposed another 8-17 DNAzyme derived sensor in which a linear range of response
had been observed from 0.25 to 2 nM with a detection limit of 0.1 nM using 80 nM
of DNAzyme (Si et al., 2018). They accomplished such achievement with signal
amplification via hybridisation chain reaction that involves multiple hairpin DNAs and

fluorophores labelling.

There was also another Zn?* sensor comprised of 9NL27 (a different
DNAzyme that has unprecedented specificity towards Zn?* ions) (Chandra, Sachdeva
and Silverman, 2009; Xiao, Allen and Silverman, 2011) reported by Xu and co-
workers (Xu et al., 2014) in which a dynamic range of detection was observed from
50 nM to 50 uM with LOD of 10 nM through PCR amplification. In their design, a
typical reaction duration of 4 hours was required for proper cleavage of its substrate
strand, as compared to 30 mins of reaction time achieved here. Such huge difference
in cleavage duration might be a result of the different targeted cleavage site in which
9NL27 DNAzyme hydrolyses a DNA, instead of RNA substrate as seen in 8-17

DNAzyme.

From another perspective, compared to organic probes such as the
phosphorescent zinc sensor (ZIrF) reported by Lippard group (You et al., 2011) that
could only quantify zinc up to 1 equivalent of the phosphorescent probe in a 1:1
stoichiometry ratio, the sensor hereby also demonstrated quantification of > 300
equivalent concentration of analytes. Considering there is no signal amplification or
complicated reactions, the Zn% ion biosensor reported here shows very promising

results, especially with the early implementation of BRET technique.
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Figure 4.7. (A) The normalised luminescence spectra and (B) the averaged A BRET
(%) with n = 3 calculated based on equation 4B of the DNAzyme BRET sensor in
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the final concentration of Zn?* ions in the sample. The inset highlights the linear
range from 100 to 3200 nM final concentration of Zn®* ions.

4.5 Conclusion and future direction

In a nutshell, a DNAzyme-driven BRET-based sensor has been successfully
designed based on the 8-17 DNAzyme by targeting Zn* ions as proof-of-concept
study. The sensor utilises DNAzyme that catalyses RNA transesterification to cleave
its substrate strand when the metal ion cofactor, Zn?* ion is present. The consequent
reduction in Tr, leads to DNA dehybridisation as reflected by the drop in BRET

efficiency due to increased intermolecular distance between the BRET pair of Cy3
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fluorophore and Strep-Lucia luciferase. The changes in BRET ratio can thus be

analysed to indicate the concentration of Zn?* ions in a sample.

As for future direction, it should be beneficial to elucidate the interaction
behind the observation in which the incorporation of BRET renders 8-17 DNAzyme
insensitive to Pb? ions. To probe into this issue, possible approaches are to change
the DNAzyme, bioluminescence protein, acceptor fluorophore or any combination of
them. For example, instead of 8-17 DNAzyme, another Pb?*-dependent DNAzymes
such as the GR-5 DNAzyme (Breaker and Joyce, 1994) can be used. Such studies can
therefore provide insights if the issue is an interference due to the Strep-Lucia
luciferase, their complex formation with Cy3 or the 8-17 DNAzyme per se after being
incorporated into BRET system. Moving forward, now that the sensor has been
developed and evaluated for detection of Zn# in buffered solution, its potential for
more sophisticated applications should be explored, such as in vitro and in vivo Zn*
ion sensing. As a strong excitation light source is required to trigger the FRET, most
fluorescence-derived in vitro and in vivo sensing suffers from a key limitation known
as autofluorescence, the intrinsic fluorescence emitted by co-excited biological
components (Cordina et al., 2018) which can complicate the sensing reliability due to
noisy background. The DNAzyme-driven BRET-based biosensor documented here is
expected to avoid such limitation, given that the bioluminescence from a luciferase is
much weaker compared to a commercialised laser. Although the BRET between Lucia
luciferase and Cy3 fluorophore had been evidently proven to be compatible with 8-
17 DNAzyme for zinc ion detection, further exploration into other DNAzyme-
compatible BRET pairs should be advantageous. From the perspective of
bioluminescence protein, Nanoluc luciferase has been previously reported in
performing BRET with Cy3, showing a much higher BRET ratio than the Lucia-Cy3
BRET pair reported here (Engelen et al., 2017). Other fluorophores such as TAMRA
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could also be studied due to the fact that despite having similar excitation
wavelength, TAMRA re-emit the fluorescence at slightly higher wavelength of 583
nm instead of 560 nm as for Cy3. If compatible with DNAzyme system, the resulting
biosensor should have better screening resolution, thus improving the biosensor in
terms of sensitivity performance. Furthermore, the sensing mechanism with BRET
implementation studied here should be evaluated for generalisability in which other
DNAzymes could be used for screening various targeted metal ions, such as sodium

and uranyl ions which have their own dedicated DNAzymes being documented.

Lastly, this study presents the first demonstration of a metal ions detection
biosensor derived from DNAzyme which exploits BRET phenomenon rather than

conventional FRET with very promising selectivity and sensitivity performance.
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CHAPTER 5

SUMMARY AND GENERAL CONCLUSION

The advantages of DNA nanotechnology for various forms of biosensing are
well-reported but recent interest shifts towards exploring the unvisited mechanisms
and bottlenecks that restrict their practical application. This is in conformity with the
current research pursuit presented here, which aims to address the limitations by (1)
incorporating cysAuNPs with non-modified DNA aptamer in rationally designing a
colorimetric aptasensor for biomarker detection; and (2) implementing BRET

technique into DNAzyme in developing a ratiometric metal ion biosensor.

Compared to other related studies, this thesis tried to tackle the issues from
another perspective. Through the works presented here, the limitations associated
with AuNPs functionalisation with DNA aptamer as well as FRET-dependent
DNAzyme system had not only been addressed, but also presented an unexploited
mode of detection and design of biosensor. Ultimately, the outcome from these
studies should contribute to developing affordable, feasible and reliable biosensors

for biomarkers and metal ions.
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CHAPTER 6

FUTURE PROSPECTS

Nanotechnology has definitely presented a great opportunity for
transformational work in numerous areas, particularly in the detection of biomarkers
and metal ions as described in this thesis. Despite their huge improvement over the
decades, their potential is yet to be fully disclosed. As for future prospect of the
works presented here in this thesis, the following are noteworthy suggestions to
some remaining aspects for investigation to further understand and widen their

application horizon.

Regarding DNA aptamer and cysAuNPs, although UV-Vis spectroscopy
appears to be a powerful tool in describing their interactions, more spectroscopic
studies, such as surface-enhanced Raman spectroscopy and X-ray photoelectron
spectroscopy, could be carried out to provide a more comprehensive understanding
on their fundamental mode of interaction. Besides, both bare and citAuNPs have
been previously studied for their electrochemistry properties, including but not
limited to electrochemical impedance spectroscopy and voltammetry analysis
(Callaghan et al., 2010; Bonanni, Pumera and Miyahara, 2011). It would be beneficial
to study the cysAuNPs and describe them from similar perspective to better

understand how surface chemistry could contribute to their electrochemistry profile.

From another perspective, although DNAzymes are receiving more and more
attention in recent year, their fundamental mode of action is still unclear. With the
crystal structures of 8-17 DNAzyme being reported few years ago (Liu et al., 2017),
many forthcoming studies are expected. As the reports mostly concerned about 8-17
DNAzyme with regards to Pb?* ions, it would be interesting if similar study can be

performed highlighting Zn?* ions since they have been previously documented to
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have different reaction routes (Mazumdar et al., 2009). This would also help to find
out the underlying factor resulted in the BRET-based DNAzyme biosensor reported
here to be irresponsive towards Pb?* ions. Furthermore, as BRET has been proven to
be a DNAzyme-compatible alternative for FRET, the prerequisite of bioluminescence
protein might be a limiting factor for long term stability. For this, a fully DNA derived
biosensor would be appreciated. Instead of having luciferase for bioluminescence,
the widely applied G-quadruplex/hemin DNA nanostructure could be utilised for its
peroxidase-mimicking activity that catalyse the chemiluminescent reaction of
luminol in presence of hydrogen peroxide. By exploiting this as the luminescence
energy source, a chemiluminescence resonance energy transfer (CRET) can be

implemented for DNAzyme for a full DNA-based metal ion biosensor.

Regardless of upcoming studies, the prospective of DNA nanotechnology can
be seen from the promising studies being reported from time to time. The future is
hopeful, and the author is optimistic to see how impactful the related technologies

can be to benefit human civilisation in general.
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