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Abstract

Members of the recently discovered family of short rooding RNAs, termed microRNAs
(miRNAS), regulate the expression of most genes encoded by the human genome by
repressing translation of messenger RNAs to proteisRNAs are stably expressed
throughout the body and can be detected robustly and reproducibly bgfROR in body fluids

such as blood and urine. Alterations in circulating miRNA profiles have been associated with
cancers of the brain, breast and liver, andRNAs hold great promise as biomarkers of
numerous other diseases. However, current methods for miRNA biomarker detection rely on
laborious, expensive and expert techniques, and involve invasive biopsy acquisition. The
research contained within this thiss focusses on the development of a riowasive,
inexpensive and rapid electrochemical analytical test to quantify miRNA in human urine

samples.

Therefore we describe how glassy carbon and disposable screen printed carbon electrodes
(SPCEs), were modifiethrough electropolymerisation of a naphthalene sulfonic acid
derivative. DNA complementary to a target miRNA was attached and the sensor analysed via
electrochemical methods using a ferri/ferrocyanide electrolyte. After hybridising with a
MIiRNA target,his analysis was repeated and compared to the original-DiNAanalysis to

give a corresponding change. This was performed using buffered solutions and shown to be
sensitive to 20 fM and selective against sequences with a single mismatch; urine ana$ysis w
also performed. The method was then adapted for use with screen printed electrodes, using
a new chlorination solvent system, to a lowest detected concentration of 10 fM. The ink
materials used for the production of the SPCEs were optimised and a négn adkes/eloped

to allow for multiple analyses on one sensor. A small number of diabetic kidney nephropathy
(DKN) patient and healthy control urine samples were then analysed for biomarkers we have

recently identified, comparing their relative expressiondisv
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Chapter 1: Introduction

1.1: MicroRNAs

1.1.1:MicroRNA History
MicroRNAs are a class of small-gi®nt), single stranded and necoding RNA molecules that

were first discovered by Lest al! in the Caenorhabditis elegarspecies of roundworm. This
group first isolated the microRNA species -4inand found it to have antisse
complementarity to the messenger RNA (mRNA)}14inwhich encodes the embryonic
protein of the same name. The binding of severaiiLlin YA wb ! & (2 GKS o0Q dzyi
(UTR) of Li14 results in a downregulation of the downstream-ILéh protein, wheh in turn
changes the developmental timing of the roundworm larv@eDespite this, when fat
isolated it was assumed that, due to their size and relative instability, they were most likely
specific only to the simpler roundworm organisms. However when the developmental timing
MiRNA species, lét, was found to be conserved across various ogpggcies, interest into

their biological importance explodet: This paticular family of miRNA is also believed to be
the first human microRNA discovered, and is now known to play a key role in the development

of certain cancer8?®

Since then the number of publications on miRNAs and thieiogical significance has grown
exponentially, with many new miRNA species being discovered each year. In fact, at the time
of writing there are currently 28645 entries in the miRNA database (miRbase) with over 2000
of these being human, targeting motban 30% of the human genoni€. Owing to their

small size, miRNAs are able to hybridise with target miRWM# perfect or minor imperfect
complementarity, also their relatively short sequences compared to these mRNAs results in
any one microRNA sequence being found either in a close or perfect match in a number of
MRNA families. Theigh potential for a paitularmiRNA sequence to occur multiple times
throughout mRNA species often result in one miRNA having multiple mRNA targets, also
meaning that each miRNA species can have a variety of downstream phenotypic effects on
the gene expression and protein prodion.” Although in healthy biological processes there

will be a driving bias towards the biogenesis of sequences required to maintain phenotypic

status quo.



1.1.2 MicroRNA Biogenesis.
MiRNAs are biosynthesised according to sequence information given in the miRNAayane v

multiple step biogenesis pathway. Initially they are transcribed according to the sequence of
their antisense DNA, found in the miRNA gene, by the enzyme RNA polyméfashisl.

LINE RdzOSa (GKS KIFANLIAY &0 NWRONWINBR 4dKRATHK NEA YIA WD
10003000 nucleotides (nt) in length. This4pmiRNA ishen converted into smaller stem loop
strands of approximately Z000 nt length using the Drosha RNase Ill enzyme and the complex
subunit Di George syndrome critical region gene 8 (DGCRS8), a double strand&thBiNG
protein also known as Pashabmosoghila melanogasteand Caenorhabtis elegar/s~!2 This

newly formed premiRNA (precursor miRNA) is transported out of the nucleus, to the
cytoplasm of the cell, via the karyopherin (transport proteirp&rtin-5.1%14Once inside the
cytoplasm the premiRNA undergoes further cleavage and processing via dicer proteins,
RNase 11l enzymes and an RNA binding protein to form a destbéended (ds) miRNA duplex
MiRNA:mMiRNA*. This duplex contains two single stranded (ss) miRNA molecules, the guide
strand miRNA and the passenger strand miRNAinally this duplex is denatured to reveal

the guide strand, whicls incorporated into an RNiduced silencing complex (RISC), while

the passenger strand is often degraded and the nucleotides recycled.

¢KS wL{/ O02YLX SE A& (GKSy I of S -uittanskatadyfegian LIS NJF S
0 dJOR) of its targetmRNA, which in turn results in downstream regulation of gene
expression through mRNA degradation or by inhibiting the translation of said mRNA. This final
complexation mechanism is what gives miRNA their profound effect on protein and gene
regulation?”11121415Figure 1.1 shows a general summarised overview of this biogenesis

pathway as adapted from reference 10.
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Figurel.1 A summarisedverview of miRNA biogenesis.

1.1.3 Biological role of miIRNA
As mentioned, miRNAs have a detrimental effect on mRNA translation and act, therefore, as

posttranscriptional regulators of gene expression. Upon incorporation into the RISC complex,
including agonaute (AGO2) protein a Nfgdependant endonucleast;'%'” the miRNA
4S1jdzZSyO0S oSKIF@Sa +a |y I yiaiaSyRioSits @FENAtz®ef.0S
This it does either perfectly, allowing the endonuclease and AGO2 prdieideave the
MRNA, or imperfectly leading to inhibition of translation and/or further degradation of the
mMRNA strand?®

Controlling the expression okges is essential for a number of cellular processes, not just
the larval developmental timing mentioned earlier. MiRNAs have also been found to be
important in cell proliferation and death, apoptosis, cell differentiation and even fat
metabolism!%22 Combined studies have also suggested that they are important in removing
persistent mMRNA that have fulfilled their purpose in the cell but whose continued presence
could be potentially harmful. MiRNA induced degradation remastesh strands faster than

their own intrinsic decay mechanisms, such as enzymatic hydrolysis and degradation by

exoribonucleases e.g. Xra&



The relatively short length of miRNAs, compared to mRK&ssiltsin a high potential for
complementarity with a number of different mMRNA species sequences, thus one species of
microRNA could possibly have multiple mRNA targets. For exampigntdRgets over 30

gene targets for apoptosis alone, includingdl chronic lymphocytic leukaemia/lymphoma

2 (BCLZY and transforming growth factor beta receptor Il (TGFBR2)as well as having at

least one target in each stage of the developmehtancer cells as described by Hanaban
al.?”?8 and shown in Figure 1.2 adapted from reference 24. This miRNA species has been
shown to be oncogenic by having an inhibitory effect on cellular apoptosis, and is therefore

often highly abundant in cancerous celts?

However another species, miS, which among many other things is also associated with
various forms of cancer, actually displays tumour suppression activityt does this in a
number of ways, primarily through targeting the genes responsible for vascular endothelial
growth factor (VEGF) and basic fibroblast grovetttor (bFGF) proteins and repressing their
expressiort>3*as a result, in multiplying cancerous cells, this miRNA species often diaplays
much lower expression. These two brief examples show that microRNA not only have multiple
MRNA gene targets, but they can also have an inhibitory effect on a cells growth processes or

an activation effect depending on its target.

Of course, it is impoant to note that miRNA also have the potential to block mMRNA
expression in other areas of physiology, including those that are common to all cells. Because

of this it has been suggested that there are certain genes that have begmrpgeammed to
avoidmivb ! NXB3IdzZ I A2y GSNXYSR alydGdAdlrNBSGasds |y
LINS&dadz2NBE (G2 NBaAad YAwb! O0AYRAYy3IsS 2F0Sy OAl
binding sites’®®*These mRNA can be found intact in cells where miRNAs are also expressed.

The target MRNA however tend to be localised to specific cells and used in developmental

processes.
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Figure 12 The gene targets for miRL that form the hallmarks of caer. Those in blue are apoptosis specific, those in red

are involved in glucose flux and oxidative phosphorylation. The green targets show those that are also targetetithy miR
showing how multiple miRNAs can also target the same g&r#ég3

1.1.4 MiRNAs as biomarkers.
As mentioned previously, the influx of research into the biological rolesRNAs has shown

that they have the potential to target many cellular processes. However as these processes
are overstimulated or impeded in diseased states, as is the case in céhtrexsna™ and

acute kidney injury (AK1¥,interest grew into whether or not the microRNAs that target the
genes involved in these processes would alkange in expression. This would allow
microRNA levels to be related back to a specific disease, and therefore give them significant

biomarker potential.

In late 2002, Caliat al.were one of the first groups to formally identify microRNA expression

as a lomarker for B cell chronic lymphocytic leukaemigQBL} They successfully managed

to show that the genes for both miB6 and miRL5 are located at chromosome 13q14, and

that when this chromosomal region is deleted iFCBL patients, the miRNAs expression is
either down regulated or abserdompletely in at least 68% of cases. This finding confirmed

the potential of mMiIRNAs as biomarkers, and even more excitingly, as biomarkers for otherwise
deadly diseases such as cancers. Since then, research into the field of miRNA discovery, as
well as thér use as therapeutié¢® and as biomarkers, has grown exponentially with new

MiRNAs and methods to quantify them being published every week.



MiRNA have been shown be prevalent not only in cell lysatdsand tissue samplé% but

also in blood&!, serunt?, faece&®, salivd* and uriné'®% This last source is of particular
interest, and as such forms the basis of the research in later chapdaes,to its easy
collection, relatively easy handling and high availability in clinical settings. Due to the
presence of multiple R&$e enzymes in biological extracts and excreta these miRNAs need to
be protected to prevent their hydrolysis and allow theéonbe found in sufficient quantity for
detection. Conveniently organisms actually supply this protection themselves, during natural

cellular processes, in the form of AGO proteins and extracellular veicles.

By binding to an AGO proteihé miRNAs are prevented from entering the active site of the
RNase enzymes, therefore slowing their rate of degradation enough to allow them to be
detected and analysed. In fadBeltrami et al>’ have shown that association with AGO
proteins can stabilise the miRNA&ssuch a way that a miR6 sample was stitletectable in

urine medium, at more tharb0% of its starting expression, after being left at room
temperature for 24 hours, compared to aiR39 control which dropped to less thal0%
expression after only 1 houThis stabilisation was even effective enough to protect the-miR
16 from complete degradation via additional &j¢ A treatment for 15 minutes whereas the
miR39 spike was completely hydrolysed in less than 1 minute. Once removed from these
AGO proteinshowever, the miRNAs once again become susceptible to rapid degradation by
the RNase enzymes in the biological matrix. This effect was also shown in the work performed
by Beltramiet al. through their use of proteinase K to degrade the associated proteins
resulting in a significant drop in relative expression after 30 minutes incubation, vs. a sample

that remained untreated.

Although the miRL6 species investigated in the work performed by Beltrami is predominantly
protein associated, some miRNA species maintained within extrecellular vesicles. These
include miRNAs found in saliva and serum particularly, but also to a lesser extent if’Gfine.
Being encased by vesicles also helps to protect the RNA fraymettic degradation and, for

the purposes of mMiRNA detection and analyses, the vesicles have to be broken apart to release
the miRNA into bulk aqueous solution. This has been done in a number of ways but the most
common of these are either with chemicakiyg agent¥’5%0r by mechanical breakdown

using a sonicatof? These stabilisation effects are vital in allowing the endogenous



microRNAs, present in patient urine samples, siarvive long enough to be effectively

extracted, isolated and quantified for the purposes of biomarker analysis.

As eluded to earlier, the relative expression levels of microRNA have been shown to relate
directly to a number of diseasstates. This, along with the fact that they are sufficiently
protected from degradation in various biological fluids, makes them ideal for use in biomarker
diagnostics. Throughout the work presented in later chapters there are two microRNA species
of interest, mMiRNAs 21 and 16, whose expression levels have been associated with the onset
of cardiac disea$é and BCLE’ respectively as well as both being linked to various
cancers’?%2 However they have been chosen specifically due to ioterest in urinary

biomarkers for kidney diseases.

Work performed by Wangt al.®3has shown that an increase in iR expression is observed

in urine of fibrotic kidney patients, and Mukhaeti al. report that miR16 is down regulated

in patients with acute kidney injury (AKf)These observations are important, not only as
useful biomarkers in nephrotic diseases, but also because it shows an important feature of
microRNAs as biomarkers. This being thairoRNA expression can be either up regulated or
down regulated in disease states, therefore any change in relative expression should be
explored as an important observation. It is important to note however that, owing to one
microRNA being related to ntiple diseases, the expression of multiple microRNA species
should be investigated simultaneously in order to increase the reliability of any diagnosis

made from their analysis.

Another important microRNA of note that is used in later chaptef3.islegnsmiR-39, this
is used not only as a hougeeping miRNA in RJPCR but also as a control target sequence
in electrochemical urine analyses. This target has no known human orthologue and can

therefore be used to distinguish between a true miRNA anafysilsany interference.

Seeing that the levels of microRNA are directly linked to a number of diseases throughout the

body, it may also be possible to analyse other sequences, and assist with the diagnosis of
patients with a variety of differentillnessesNi® dz3 K G KS |yl feaAra 2F (KS.
levels. For instance, miRNAs 21 and 16 have already been discussed as targets in kidney
disease, heart disease;@.L and cancef$®? however there are a vast number of other

MiRNA species which have a direct role in a number of ailments and mewtiadly be used



as an indicator for a wide array of disorders from the aforementioned cancers and auto

immune disease®, right through to genetic disorde®, malari” and arthritis®® Figure 1.3

shows how miRNA expression can be linked to diseases throughout the body, giving a visual

indication of how important a microRNA biosensor could be to the medical community.
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Figure 13 A pictorial representation of how microRNA expression may act as an important biomarker for diseases
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down regulation, the ability to detect these dysregulations would demonstrate the potential diagnostic application of a new

quantification techniqué?!.6%83

1.1.5 MiRNAs in Kidney disease and Nephropathy

Of interest to the research performed in the Institute of Nephrology at Cardiff University is

the role microRNAs play in kidney diseases, nephropathy and acute kidney injury. In particular

a number of researchers are doing work dedicated to determininghivimicroRNA species

expression levels can be related to a particular disease state. With these results indicating the

subsequent need for fast and accurate quantification of these miRNAs.

oY,
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According to kidney research BKand reports and newsletters from thieenalAssociation

UK renal registry, chronic kidpedisease costs the national health service (NHS) around
£1.45bn each year in England alone, and by the end of DecemberfAE Q00 peoplavere
receiving renal replacemenhberapy (RRT). Of these 27,621 were given a kidney transplant,
22,331 were receiving haemodialysis at hospital, 3,792 were on peritoneal dialysis and 1,080
were on haemodialysis at honféand the latest report shows that these numbers are rising
rapidly 8 Despite thiscurrently around 3,700 people die each year while on dialysis and 250
die waiting for a transplart? It is also mentioned that the majority of renal failure incidents
occur as a result of diabetes complications and with 3,590,501 people having been registered
as diagnosed in the 2016 quality and outcomes framework. With tHesion of undiagnosed
cases, an approximate 4.5 million people are living with diabetes accordDigbetesUK®’

setting the stage for kidney problems to become an even bigger strain on the NHS and its

patients.

Having a way to quickly and painlessly predict the onset, or presence of, kidney disease or
diabetes could therefore help to lower the mber of new kidney patients requiring RRT, thus
RSONBIFaAy3d GKS FAYFYOALFf AYLIOG 2y GKS bl {=
gIENYyAYIQ FEft2Ay3 (GKSY G2 NBOSAYS (GKS Yz2al

improving their prognosis and threguality of life.

To this end, research mentioned earlier, performed by members of the Cardiff Institute of
Nephrology, has shown that the levels of microRNA in urine has the potential to predict
chronic kidney disease (CKD) and infirand for tho® already on peritoneal dialysis (PD)
0§KSAN) WOf 2dzRéQ t5 TFtdzAR OFy |faz2 oS IylfeasSrF
gain information on the presence and/or extent of peritonffdt is also worth mentioning

that in some cases the expression of select microRNA species analysed can be specific to a
particular stage of a disease or a particular infectious bactdajing specific details of, and

not just being indicative of, the disease present. Thus if it were possible to quickly, cheaply
FYR | OOdzNY GSte& vyl feéasfluid forLonicioRNA/ quiadticatideNAR Yy S & |
personalised care approach may become possible. An approach resulting not only in better
prognoses for the patients, but also lowering the use of broad spectrum antibiotics (¥8hich

becoming a significanproblem dueto resistant bacteria e.g. MRS®)and reducing the

10



number of kidney transplants or dialysis treatments required. All of this potentially saving the

NHS money that may usually have been spent on more ineffective treatments.

As a result of these benefits the work performeddbghout this project focused on the
development of a new method of microRNA detection and then applying it to the analysis of
isolated solutions bsynthetic miRNAs, before movirgn to the analysis of clinical urine

samples. Currently the extraction, lation and quantitative analysis of microRNA involves

the use of time consuming, laborious, expensive and often specialist techniques. In particular
these include blotting technique® electrophoresig?fluorescence taggirfgand, the current

WI AR Y RIFNRQ UGSOKYAI dzS T 2 NGgPgRIzBHcSdt which vOIRbR  1|j dzl v
described in detail, with some examples of research groups who implement them and how,

in subsequent sections. However, these techniques all suffer from significant drawbacks,

limiting their widespread application in medical devices and diagnostics.

Firstand foremost these techniques are expensive and most currently require some form of
expertise, such as adequate knowledge of how to handle lysing agents, nucleotide primers
and organic solvents for RNA extraction. A knowledge of the technique being aBcess
particularly for any times where the extraction does not occur as standard. Alternatively
specialist equipment may also be required, such as PCR machines, automated thermocyclers
and/or spectrophotometers. Also with the need for specialist equipmemnt&® an increased

time demand. An RGPCR with extraction for example can tak8 @ays, but also the need

for a point of care diagnostician to send samples to a central laboratory, where the equipment
is maintained, also results in a time expense. Thisausly also increases the likelihood of
contamination and/or handling errors, but also increases the time between assessment and
diagnosis, possibly causing a disease to spread or become more severe. Finally, an often
overlooked issue is that at presentehmajority of these analyses are performed with blood,
serum or tissue samples, requiring uncomfortable or even painful invasive procedures and

increasing the chance of secondary infection.

The research presented in this project therefore focuses on edebemical analytical
methods for the detection of microRNA from urine samples. Electrochemical methods,
requiring relatively cheap equipment, being simple to perform (blood glucose sensors are
already utilising a similar techniqu&) and giving results within seconds, are the obvious
choice of analysis for adapting microRNA quantification techniques into point of care

11



diagnostics. Furthermorehe ability to use readily available urine as the analyte removes any

need for invasive sample collection procedures, improving the assessment experience for
both patients and diagnosticians. Any new diagnostic biosensor that can be developed based

on these techniques, with an eye towards future commercialisation and practical application
asaondl AYS dzAS WRALI aGAO01 QX gAff GKSNBEF2NBE y2i

also in the wider medical community as well.

The majority of the sensaxamples discussed later will describe themselves as biosensors
as is the case in our own research, however it should be noted that this may not be strictly
the correct definition of the technology described. A biosensor would tend to indicate a probe
that is able to be used and then regenerated completely over multiple cycles, however most
of the examples described throughout are either single use after modification (as in Northern
blotting and fluorescence based) or are moderately reproducible for dter&ions. A better
description of these technologies would be to call them dosimeters. These describe a single
use test where once the result has been obtained the probe either needs to be fully recycled
before it can be reuse(fecoverable dosimetenr is disposed of completely. The disposable
screen printed electrodes described in chapters 3 and 4 are examples of a dosikwmettrer
common example are radiation dosimeters for determining radiation exposure levels in

medical professional®
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Scheme 1L A schematic of the process by which microRNA can be used as a diagnostic biomarker.

1.2: Current microRNA detection methods.

1.2.1: Base pairing theory, hybridisation and antisense probes.
There are a number of analytical techniques currently used in the analysis of microRNAs, each

of which will be discussed briefly in the following section, however they are generally all based
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around the same nucleotide pairing and antisense phenomenornreftre it is fitting to give
a short overview into the structure of DNA and RNA nucleotides and importantly how they
can come together to form duplexes and hybrids that are sequence specific, thus giving the

analysis techniques their specificity.

DNA and RA chains are made up of nucleotide monomers, which in turn contain a ribose
(RNA) or a deoxyribose (DNA) sugar, a phosphate linker forming the backbone and a
nitrogenous base. These bases are either purine in nature as is the case for adenine (A) and
guanne (G), or pyrimidine based as with thymine{IDNA only), cytosine (C) and uracil {U :

RNA only¥? It is then the order that these bases are found in the DNA or RNA strand that
RSTAYS Ada &aSljdzSyOS IyR (Kdza (GKS 2NHIyAaYQa
downstream by the presence and regulation oftlbgenes, and the proteins that are being

coded for by the organisms messenger RNA (mMRNA). The sequence of these proteins being

in turn, determined according to its cellular DIRX?

Of particular importance for the purposes of antisense based nucleotide detectahDINA,

RNA or miRNA based, afee bonds that form between two corresponding nucleobases in a
duplex. So called Watse@rick base pairs, they are formed by hydrogen bonding between
two nucleotides from opposing purine/pyrimidine families that share the same number of
hydrogen bond don@on/acceptor sites, i.e. between cytosine and guanine, and between
Adenine and thymine/uracft:°8These pairs, consisting of 3 hydrogen bonds for cytosine and
guanine and 2 for adenine with thymine/uracil, allow a single strand of nucleotides to act in
molecular recognition of its segnce complement, thus allowing for the specific detection of
one sequence in a solution of many. The generalised structures of these bases and their

WatsonCrick base pairings are shown in Figure 1.4.
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Figure 14 The different DNA and RNA bases shown with their Watson Crick base pairings and a generalised structure of
both RNA and DNA. The difference in the ribose sugar for DNA and RNA is indicdiethditiee bases are placed

accading to their purine/pyrimidine family.

An important structural feature to note here is that RNA contains an extra OH group at the
C2 position This extra group has a structural effect of causing the ribose sugar to adopt the
N-type confirmation (resultig in A type duplexes) which will be described further when
discussing LNA analogues. However another important effect of this extra OH group is the
resulting decreased stability of RNA towards hydrolysis, this extra OH group allows the
base/enzyme catalyskattack of the neighbouring phospkester resulting in the cleavage of

the ester bridge and separating the strand into two pie¥€Bhis is the predominant reason

for using DNAyrobestrands over RN many antisense basesgnsors and is also responsible

for the rapid degradation of miRNA in particular, in the presendeNédses

However, these are only the natural nucleotides, there have since been many synthetic

analogues developed in order to increase the binding affinity towards a natural nucleotide
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target sequence, resulting in greater sensitivities of the detection method aiften
enhancing the specificity. Before delving further into the specific techniques used for miRNA
detection, using some examples of research groups that have used them and how, it is
worthwhile to describe these unnatural analogues in order to furthederstand the theory
behind them and why certain groups throughout the field implement them in their own

biosensor technology.

1.2.2: Peptide Nucleic acid
The first of these unnatural analogues to be briefly discussed are peptide nucleic acids (PNASs),

which contain the same nucleobases, however the sugar and phosphate backbone has been
replaced by a series of amide linkages, making them similar in structure to a peptide, albeit

with an ethyl spacer in the backbone between each base which would not be prigsen
LISLWWGARSaAa® LYy tb! (KS ydzOf S2nd SINY Ayadzak?2 dg/AR: -2y
linkage, generally with a bridging methylene (Figure 1%).

Since their initial invention, by Nielsenal. in 19911 the synthesis and resulting properties,
particularly their binding affinities with naturally occurring DNA and RNA sequences, have
been highly resarched and modified. Generally these PNA molecules are synthesised using
Fmoc based solid phase synthesis (SPPB)wever as the number of modifications that are
possible with PNA have been researched some have been produced using DNA synthesisers
which canfully automate the SPPS technique, while others have even been developed using
solution based method¥31%4In most cases the most important features of PNAs are their
resistance to enzymatic degradation due to the structure and shape not being recognised by
'y 2 NBI y Aydicefzgme& sudh M nucleases and prote&dSesnd their increased
binding affinity wth DNA and RNA targets. The latter of which is predominantly due to its lack
of charged phosphate groups in its backbone reducing the electrostatic repulsion that would
normally be presentin a DNA/DNA, RNA/RNA or DNA/RNA H{bfide extent to which this
holds true is still being investigated, with recent research showing that negatively charged
groups can be added to PNA without resulting in significant detrimental reductions in

hybridisation efficiency?’

The enhanced physiological resistance and increased DNA/RNA hybridisation efficiency give
PNAs great potential in antisense based nucleotide detection, and it is these property that

most research groups are attempting to influence with the most recent structural
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modifications. For example, Akisawetal. have developed a PNA sequence contai@mninyl

cross linking group on the purine bases, which they fotumther enhanced the binding
affinity of the PNA towards thymine of DNA and uracil of RNA (Figure 1.5A). They further
found that this property could inhibit the Drosher processing ofmi&NA and thus regulate

the production of miRL22, a microRNA determined fday a role in the life cycle of hepatitis

C, thus showing the displaying the potential importance of microRNA targets, and of PNA

antisense, in therapeutic$?

Alternatively the high affinity binding of PNA to DNA and RNA targets can also be used to
invedigate cellular processes hysing synthetic PNA designed for hybridisation and RNA
inhibition studies in place of the DNA/RNA alternativespiltilet al. have shown, in a couple

of their own publications, that fluorination is possible at various different positions of the PNA
to increase cellular uptake albeit with some hybrid destabilisation (Figure 15BjAlso
Kiviniemiet al. have shown that whef®F is used, once uptaken the investigation of PNA
hybridisation with DNA/RNA targets througfF NMR techniques is possible as well as the
standard fluorescence microscopy techniqd&¥uith this in mind however, there have been
cases where hybridisation efficiency is susceptible to great reductions upon modifications to

some positions on the sequence, therefore careful design of the PNA is regtfired.

LA
ooy

JJJ-\N/\/N
H

Figure 15 The general structure of a PNA monomer, where B indicates the nucleobase A, G, C, T or U. Along with some
modified examples from Akisawai et @A) and Ellipillet al. (B)104.108
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It should be noted however that with certain PNA sequences, and also owing to the uncharged
nature of the PNA backbone, solubility issues have been encountered. Therefore further PNA
modifications may be required in order to increase their solubility in aqueous buffered media,

for example thenclusion of positively chargdgsine residues’?
1.2.3: Locked Nucleic acid analogues

Another interesting class of synthetic oligonucleotide analogues, also used ripus/a
research groups mentioned later for the sensitive and selective detection of DNA and RNA
targets, are the so called locked nucleic acids (LNAs). Similar to PNA these nucleotides also
have greater hybridisation efficiency to DNA and RNA targets thaatarally occurring
nucleotide strand, unlike PNA however, they still retain a pentose sugar (albeit a modified
form) and the phosphate of the natural oligomer and thus the increased affinity is not due to

a lack of electrostatic repulsion. Instead thbase sugar contains a bridging chain between
0KS HQ/ FTYR GKS nQ/ 2 (KS ethAiMIBag!3ant thenkKhorlyK = & &y
after by Koshkiret al.,'**comprised of an oxymethylene link. These researchers were the first

to develop a synthetic oligonucleotide of this type using thymine and guanine as the
nucleobases, and found that the introduction of this bridgsulted in a conformational lock

of each LNA monomer that favoured DNA and RNA binding; a phenomenon that was
attributed to the LNA monomer introduction causing the growing oligonucleotide to adopt
the RNA like N conformer (see Figure :6)his conformational lock resulted in each case

in either an equal or greater binding efficiency, measured by change in melting temperature,
of the LNA/DNA or LNA/RNA target compared to the corresponding DNA based hybrids with
a particular increasmn affinity with RNA targets being reported with the addition of each LNA
monomer.For DNA based antisense strands this locking of N conformation is not present,
therefore the ribose sugar is free to switch between the N confor(Adypewith aphosphe

ester separation ofdistance of 5.8) and the S conforme(B type with aphosphorester
separation of7.04),115 this gives the DNA sugar more flexibility which, upon hybridisation,
results in a largeentropic penaltythan for RNA hybrid%'® This lowers the free energy of
DNA/DNA hybridisatiomeaning that they become harder to form and are less stable than
RNA/DNA, RNA/RNA and all LNA based hybrids where at least one strand is locked in the N

conformation’
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Since this initial data showed the potential of LNA in antisense based biomarker detection
and therapeutics, a great deal of further research into their biological behaviour and their
synthetic scope for more active analogues has been performed byrdo@&uof groups. For
example@drom et al. successfully showed that the use of LNA as an antisense strand was able
to inhibit miIRNA activity, thus allowing for the investigation of miRNA specific activity in a cell
but also potentially in the therapeutiteactivation of said miRNAY Indeed Nedaeiniat al.

have recently shown that the transfech of anttrmiR-21 LNA into a colorectal cancer cell line
LS147T, which displays increased expression levels e2 iR colorectal cancer patients,
results in a decreased expression of filRafter 72 h exposure resulting in the cells growth
being inhibied and the induction of apoptosid? thus displaying the potential for LNAs in
mMiRNA therapeutics.

However, LNAs can also be employed in the detection of oligonucleotides for the purposes of
biomarker analysis. An example of this is implemented by [2¢ah where the 3D invasion

of breastcancer cells is analysed through fluorescence microscopy techniques using a dsLNA
sequence containing a fluorophore and quencher. In the dual stranded form, the fluorophore
and guencher of the LNA are in close proximity and so no fluorescence occursgnomvine
presence of the target mMRNA the quencher is displaced and fluorescence is observed. This
allowed the group to determine a relationship between the gene Ndicdnd the protein

dll4, in particular they found that the presence of a Netfcliganddecreased the expression

of dll4 mRNA and thus Noteh acts as a tumour suppressor, this was not able to be as
confidently concluded via previous methot*8.Other applications in electrochemical based

biosensors will be discussed later.

Similar toPNA, mangynthetic routes are available towards LNA and a wide range of synthetic
analogues have been sought in order to improve the hysical characteristics of the LNA,
and to decrease the potential for hepatotoxicity (liver toxicity) which unmodified LNA
displays'?* Most groups target the nature of the oxymethylene bridge, either by adding a
methyl group to increase the potency of the antisense properties while decreasing liver
toxicity,122 extending the bridge via an amino moiety to increase RNA and dupiX
selectivity*? or, by substituting the oxygen based bridge for a nitrogen basilte in order

to allow side chains to be projected into the minor groove of dupléxealternatively the

bases themselves can be modified via the addition of triazole or alkynyl gsugh as those
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shown using the uracil base by Kunedral. to increase the affinity towards DNA and RNA
targets!?® The general striare of LNA compared to DNA and RNA, along with some of the

next generation LNAs described are given in Figure 1.6.
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Both PNA and LNA hybrids with DNA and/or RNA are more susceptible to destabilisation due
to mismatches, this in turn means that both PNA and LNA display greater specificity towards
the target nucleotide sequendhan a natural DNA or RNA oligomer, thus giving them great
potential in aptamer based recognition and detection applicati&i©ne final thing to note
however, about both RA and LNA, is that despite both systems possessing great resistance
to proteases and nucleases and having increased hybridisation efficiencies both have
potential downfalls in biosensor applications, in addition to those mentioned. For PNA the
lack of phephate backbone results in them being generally more hydrophobic and thus
harder to dissolve in aqueous solvents, and more susceptible tespenific hydrophobic
adsorption!?” Whereas for LNA the heightened binding efficiency does result in unwanted
selfassembled structures such as hairpins and LNA/LNA duplexes, particularly in long
sequences with multiple setfomplementary sections, which in turn can bdfidult to
removel?® Thus careful consideration of these potential problems needs to be taken when

deciding whether or not to apply them to the research of interest.

1.2.3: Reverse tranggtion-quantitative polymerase chain reaction {(ffiCR)
CurrentyRIjt / w A& O2y&aARSNBR GKS Ww3a2fR adl yRIFINRQ

as being used for determining the expression of other longer RNA stt&hti8The inherent
advantages of this method being that multiple samples can be analysed at one time, up to
384 samples in some cases, the ulensitivity of the technique due to the amplification
processes invekd B and the ability to use the amplified samples to perform sequentifg.

As many investigations into miRNAs and their targets require the screening of hundreds if not
thousands of different sequences it is clear whydRTR provides a firm basis for expression
level analysis and potential biomarker identification. Many researchgg@amploy a variety

of techniques based on the fundamental amplification processes involvedgPRR in order

to analyse known, and unknown miRNA sequences in a wide variety of different matrices.
Some examples of these will be discussed in the followeion along with a general

overview of how R-GPCR works.

RFgPCR analysis of miRNA from biological matrices generally requires a 3 step process,
extraction/isolation, transcription into-©ONA and then amplification of the DNA via PCR. The
extractionprocedure can be performed on a number of different matrices, from cell cultures

and tissue extract$2%133through to blood***and even hrough to noninvasively collected

21



urine samples>5’The isolation of mMiRNA from biological matrices is generally performed first
using a commercial kit with a phenol/chloroform based extraction via a lysis reagent, i.e.
guanadinium thiocyanate such as in QiaZdl@r Trizol}3* and a column based filtration via
centrifugation. However, depending on the kit and the particular biological sample, a
phenol/chloroform extraction is notlvays necessard?* This isolation procedure is required

to remove any proteins, fats, and other nomicleic acid macromolecules, while breaking
down any extracellular vesicles and purifying the RNA from DNA (if a DNAse isngsady a
potential RTgPCR inhibitors. Once isolated, the miRNA samples are often stob80 aC to

prevent degradation prior to any further analysis.

The miRNAonce isolated can then be analysed by-dPICR. For the RT step the miRBIA
mixed with a series of buffers containing: &M inhibitors to prevent degradation of the
sample, deoxynucleotide triphosphate monomers (ANTP) of each of the bases to build the
complementary cDNA, reverse transcriptase enzyme to act as the polynferdke growing
cDNA, and a short primer specific to the sequence of interest to act as the starting point for
cDNA growth and to increase the melting temperature of the cBIR&This primer is often
stemlooped asthis has been found tancrease the stability of the growing RNA/DNA
heteroduplex (due to base pi stacking) and also enhances the efficiency effitiency of

the RT process over a linear counterp&ftThe reverse transcription process can then be
completed manually, by annealing and heating to the reaction temperature for a set time
period, fdlowed by denaturation of the enzymes by heating to®D°C and then cooling to

4 °C for short term storage. Alternatively the same procedure can be set into -a pre

programmable thermocycler.

Finally the gPCR analysis is performed, generally using TafMaalysis for miRNA derived
expression or through SYBR green for less specific and lower quantitation of other gene
expressions. During this step the miRNA (or other analyte) is mixed with the TddMan
universal master mix and a primer specific to theRIA target, at which time the mixture
undergoes a number of heating and cooling cycles causing the TagMan probe to attach to the
cDNA target along with the primer. As the nucleotides in the master mix begin to bind to the
denatured cDNA, in order to repdite, the DNA polymerase will cause the annealed TagMan
probe to be cleaved from the cDNA causing a fluorescent dye to be separated from a

guencher. Only annealed TagMan probes are affected and the higher the concentration of
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mMiRNA in the initial sample, ¢hmore cDNA will be produced at RT and analysed at PCR, and
thus fewer cycles of this probe annealing and subsequent enzymatic cleavage will be required
to generate a fluorescent signal. In short, a smaller number of cycles indicates a higher

concentrationof the target sequence. This process is shown diagrammatically in Scheme 1.2.
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Scheme 2 A schematic to show the stages of TagW4hased RTPCR for miRNA from urine.
The benefit of using RJPCR for miRNA analysis is tluiaie to the amplification of the miRNA
during the RT step, to form many more copies of cDNA, only a very small amount of target is
required. In fact, when testing 1 and 2 step-ACR techniques Tiechknfound that 1 step
RTFgPCR could detect sampleslas as 1 pgiL. This is particularly important as it allows the
different biological matrices mentioned previously to be analysed with high reliability despite
the very low miRNA concentration compared to total RNA content. It does however have
drawbacks wich limits its application in large scale diagnostic applications, the first of which
being the timescale and costs related to running the analyses. The specialist chemical kits
required to run an RGPCR experiment, along with the specialist laborat@sed personnel
and highly expensive qPCR analyser needed all result in potentially high costs per sample. Also
the matrices used often require chemical extraction and filtration techniques which increases

the likelihood of human error and potential imprsei absolute quantification data obtained.

1.2.4: Fluorescence and chemiluminescence
Another important method often employed for miRNA detection revolves around some form

of luminescence, be this via fluorescence, a molecular dye that can naturally flaatec
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absorption of light of a particular wavelength, or chemiluminescence, where a chemical
reaction generates an emission of light. These techniques are often uséd silu analysis

of miIRNA expression in celluler vitro studies and in some cases evenvivostudies are
possible®®138The advantage of anxeitation induced light based detection method is that
they generally require relatively cheap (compared tod®PTR) and simple to use equipment
such as a fluorescence or Wig spectrometer, or in some cases only a microscope is required,
and very littlesample purification, if any, is requiréé Also as mentioned previousiy situ
analysis can be performed on cell cultures and tissues, allowing for the direct imaging of the
localisation of miRNA in a biological system, not only atigwhe quantitative analysis of
MiRNA expression, but also helping towards the elucidation of where these miRNA are

affecting biological or disease pathways.

The exact methodology utilised to obtain a luminescent signal varies widely between different
research groups, with some using inorganic nanoparticles, some using organic dye tags and
most recently molecular beacons. One such example of using an organic dye tag is that of the
work performed by the Wang research group of Agilent Technoldéfiéistheir research they
dzaS | ¢n wb! fA3ILAS G2 FdaGFrOK | OBUARAYS gAl
RNA population, with the exception of the hairpin preRNA which were not labelled. Then

in order to make their microarray specific onlp the target miRNA they used
complementaritybased DNA micrarrays with multiple sequence targets and introduced a
hairpin loop in order to prevent the hybridisation of longer RNA strands. The fluorescence
signal obtained was then proportional to the concentration of miRNA target with a sensitivity
calculated to be below 0.2 aM. This work proved that fluorescence Habetling techniques

can allow for detection of multiple RNAs in mi@aoay technology, with great sensitivity.
Despite this, the researchers do report that they had some discrepancies in the hybridisation
yields for certain sequences, namely riiF6, 38 and 296, which resulted in data outliers

and were cases where the response did not show the strong signal vs. concentration
correlation seen with their other miRNA targets. They also mention how the hybridisation
efficiencies are on average only aroun@?@ with higher efficiencies only being available at

the expense of specificity. Also direct labelling of the total RNA beforehand is a specialist

technique that will require a laboratory based technician and an extra analytical step to
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ensure the dye tagdms been sufficiently attached to the entire RNA population. This method

is shown schematically in Figure 1.7.
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Figure 17 An example of the strategy employed in fluorescence based miRNA detection via miRNA labelling by the Wang
group at Agilent40

Neelyet al. adopted a similar approach of using a label based fluorophore, however this group
used labelled DNA and LNA chimeric probes to bind to the miRNA t4tJéte DNA probe

and the LNA probe had different coloured fluorophores allowing them to use red and green
laser technology to have double coincident events. Any unhybridised labelled probes were
then reacted with a DNA probe containing a quencher to mininfisdse positives. This
method did not require the miRNA to be labelled, but the use of currently expensive laser
technology and the lowered limit of detection of 100 fM does limit its adaption into

commercial use.

Alternatively the use of inorganic, metadsed, nanoclusters as the source of excitation based
fluorescence has recently gained in popularity. For example Véaray have designed a
method that incorporates copper nanoclusters as the fluorophore, copper chosen in order to
avoid the solubility isues of previously used silver nanoclustéfd heir approach usea long
template strand of DNA with an AXAXB repeat unit, where the A section is complementary to
the microRNA, the X section is an endonuclease recognition site and the B section is a scaffold
for the fluorescent copper nanoclusters. In their methodoldgg microRNA binds to the
initial A section beginning the amplification cycle, at which point dNTPs are added with DNA
polymerase to extend the chain after which the first section is nicked by the nuclease. After
completion of the second dsDNA the finadd:tion starts to be copied and the second dsDNA
section is nicked. Finally when complete the B section copy strand acts as a reporter which
binds to a complementary DNA strand and this duplex acts as the template for the fluorescent

dsDNACu nanoclustewia reduction of the Cii in the presence of ascorbic acid. Although
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highly complex this method overcomes the expense and solubility issues of silver based
nanoclusters, however the sensitivity is lacking at only 1 pM and the selectivity is only tested
via mismatches between the miRO0 family, thus the long repeat units could result in

undesired target hybridisation with 1 or 2 mismatches. Once again this methodology is shown

schematically in Figure 1.8.
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Figure 18 An example of the main strategies employed in fluorescence based miRNA detection via metallic nanoparticles by
Wang et alt4?

More recently Zhaet al. have used gold based quantum dot fluorescence for their microRNA
sensing, both in vitro and in viVé? Their method instead used fluorescent quantum dots
(CdSe/znS), a combination of quantum dot labelled DNA and a partially complementary DNA
hair-pin structue, which in turn become quenched when attached to a gold nanoparticle.
These were then able to be inserted into cells both in vitro and in vivo whereupon the binding
of the miRNA target disrupted the hair pin structure and regenerated the fluorescencee. Thi
particular technique is again interesting as it allows the visualisation of microRNA both
guantitatively for the purposes of expression calculations, but also shows where the
localisation of this microRNA occurs, which they used to indicate the presgmodR21 in
mouse tumours. The method is also shown to be specific down to 1 misntdtetever a

mild lack of sensitivity towards miR targets dissolved in buéfely being sensitive down to

1 pM, and the long incubation times of 4 hours for mesperiments limits the application of

their methodology at the point of care environment.
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Finally the use of molecular beacons, that being a labelled oligonucleotide that forms a hair

pin structure where the fluorescent label is quenched by either a quencha surface until

the target sequence binds, is becoming more popular in the fluorescent detection of miRNASs.

A good example of how this can be done in a relatively simple manner is givest lay lsing

a DNA hair pin with a section complementapyiétt I F YR I 3INRdzLd 2F p o &

ends that were complementary to each other to form the hair pin stem (see Figur&*.9).
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Figure 19 An example of the strategy employed in fluorescence based miRNA detection via a moleculars beacon by Li et
a|_144
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Hole Quencher®), resulting in a hairpin sequence that gave no fluorescence. However when
the target miRNA is added the stdoop opens and the fluorescence signal is once again
obtained. A duplex specific nuclease (DSN) selectively degrades the new DNA/RNA hybrid
section, fully separating the fluorophore from the quencher and leaving the miRNA intact to
bind to another hairpin. Thus resulting in rolling circle amplification (Ri®@A)he produced
mMiRNA can bind to the molecular beacon repeatedly resulting in increased response per
miRNAstrand,and an increased fluorescent signal, allowing for a limit of detection down to
3.8 pM and a selectivity down to 1 mismatch. Unfortunately however, many more researchers
have achieved greater sensitivity as has béént*and will be, discussed in future sections.

The timescale of the reaction, requiring 2 hours reaction time, also limits the

commercialisation of this technique. However its simplicity does make it of interest.

Prior to this, Twet al. had used a combinatioof this molecular beacon technology and gold
nanoparticles for their method* In their research they used a hairpin probe DNA strand
froStft SR GgAGK Ftd2NBaOSAY Aa20KA208I Yyl 4GS @Al
attached to a gold nanoparticle viaan-pu 0 2y R G KNRdzZIK | GKA2f 2V
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attached to the gold theproximity of the fluorophore to the gold surface results in its
guenching, then, when the target microRNA binds, as with the previous example the stem
loop opens and the fluorescence is once again observed. This led to a limit of detection, using
the miRNAextracted from cell lysates, of 20 fM and 10 fM for synthetic-A2R, while also

being selective to a 34% fluorescence loss with 1 mismatch. There are of course many more
example methods of utilising fluorescence for the purposes of miRNA detegétidiinowever

for a brief overview only a few examples have been given.

Alternatively chemiluminescence, i.e. a chemical reacthmat results in emission of light,

could also be use in place of fluorescence. This often involves the reaction of luciferin to
oxyluciferin using a luciferase enzyme and ATP (adenosine triphosphate), which generates a
light response in a process also ledl bioluminescence. This luminescence can then be
measured using a spectrophotometer at wavelengths from 230 to 280“AAn early
example of this technique was employed by Btaal. who attached an LNA probe sequence

to a cover slip which can in turn hybridise with a target miRNA that is complementary, at
which point UTP (uridine triggsphate monomer) and a polymerase add a poly U tail to the
miRNA*8 This in turn releases lots of inorganic phosphate (PPi) which can be conirgtted

ATP with adenosine phosphosulfate (APS) and ATP sufurylase which act as the feedstock to
convert luciferin into oxyluciferin via luciferase. The technique is shown schematically in
Figure 1.10A. This gave a limit of detection of 50 fM which is gre¢hter most of the
fluorescence based methods mentioned previously. However this procedure does require a
number of chemical steps prior to analysis, including several enzymatic processes which may
become expensive and thus not be suitable at the point arfecenvironment. Another
potential issue of the research by Met al. is that only testing of a complete nen
complementary strand of miRNA is reported, and thus the selectivity for only one or two

mismatches may not be ideal.

One final example that also utilises bioluminescence was proposed by aluin 2017 and

uses the miRNA target itself as the source of ATP for the luciferin to oxyluciferin re&étion.
Ly 3Sy S NI-pghosph&didioite modifie@DNA probe is mixed with the miRNA target
and an exonuclease lll enzyme added to digest the RNA but matiaff the modified DNA
strand. The resulting AMP (adenosine monophosphate) monomer is then enzymatically

converted to ATP as the feedstock for the luciferin reaction, which results in the regeneration
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of the AMP, setting up a cyclic reaction system. leséingly this approach was specific even

to 1 mismatch and had a calculated limit of detection of 7.6 fM. Finally, the technique was

able to be applied to cancer cells and lung cancer tissue extracts by using DNA probes

modified with a biotin label and athing them to streptavidin labelled magnetic beads, the

MiRNA can then be pulled from the sample and removed from the interferent endogenous

ATP, ADP and AMP in the samples before being treated with exonuclease IIl and analysed as

in Figure 1.10B. This wois highly useful for commercialisation as it is highly sensitive and

can be performed easily using premade buffers, however it remains to be seen how well this
would perform when directly applied to biological matrices such as blood and urine, hence if

extraction of miRNA is required then it may not be applicable for point of care analysis. These

bioluminescent variants and the luciferin to oxyluciferin reaction are shown in Figure 1.10.
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Figure 110 Examples of how luciferin bioluminescence can be used for miRNA detection. A) A route by Ma et al. (APS
adenosine phosphosulfat&)® B) A routeby Xu et al. (Ak adenylate kinase, PKpyruvate kinase, PEP :
phospho(enol)pyruvic acid monosodium salt hydrate, dod#®xycytidine triphosphaté}f?

1.2.5: Northern blotting
Before the use of TagMaM based probes for miRNA detection northern blotting was

O2YyaAARSNBR (KS G32ftR aidlyRIFNRé F2NJ YAwb!

new and multiple species of miRNA where posstBléAs such, a description of haverthern

blotting works and some examples of where the method has been applied in the literature is

required before continuing. Due to their small size -g@nt) the general procedure for

miRNA blotting analysis differs slightly from the ndrit>°In short, the miRNA is denatured,

29

lj dzt



generally using formamide, and separated using high percentage denaturing polyacrylamide
gel, or ureapolyacrylamide gel, electrophoresis, however due to the use of thia gahsfer

to positively charged nylon is required. Once transferred the target miRNA is hybridised with
a*’Pradiolabelled DNA or RNA probe and detected by autoradiography or phosphorimaging
(see Scheme 1.3). The issue with this form of analysis bleatgttis relatively insensitive (1
nM),*8 requires large amounts of sample -12 ug)!®* requires careful handling of
radiolabelled materials, some with a short shelf [féP(has a ¥ life of 2 weeks) and is time

and labour intensivé39:148.15a152
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—
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Size separation membrane DNA/RNA probe phosphorimager screen

Scheme B The generalised steps for RNA based northern blotting.
Owing to the potential drawbacksecent research into miRNA detection via blotting
techniques has focussed on overcoming some of these disadvantages, particularly the
lowered sensitivity compared to other methods. The first such example, employeddyzV
et al.,’®® usesLNA based hybridisation probes in place of DNA in order to increase the
efficiency of the hybridisation process thus resulting in greater sensitivity and selectivity. The
researchers claim that the increase in sensitivity is approximately 10 fold anal litecaeen
from their data that, even at 2.5 pg quantities of total RNA sample, miRNAs 171 and 319 can
be seen after 6 hours exposureardilyayet al. have since improved on this, again using LNA
based probes, and have a complete hybridisation to detectiore of 4 hours agaiftt
however this timescale, and the relative difficulty in performing the spetiahalysis still

makes this technique unfeasible for point of care use.

Pallet al. instead chose to look at improving thending of the DNA/RNA probe tyylon as a
way of increasing sensitivity# In their work they hypothesised that, as UV is used to attach
the DNA/RNA probe to the nylon prior to hybridisation, and that as this attachment occurs

through thymine/uracil bases, this is resulting in the loss or reduced availability of this base
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for the hybridisation event, with small molecules such as miRNA this is having a more
pronounced effect. Thus they suggested that using-ethi/l-3-(3-dimethylaminopropyl)
carbodiimide cross linker to attach the RNA (used in their example) to the nylon prior to

NN} RAFGA2YZ GKNRdzZAK | pQ GSNXYAYIlLE LIK2ALKIEGS
efficiency. This results in the RNA binding to the nylon at least as efficiently if not more so,
leading to improved detection of miRNA over the standard irradigti@tedure.Once again

however, this procedure takes far too long (multiple hours) for its application in diagnostic

points of care.

Taking these adaptations, and substituting t#® radiolabel for a digoxigenin label with
chemiluminescent detection, Kiet al. were able to greatly improve the sensitivity of their
northern blotting technique and also greatly shorten the exposure time requitetihe use

of this new label, and combined LNA and carbodiimide cross linker modifications, resulted in
an improved sensitivity to 0.05 fmol and a 1400 fold shortening of the length of time the blot
membrane is exposed to the phosphorimager screen (30 s vs. 12 hours). The use of
digoxigenin is also much safer than the use of radiolaléldowever the technique is ifit
rather laborious and requires Bg of total RNA to perform which is high compared to

fluorescence and electrochemical based techniques.

Finally, and very recently, Chetial. have discovered that there is a lot of bias involved with

the detection ofsmall and miRNAs by northern blotting technigd&sThat is to say that
standard miRNA northern blotting techniques have no difficulty detecting oligonucleotides
around 24 nt long (e.g. miB2) at 10 fmol quantities but are barely able to detect a truncated
mMiR52 equence of 16 nt even at 50 fmol quantities. As some miRNA sequences can be as
low as 15 nt, this bias needs to be removed. Hence they modified the method to use shorter
(15 nt) probes and a lower hybridisation temperature in order to detect the shortpueseces

as well as the longer ones. They found that even a 15 nt DNA oligonucleotide was able to
detect complementary sequences in species containing 14 to 23 nt, thus showing that the

smaller probes could be used for detection of species longer thar. itsel

Despite the sensitivity being greatly improved with new linking techniques, LNA based probes
and the avoidance of potentially dangerous radiolabels being possible, northern blotting
techniques still suffer from long preparation times and speci#isour being required thus
limiting its use in the point of care environment.
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1.2.6: Electrochemical based techniques
All of the previous techniques used for the detection and quantification of miRNA in biological

matrices have suffered from some severawbacks that limit their application in the target
point of care diagnostic environment. Be it a lack of sensitivity (northern blotting), a long
timescale and large cost requirement (RFCR) or a high level of technical knowledge and a
laboratory based aalytical requirement (fluorescence). Electrochemical based methods
however have been developed that can achieve sensitivities towards nucleotide targets as
low as attomolar (168 M) and have relatively short analysis timescales, fromg¢380
minutes!®® This, along with the ability of miRNA to be analysed in-invasive urine
samples®>>” makes electrochemical based detection a very attractive means of analysing
MIiRNA expression for theurposes of future commercial application in point of care based
diagnostics. The fundamentals of electrochemical analyses, including a brief description of
each electrochemical measurement used throughout this project (CV, coulometry, EIS, DPV)
will be described in the next section along with examples from the literature of research

groups who have used this particular technique.

1.3: Electrochemistry fundamentals

1.3.1: Redox chemistry and general electrochemicalset
Electrochemistry is an analyticabdhnique that has bridged the gap between biology,

chemistry and electronics since its accidental discovery by Galvani int%291.

In general, it uses an electrical potential input (voltage) that can be varied with time to induce

a current that is detected. In general,onder for this to take place the analyte must allow for

the movement of electrons from one element to another via a redox based coupling. This is
not necessarily the case for electrochemical impedance spectroscopy (EIS) which can have a
capacitive current®® In short, for certain redox active (often metal based) molecules when a
voltage is applied in the positive/forward direction the molecule in solution will be oxidised,
and when a voltage is applied@negative direction the compound will be reduced. Both of
these events generate a current, with the cathodic current resulting from the reduction of the
analyte and an anodic current resulting from its oxidatléf3This is depicted in Scheme

1.4.
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Scheme 4. A diagrammatic representation of how application of a potential at an electrode surface results in a redox
reaction, the basis faglectrochemistry.

The potential at which these events occur is known as the redox potential and varies with
each compound and referenced generally to either a normal hydrogen electrode (NHE 0 V, by
definition), a saturated calomel electrode (0.241 V vs.ENMr a silver/silver chloride
electrode (0.2224 V vs. NHE). These referenceelectrodes are used in analytical
electrochemistry to monitor and maintain a known and constant potential to the system so
that the working electrode potential is at the correct voltage, however they themselves can
vary slightly from the norm depending tamperature and filling solution. The half equations

for these references are given below, along with an example of how the Nernst equation

shows how they are concentian and temperature dependant ¢iEations 14).164.165
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Equations 34. Nernst equation (1) and half equations for SCE (2), Silver/Silver chloride electrode (3) and NHE (4). E =
potential, E° = standard potential, R = gas constant 8.31#hdK, T = temperature (K), n = number of electrons, F =
Faraday constant 96485 CmylQ = reaction quotient / concentration dependencs/égeq).
These half equations describe the reactions at the reference electrode of a standard three
electrode system, where the other two electrodes are a working electrode and an
auxiliary/counter electrode. The reference electrodes supply a constant known paktexsti
their internal redox chemistry occurs, thus giving the potentiostat a reference potential in

order to generate its own applied potential.

The second electrode in the 3 electrode system (or can be combined with the reference in a
2 electrode systemis the auxiliary or counter electrode. This tends to be a coil, mesh or wire
of an inert material such as gold, platinum or carbon, and is used to balance the redox reaction
occurring at the working electrode. That is to say that it acts to close theitcivduen the
working electrode is anodic, the counter electrode is cathodic allowing a current to flow
between the two. The electrode does not take part in the electrochemical reaction being
analysed, but will balance the potential applied to the workihgctrode and can, if a glass

frit is used, prevent byroducts from the cell (such as oxygen bubbles or salts), from
interfering with the analytical measurement® Also, by having a surface area larger than
that of the working electrode it prevents the kinetics of the electron transfer at the counter
electrode from being a rate limiting step, and thus affectihg analytics of the reaction at

the working electrode. The larger counter electrode area thereby ensures that the currents
and potentials that occur at the working electrode are not limited by the currents at the

counter167

Finally the third electrode is the working electrode, these can be made in different sizes from
a range of reasonably chemically inert materials and can be either stationaryn{aemg) or
rotating disk These materials are discussed in more detail in the next chapter. However, for

the purposes of a three electrode cell the working electrode is where the electrochemical
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reaction of interest takes place, it is the electrode where the current generatdtdoyedox

active analyte is measured. To be measurable the analyte also has to be redox active, and
thus has its own set of half equations relating to the reaction taking place. For the research
performed throughout this project the analyte in question as mixture of ferri and
ferrocyanide, KFe(CNy/K3[Fe(CNg, in a solution of KCl as an electrically conductive
electrolyte allowing the flow of electrons through the electrochemical circuit. The equation

for thisreaction is also given belowd&ation5).
v &/&#.(pcz Ao &/&#.(pTZ

The remaining sections will describe the various electrochemical techniques that can be
employed in the quantification of nucleotide targets including miRNA, including how they are
performed, the data that is generated and exaegpfrom recent literature of research groups

that have employed them.

1.3.2: Cyclic voltammetry (CV)
The first of the electrochemical methods to be discussed is the voltammetric technique cyclic

voltammetry. In this technique the potential is swept from a low voltage to a higher voltage,
at which point the direction of sweep is reversed and the voltageswept from the higher

point to the origin. This is one cycle of the voltammogram and can be repeated for a number
of cycles and at varying speeds (mV/s) depending on the measurement requirements. As the
potential is swept in the positive direction, eteans are drawn from the analyte solution
causing the oxidation of the analyte and thus increasing the concentration of the oxidised
molecule at the surface in relation to the Nernst equation. This causes a change in the current,
giving a peak maximum até point where all of the analyte is oxidised around the surface of
the electrode at the maximum rate of conversion, resulting in depletion of the reduced form
of the analyte at the surface. Over time a bilayer is formed of the oxidised analyte at the
eledrode surface, and as the thickness of the bilayer increases the concentration gradient of
this oxidised species decreases and thereby the rate of diffusion is slowed so that the current
begins to fall. This lowering of current is due to the rate of aeatybvement to the electrode
AdzNF I OS 0SAy3a RATFTFdzaAA2Y O2y(iNBffSRZ | O0O2NRAY
bilayer thickens. When the potential is reversed this reaction occurs in reverse, the bilayer
becoming reduced and again results in #rey peak this time with a negative current. This is

true for a one electron transfer system that is fully reversible.
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the analyte bilayer, the scan rate of tlexperiment will also affect the amplitude of the

current. A faster scan rate will cause the current to be measured faster than the bilayer can

build up, and thus the current peak will be of greater magnitude, a slower scan rate however,

gives the bilayea longer time to form before the peak current is measured and thus gives a

lower peak amplitudé®*CA O1 Q& &aSO2yR I ¢ T2 NRanBdsSewitiza A 2y
equation for how this relates to the maximum current at’Z5s given below (equation 6 and

7) and example cyclic voltammograms for a 1 electron reversible system, a 2 electron system

and a nonreversible system are given in Figure 119368
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Figure 111 Left a diagrammatic example of a 1 electron reversible redox reaction including peak cathodic and anodic
currents (/1pa) and peak potentials (EEpa). Top right, a one electron irreversible oxidation of analyte with the effect of
increasing scan rat@&ottom right, 2 electron reversible redox reaction.

Due to its simplicity to perform and analyse, many research groups have employed CVs in
assisting with the detection and quantification of miRNA, as such it has also been
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implemented in different areasf our own research and why it is important to discuss some
of the work performed by these research groups here. Often cyclic voltammetry is not used
as a direct quantitative measurement, but is instead used to determine how well the
electrode modificationprocedure is occurring and what potential to use for quantification
using other voltammetric or amperometric techniques. One group that does however, at least
for initial feasibility studies, is Gao and *lIn their research they labelled a L& miRNA
target with a ruthenium phenanthrolindione complex (Ru(PEDb) which is redox active.
They then modified an indium tin oxide (ITO) electrode with an alkoxysilane and then with a
Let7b complementary DNA capture probe. The hybridisation of this probe with the labelled
mMiRNA target brought the redox active ruthenium complex into close proximity with the
electrode surface and thus, when a voltage is applied, an electrochemical response was

generated. The procedure is summarised diagrammatically in Figure 1.12.
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Figure 112 An example of how CV is used by Gao and Yu in the preparation of their biosensor-Feaks theen labelled
with 1 being 50 nM target, 2 being 10 nM target and 3 being 10 nM ofawonplementary RNA. The CV peak current is
proportional to target concemation.169

The researchers were therefore able to perform feasibility studies using CV and found that
when hybridised with 10 nM and 50 nM of the target a set of oxidation and reduction peaks
are obtained, the amplitude of which is directly proportional to the corication of the
target. They also performed the same procedure with a-nomplementary mi®2 which
resulted in no observable peaks. These findings demonstrated that the response being

obtained was through target hybridisation and not through repecifichinding. Through this
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they were able to use Ru(PL} as the redox indicator to give an initial limit of detection of

2 nM.

As mentioned before other groups have used CV based analysis more for feasibility studies,
or for performing and characterisingeir electrode modifications. For example Wagtgal.

use CV to electrochemically deposit a substituted naphthalene sulfonic acid onto their
electrode and then use a separate set of CVs to check each step in their modifi¢aton,

technique that has been adapted in later chapters of this thesis.

Alternatively Gaoet al. have used CV measurements to optimise their choice of redox
reporter, to give the highest signal to noise ratio and potentially a negligibleaRie (a
measure of impedance discussed later), using a variety of different redox active analytes to
determine which is best to use in their future calibration impedance pl6t$hese reports
show how CV can be employed universally throughout electrochemical analysis for a variety
of purposes, and surprisingly, only infrequently in the direct determinatibramalyte

concentrations themselves.

Cyclic voltammetry can, and has, also been used for a number of applications other than just
nucleotide quantification. It has also been successfully applied to investigation of reaction
kinetics1’? food and drink analysis including the determination of polyphenols and sulfur
dioxide in winel’® and determining the oxidation and reduction potentials of organic

compounds for use in electrochemical synthetic methodologiés.

1.3.3: Chronocoulometry / amperometric analysis
Unlike CVchronocoulometryand amperometric analyses are based around using a fixed

potential and measuring the change in current or charge over time. In amperometric and
coulometric based techniques a voltage where there is no electrolysis is initially applied, and
then switched #er a certain timepoint to a potential that results in a net oxidation or
reduction, i.e. from a reduction potential to an oxidative one or vice versa, at which point a
change in the current (and thus charge) occurs. This causes aupuifithe redox poduct
(oxidised or reduced depending on potential used) over time, initially there is a redox spike
which continues to generate this current/charge at a slower and slower rate until the

potential is removed at the analysis completion time. The relationbkigveen the analyte
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concentration and the current or charge isgn by the Cottrell equation (faations 8 and 9),

which also takes the diffusion rate (flux) into account over ti§#€56:175.176
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The Cottrell equation for current from analyte concentration (8)thedntegrated form for charge dependence (9). Where
Yy I ydzYoSNI 2F St SOGNRByYy&A NIy aFSANBRRCe ar€a of ele@bds e = énélyie O2y a il y
concentration (M), D = diffusion coefficient @s$, t = time (s).
This show that the concentration of the analyte at the electrode surface is therefore
proportional to the charge/current generated, and thus a higher current indicates more of
the electroactive species being able to reach the surface at the time of the potesiia b
applied. For amperometric based analysis the current is measured and for coulometric
analysis this current is integrated with respect to the analysis time to give the charge, in both
cases time is the second variable. As with voltammetric analysee tieehniques can have
multiple switching steps, for example in chronocoulometry it is possible to switch from an
oxidative potential to a reductive potential after set periods of time. This gives what is known
as double step chronocoulometry. Double stelfronocoulometryis used analytically as a
method to give a defined charge peak for each analyte concentration over time, however it
also is used for characterisation of the electrode charge during adsorption of sp&dtegure
1.13 shows the example outputs for single and double step amperometry and equivalent

chronocoulomety.
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Figure 113 Example outputs from amperometric (top) and chronocoulometric (bottom) analyses, the left hand plots have
an initial potential which is then switched to another in one step, the right hand is double step, starting at one potential,
switching to a secondf a time and then finally to a third (or back to the first). The time where the potential is changed is
marked.

Many groups have used amperometric based analysis for the quantification of nucleotide
targets including miRNA. Two researchers from one pddargroup, Zhoet al. have utilised

this analytical technique in a number of their reports, one of which uses a gold electrode,
modified with gold nanoparticleshich increasethe electron transfer ability (determined
using electrochemical impedance spscopy, EISisng a ferri/ferrocyanide redox couple)

to attach a thiol tagged hairpin DNA sequence, containing a section complementary-to miR
21, via a strong A% bond. Once this hairpin modified electrode had been prepared, they
then set abouproducing a reporter cluster by attaching a series of DNA aptamer strands and
a DNA capture strand to free gold nanoparticles. Hybridisation of the2hiirget to the
probe opens the hairpin structure of the electrode bound DNA, leaving a section
complenentary to the capture strand of the cluster, which also hybridises to the probe.
Finally a hemin solution was added to the probe causing an electrochemically active@emin
guadruplex complex to form between the folded DNA aptamer strands and the herten, af
which amperometric based analyses were perform&d his method gave a limit of detection

of 3.96 pM, which was high compared to other miRNA detection methods mentioned
previously and some of their own previous works. A diagram of the system adapted from the

research is given in Figurel.
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Figure 114 Gold nanocluster and hemi&-quadruplex based miRNA biosensor development as described by Zh#f et al.
Before they published this worthey had produced a system that uses the same gold
nanoparticle/DNA cluster, this time however using a streptavidin and horse radish peroxidase
(HRP) combination as a reporter, firstly with 3 reporters per miRNA target and then a simpler
method for 1 repoter per target for limits of detection of 6 fM and 60 fM respectiveR’®
As a final modification they attemptetb maintain the sensitivity and specificity of their
sensor by employing a hairpin DNA probe containing occasional bases produced using LNA,
and a biotin label for attaching streptavidihiRP complex directly, rather than as part of a
cluster, thus simplifing the modification procedure. This option did achieve an increase in
sensitivity over the hemi® based method mentioned earlier, at a limit of detection of 400
fM, however it did not reach the same sensitivity as their earlier works. In each casedrowev

the sensitivity analysis was performed using amperometric techniéfifes.

As for coulometric analysis, Yabal. have employd a RCAased technique for detection of
microRNA using a gold electrode chip fabricated on a polystyrene substrate, having chosen

chronocoulometry as their analytical technique due te ability to allow for absolute
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guantification of biomolecules at the electrode surfdé&ln their work, a thiolated DNA
probe is attabed to a gold electrode, after which the target #iR3 and a second DNA strand

is added, the miRNA hybridising with sections of both and then a phi29 DNA polymerase joins
the DNA strands together along with an additional added padlock probe. Over tihtai(g)

this is repeated, generatqna RCAycle, during which a cationic ruthenium(lll) hexamine
complex is added which becomes electrostatically trapped to the negatively charged
phosphate groups and acts as the redox reporter. The more DNA probes that have been
added during the amplification cle, the greater the coulometric response and the better

sensitivity can be achieved.

Figure 1.15 shows their procedure diagrammatically. Using this method the group achieved a
sensitivity down to 100 fM which is comparable to the works done by Yin amd'Zh®but

also allowing them to determine the exact surface coverage of the DNA probes and the
resulting percentage of probes hybridised, using the Cottrell equation mentioned earlier.
These examples show hoamperometry and coulometry can be readily used in the
guantification of mMiRNA targets and are often employed to do so, they also help to show some
of the advantages of coulometry and amperometry over other methods, such as allowing the

simple absolute quatfication and surface coverage of biomolecules at the electrode surface.
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Figure 115 The procedure employed by Yao et al. for the detection of miRNA using chronocoulometric #halysis.
example graph is not to scale and is for illustration purposes only.
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Along with miRNA detection, coulometry is also used in common electrochemistry for
measurement of the electrode acevsurface area, diffusion coefficients and kinetics of

electron transfer reaction’>176

1.3.4: Electrochemicahpedance spectroscopy (EIS)
The final electrochemical technique used throughout the remainder of this thesis, and thus

discussed here, is electrochemical impedance spectroscopy (EIS). In the simplest terms EIS is
an electrochemical technique that useseattating current (AC). In EIS thpplied potential

is fluctuating which results in an alternating current possessing both a phase and an amplitude
which are measured as the frequency of the potential is swept. Combining these elements
results in a measuref the impedance of the cell, which is composed of contributions from

the electrode, the electrode/solution interface, the analyte solution and diffusion of the bulk.
Impedance can be thought of as a similar phenomenon to resistance, however it takes both
resistance and capacitance into account and is dependent upon frequency. The potential
applied is oscillating in a sinusoidal manner over time which generates a corresponding
current that is also sinusoidal in nature (AC), however the voltage lags b#tancurrent
resulting in a phase shiftYof " Kk H  F2NJ OF LI OAG2NRD® ¢ 1 Ay3 o620Fk
and remembering that from Ohms law resistance (R) is equal to potential divided by current,

it is possible to calculate impedance by substitutingsthdrequency dependant terms for
current and potential into the equation for Ohms Id#.These are shown (fEations 1612)

along with the sinusoidal current armbtential for a capacitor in Figure 1.16. It should be
noted that there is no shift for a resistor and for an inductance the voltage is the leading

waveform.
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Figure 116 The sinusoidal waveforms of a.c potential showingghase shift and the equations for frequency dependant
potential (E) of a capacitor (10), current (i) (11) and impedance (Z) (12). E/i (t) is the potential/current at timis thE/i
maximum potential/current amplitude and f is the frequency in hertz.

Taking the equations from Figure 1.16 and noting that, although for a capacitor alone the
LIKFaS &AKATFTG Aa " kHXI F2NIlyeé NBFt O2YLX SE OAN
the frequency. Thus the true impedance value can be split into twid KIS NJ @ f dzSa 3 »%Q
also known asigul Y R %Q Q imaginél Ah© o Vialéies éescribed athematically by the

following Ejuation 13:
po: £ : OEJ #EOD :afcd OO
Z = total impedancedhms =w0 = % Q ' A YIS R O S lindainatI@)ét = i@ &) and f = frequency (Hz).

Typically, during EIS experiments the impedance data is plotted in the form of a Nyquist plot,
0KSAaS | NB redlis2/aG4a2E antkiQe résidting vector between the origin and

the point in question represents the total impedance with the angle between the vector and

the x axis being the phase angle. For single electrolytic capacitors, or for an electrical circuit

with a capacitor and resistor in series (i.e. attached to each othrectly) this is a linear plot

GAGK y2 OKIy3aS Ay %Qd | 26SOSNI F2NI Iy St SO0ONER
that forms as the electrochemical reaction takes place, this in turn acts as a capacitor in
parallel to the resistor. Thus atdh frequencies the current is able to pass freely through the
capacitor with ease, however at lower frequencies the current passes preferentially through
GKS NBaAalG2N®» hgAy3ad G2 0G0KS NBAQDA 2 yWaRK ALY L S
this variaton with frequencies results in a sefwircular Nyquist plot. These mathematical

relationships are shown below img&ation 14:
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Finally, for a standard 3 electrode circuit undergoing an electrolytic reaction the impedance
behaviour for the cell often follows behaviour similar to a Randles circuit. In this circuit there
is a resistor in series withaapacitor (@), which arises from the double layer at the interface,
which is in turn in parallel with a second resistog) R his generates a setircular Nyquist

plot at lower frequencies as mentioned previously, with the resistor in series ghiftie x

axis by the value of its resistance. At higher frequencies the current can pass freely through
the capacitor, however in this system there is a new Warburg constituent describing the
frequency dependence of diffusion of the bulk analyte to the atefon the impedance.
Therefore at high frequencies the resistance is low and the solution resistance is the only
contribution, and the reaction can be thought of as relectrolytic with the double layer

providing the path of negligible resistance.

As the frequency decreases however this is no longer true and electrolysis starts to take place,
therefore the current starts becoming impeded due to the charge transfer resistaaaiiR

the double layer capacitance{)3djiving the characteristic serircle. Then at low frequencies

the bilayer no longer has an effect on the resistance and there is a large rise in the impedance
at the end of the semcircle which is modelled by Warburg impedance. This final impedance
increase is due to concentration charsgas a result of the a.c. current which is diffusion
determined and gets increasingly difficult to reverse as frequency is lowered due to the
diffusion distance increasing at lower frequenciés!®6183The different impedance plots
mentioned above along with the equivalent circuits used to simulate and model the data for

analysis are given in Figure 1.17
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Figure 117 The various forms of Nyquist impedance diagrams thateems® depending on the properties of the
electrochemical cell. The general diagram for an electrolytic reaction is given at the bottom showing how the impedances
are dependent on the electrolyte solution and the diffusion to the bilayer surface. Aleagivine model circuits used to

fit the data.

Due to its high sensitivity and ability to show the exact nature of the impedance response, be

it due to the electrode/solution interface or via the diffusion of the bulk analyte, electrical

impedance spectraopy is the analysis technique of choice for a great deal of published

methodologies. One particular group that has used a combination of voltammetric techniques

and electrical impedance to detect miRNA at ultvev concentrations is that of Labédi al. In

one example of their work they have managed to detect a miRNA target to concentrations as

low as 5 aM® For reference a diagrammatic summary is given in Figure 1.18.
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Figurel.18 The electrode modification procedure for miRNA analysis by Labib et al. Also shown are the effect of each stage
on the square wave voltammetric response (left) and impedance spectra (right).

This is a particularly intesting example, not only because it shows incredibly good sensitivity,

but more importantly because it has the ability to switch miRNA targets once one has been
FyFfe@aSR® ¢KSANI AYAGALFT &dl 3 Shioktad RAA prdbé I NJ ( 2
strand GKA& GAYS 6AGK | &S 02 ypRosptidteRia atacked bk 2y A Y
gold nanoparticle modified screen printed carbon electrode. This is then used to hybridise

with the target and square wave voltammetry and electrical impedance specipgsc

analyses used to determine the sensitivity at this stage which is given as 0.4 fM.

In the second mode of the three mode technique, a p19 caliper protein is used which causes

- waA3aylrf 2FFQ NBalLkRyaS Ay GKS @2figherYYSiNE
concentrations of target miRNA, so called as the voltammetric current response is lower
(impedance response larger) than that obtained for the DNA modified electrode alone due to
AKASERAY3I FNRY GKS LINROISAY D ¢gréafedsenshivity thenl £ 2 F 1
the hybridisation step alone, hence by using concentrations from 10 aM to 10 fM they

determined a limit of detection of 5 aM, thus increasing the sensitivity over the first mode.

Finally, in the third mode, a p#eybridised combination of a second miRNA target and its
complementary RNA probe (this time not thiolated) is added which causes the p19 protein to
be displaced leaving behind just the original miRNA target and its prbimediEplacement is

again concentration dependant which indicates the potential for detection of two different
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MiRNAs via a single senshowever the authors mention that the surface cannot be fully

regenerated in this way and thus the limit of detectisnworse at this stage at 50 pM.

This work is particularly important for this third stage however, being particularly useful if it
could be optimised to reduce the hybridisation times required (1 hour at every hybridisation
stage) and increase the sengity at the second target stage. Unfortunately they also appear
to only perform the impedance measurements once as they do not give any error bars for its

data analysis.
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T [
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Figure 119 The preparation of a gold screen printed electrode biosensor for miRNA detection described by Card®so et al.

A second interesting example from Cardetal., summarised in Figure 1.19, should also be
mentioned?® This research is an @ample of how simple electrochemical miRNA detection
has the potential to be. In their example, a synthetic thiolated RNA probe is attached to a gold
screen printed electrode via an A bond, and any unreacted surface blocked through
binding with mercaptosccinic acid (MSA). This RNA modified sensor is then hybridised with
varying concentrations of the miRNA target and a combination of voltammetry and EIS
experiments are performed to determine the sensitivity. Which, despite the simplistic nature
of the technique is quoted as being as low as 5.7 aM in real human serum samples (1 aM is
potentially reachable in buffer), and subsequently also shows the ability to deteel ik
extracts from a breast cancer cell line. They also demonstrate some ability¢oeeate the
sensor surface, after the hybridisation measurement, by using heat treatment to denature
the RNA duplex. The regenerated surface is then available for use in another hybridisation

event and measurement.

Despite these promising results and tigeeat sensitivity achieved, the simplicity of the
technique may be its downfall, as there is nothing which allows it to be patent protected and
thus is not ideal for commercialisation and use in point of care diagnostics. They also only

show responses obined from the sample analysis using their sensor corroborated by serial
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dilution analysis, they do not compare their values to concentrations determined by PCR or
for a healthy vs. diseased comparison. It does however pose an interesting starting point

towards very simple electrochemical miRNA detection.

1.4: Surface chemistry analysis techniques

1.4.1: Attenuated total reflectaneé-ourier transform infraed spectroscopy (AFRIR)
The first surface analysis technique to be discussed, and potemhaby straight forward, is

infra-red spectroscopy. Infreed spectroscopy uses light in the indied region (generated a

red hot filament) to cause the bonds in a molecule to vibrate, absorbing and releasing energy
as they do so and thus allowing for trdentification of that bond. For measurement of an
infra-red spectrum by attenuated total reflectance (ATR), the sample, in this case an electrode
surface, is loaded onto a crystal, usually of germanium, zinc selenide, siliceb,(&R&ctic

mix of thallum bromide and thallium iodide) or diamorié After which an IR beam, which

has been generated internally by a heat element, is collimated (each ray made parallel) passed
through a beam splitter in the interferometer which passes half of the beam to and from a
fixed mirror and the other half to a mawj mirror, which changes the path length of the light
compared to that of the fixed mirror. The beams are then recombined via the interferometer,
with the difference in path lengths creating constructive and destructive interference i.e an
interferogram. he combined beams are then and passed through the crystal holding the
sample. Upon hitting the crystal the beam is reflected, creating an evanescent wave which
extends into the sample causing vibrations within the sample as it is absorbed at specific
wavekngths. The beam is passed to the detector which detects the intensity of the absorbed
wavelengths, with the wavelengths absorbed showing no response in the interferogram.
Finally this is analysed by the computer which performs a Fourier transform (Edyvert

the interferogram into an infrared spectrum of wavenumber (1/wavelength vs.

transmission of that light through the sample. This is shown in Schenié’1.5.
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Scheme B A schematic of how ATRIR takes place inside the spectrometer, including the relationship between energy
and wavenumber (frequency) and a diagrammatic example of an IR speétdapted from reference 184%7
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The wavelength (and thus wavenumber) of light that is absorbed by the sadepknds on

the functional groups present. Upon absorbing the infrared radiation, in the form of the
evanescent wave, the functional groups on the molecule consisting of differently atoms of
different mass will begin stretching and contracting (vibraticersj/or bending, often these
atoms are visualised simply as balls on a spring, however this is not strictly true. The energy
YySSRSR T2NJ KAa (2 200dz2NJ RSLISYyRa 2y (UKS YI &z
determined by the bond strength. Strongéonds such as C=0 carbonyls require higher
wavenumbersf{1700 cmt) than weaker bonds such asGCsingle bondsF(100 cnt).188 As

long as this vibration also fulfils the selection rule of resulting in a change in dipole moment
it will be excited by the IR plan, then as long as there is enough sample and the wavelength
absorbed is within range it may be detected by an IR spectront&t&ach functional group

is found at a particular wavenumber of absorption and thus allows for the identification of

functional groups present on the surface/sample. These relationships are shown below for
diatomic molecules in thé 2 2 1 S Qqiatiénl(16)an@ the reduced massyBation (16)18°

50



p E
p UG = —
CUA ¢
i
P @9 i i
¢2L) SljdzZt GA2y o6mp0O Aa 122185Qa tlg F2NI I RAIFG2YAOfoe2t SOdzt S

constant and mass of atoms, with the reduced mass equation also shown in the bottom equatien €1i8¢quency
(wavenumbers), ¢ = speed of light (2.998Gms0 2 1 I FT2NDS O2yailyid 6OFNAlIofS RSaON

reduced masand m = atomic mass.

1.4.2: Atomic force microscopy (AFM)

An imaging method often employed for the study of surfaces is atomic force microscopy
(AFM)1%° AFM, uses direct physical contact with the atoms on the surface in order to
determine its topography. A silicon based tip (usually Sk &@§N4) attached to a micro
cantilever that acts as mnicroscopic spring is able to oscillate if an alternating voltage is
applied to a piezoelectric crystal, often in the cantilever holder and/or the sample holder. This
is known as tapping mode AFM, alternatively the tip does not have to oscillate ascasthe

for contact mode AFM. In either mode the tip is then passed along the surface to come into
contact with the atoms on the surface. Two imaging modes are then available, if contact mode
is used, the tip is passed over the surface of the sample arebhéek loop is used to monitor

the deflection of the cantilever, if this falls below or rises above a set value the sample is
moved up or down respectively, by applying a different voltage to the piezoelectric crystal, to
return to the set value, with thevoltage applied being related back to the height of the

surface.

However if tapping mode is used the AFM tip oscillates at a set amplitude and is intermittently
brought in and out of contact with the surface, the whole time being monitored by a feedback
loop, if the sample has a bump the tip has less room to oscillate and the amplitude decreases
and vice versa for a depression in the surface, the feedback loop then changes the sample/tip
separation distance to restore the amplitude to the set value. Thigament is detected via

a laser and a position based detector which generates a topographical map of the surface,
sensitive up to a maximum depth of PO pm and a maximum lateral resolution of 1 Ath.

This is shown diagrammatically with an example from our work in Figure$328.
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Figure 120 A diagram showing how the AFM technique works including sample drdpubur own research shown in
Chapter 2192

AFM also has other advantages in that it does not rexuarcuum unlike the similar technique
scanning electron microscopy (SEf¥fand can also be used where there is negligible change

in topography, such as imaging the frictional properties of a material (sometimes known as
lateral force microscopy LFM¥? In this case the output from the position detector (a
photodiode) is used to generate the height Z and the piezo scanner voltages supglatite

Y information. It can also be used for other purposes as well as it is possible to perform atomic
manipulations on the surface using the tip, such as moving one atom from one location to
another, bringing two atoms into close contact with each otfarthe purposes of catalysis,

or for stimulation of individual celf$x197

1.4.3 Laser ablationinductively coupled plasma mass spectrometryf PMS)
A final imaging technique employed in this research is laser abtataurctively coupled

plasma mass spectrometry, first invented in 1985As with the ATHETIR this technique is
used to identify the chemical species present on the surface, rather than directly imaging the
topography as in AFM. However unlike AHRR this technique is able to directly gtigy the
elemental composition of the surface, down to values as low as parts per trillionpt),
rather than identifying the functional groups present. Standard ICPMS techniques require a
liquid sample or one that has been dissolved in a solvent, often rneguooncentrated acids

and microwave radiation, this poses problems when the sample is unstable or particularly

insoluble.
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This problem is overcome using-L@PMS however as a solid sample can be loaded directly
into the instrument, at which point a UV laser is focussed onto the sample in raster (parallel
scan) lines of 000 of um width which results in aerosolisation ofcalhstituents in the path

of the laser. The aerosol is then passed through to the plasma torch of the ICPMS using a
carrier gas of helium or argon, the sample is held at this torch for up to a millisecond at 6000
K where the aerosol constituents become waped, atomised and finally ionised. Finally the
atomised sample is passed to the MS under ditigh vacuum where ion optics separate the
positively charged ions from the neutral and negatively charged ions, the positive ions are
then passed through a @drupole mass analyser which separates them according/to
value. The detector then receives a signal for each ion passed to it, giving a quantitative
output of ion current, in reference to a calibrated standard, and thus the amount of each

element preset in the original samplé®2°1This process is summarised in Scheme 1.6.
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Scheme B A simplified schematic showing how laser ablatioructively coupled plasmanass spectrometry (KCPMS)
is performed.

The data obtained through EIKPMS can also be used to create visual maps indicating the
localisation of the elements throughout the sample, and, with more specialist forms of mass
spectrometer, the concentrationf each element or isotope can also be used to determine
the age of the sample. This gives it great use throughout other areas of science, particularly

in biology and archaeology where tissues such as hair, leaves, teeth and even brain tissues
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have been aalysed?°%2%allowing for monitaing of pharmaceuticals or biological processes;
and in archaeology it is used to analyse historical items to determine their chemical

composition to better understand our ancestci®:2°”

1.5: Research aims and impact
At the start of this chapter the importance of different miRNA expression levels throughout

medicine was discussed, particularly its direct correlation with diabetes diseagesulting

kidney nephropathy. The prevalence of both diabetes and kidney disease throughout western
populations was also discussed, with the inherent problems to the health services and the
RSUNRYSyiGlt STFFSOG 2y (KS IsleniphaSising béneddXoF Sa i @ €
faster and less specialised miRNA detection for implementation in point of care diagnostics.
Therefore it is the aim of the research described throughout the rest of this thesis to describe

a method of modifying a set of carborased electrodes for use in quantifying miRNA in a

urine matrix. The direction of travel is towards a commercially available biosensor that can be

used in the point of care environment by ngnientist end users for the diagnosis of the early

stages of kiday disease, hopefully resulting in the patient being diagnosed before requiring

dialysis or transplants.

We will start by modifying a commercially available and industry standard stationary glassy
carbon electrode (GCE) chemically with a naphthalene sglfacid in order to generate a
surface of sulfonic acid functionalities, before further modifying these to sulfonyl chlorides to
allow the attachment of DNA probe strands. This will then allow us to electrochemically
detect and quantify a miRNA with a semuce complementary to this DNA probe strand. Doing
this with varying miRNA target concentration will allow for the determination of the
sensitivity of the biosensor. This method was chosen to begin with as it requires only 3 steps
to go from a clean carbasurface to a DNA based sensor, meaning that it should be relatively
quick to produce the sensor each time it is required which is one of our target parameters.
The relatively simple DNA/miRNA hybridation based procedure will also keep the analysis
simpleand requires very few additional chemicals which is also preferred if the technique is
to be adapted for point of care use. Different miRNA sequences and sample matrices can then
be used to determine the selectivity of the biosensor and its applicatidgherdetection of

urinary miRNAs.
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Should this prove successful then we will be looking to develop the methodology for
adaptation onto disposable screen printed electrodes. Using disposable screen printed
electrodes will allow us to produce multiple sensatsany one time and will move us closer

to our overall aim of developing a commercially viable biosensor. Finally, we will be looking
towards producing disposable electrodes of our own design for the detection of multiple
MiRNA species on one biosensottlas will be required for a diagnostic test. Should we will
be looking to test our sensor on patient urine samples in order to determine whether or not
a significant difference can be detected between a healthy individual and a patient with
diabetic kidng nephropathy. By combining all of these objectives together we will be one
step closer to the development of a biosensor that shows viability for use in a clinical point of

care environment.
Thus the aims of the project weees follows:

1. Developan electrale modification procedure that coultbe applied to an industry
standard carbon electrode fadetectionof miRNAs in solution, and quantification by
electrochemical analysis.

2. Develop the methodologgescribed following aim for implementation on a screen
printed carbon electrode as a disposable biosensor.

3. Design a screen printed carbon electratiat could perform simultaneous repeated
detection of a single miRNA target to obtain repeatable data on a single electrode. The
potential for future adaptation towrds multiple microRNA detection on one
electrode was discussed.

4. Detect existing urinary miRNA biomarkers in healthy control and diabetic kidney
nephropathy patients, showing the difference in expression levels and discriminating

between them.
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Chapter 2: Glassy Carbon Electrode Results

2.1: Glassy carbon and other electrode materials
The electrochemical data described in this chapter were generated usingpdified

commerciallyavailable glassy carbon electrode (GCE). Commercially availableusaulti
electrodes, of which a GCE is an example, are manufactured in a variety of shapes, sizes and
materials. The standard stationary electrodes made with a PCTEBtUS cm length and 6

mm overall diameter, with an embedded 136mm working area disk of an inert material such

as gold, platinum, silver, nickel, pyrolytic carbon paste or glassy carbon, and in some cases
palladium. Alternatively rotating disk electtes, in which the electrode is mounted in an
automated rotator prior to submersion in the analyte, are also available and are often used

to determine redox reaction mechanisff$.A final class known as microelectrodes, in which

a wire of inert gold, platinum or carbon fibre 810 pm diameter, can also be produced to

enable faster scan rates and lower capacitaffe.

While each of these electrodes has its own @pe use, the work described here focuses on
the use of the standard tubular stationary electrode with a 3 mm glassy carbon surface. To
develop electrochemical miRNA detection, glassy carbon was preferred to better gold or
platinum alternatives on the bas of its lower price. Cost is an essential consideration for
diagnostic testing, and work in later chapters describes the use of disposable grhetsa
electrodes, also based on carbon materials, following the podgirinciple glassy carbon

electrodeanalysis described in this chapter.

The use of noble metal electrodes is common to a wide range of products used extensively in
academic and industrial research laboratories. This popularity is due to their extreme
chemical inertness, high anodic rangadahe ease by which they can be obtained in pure

form from ore?° The use of gold electrodes in the study of biological molecules such as
proteins and nucleic acgis particularly popular due to the simplicity of immobilising these

types of molecules onto the electrode surface. Gold surfaces have a highly exploitable affinity

to thiols and disulfides that allows them to bind to these groups via a strorg knkeither

through the removal of the thiol hydrogen, or cleavage of th® Bond in a disulphide. DNA
4SljdzSyo0Sa YlI& NBIFIRAf& 0S5 LIHz2NDOKIFAaASR 6A0GK GKAZz

very simple surface monolayer generati®?12Gold is thus a good etdode material for
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DNA based analysis, but is limited to anodic potentials as positive potentials have the
potential to oxidise its surfagestarting at 1.36v.213 It should be mentioned, however, that
reductive potentials can also be problematic for tHimund gold surfaces, as reduction can
cause thedesorption of thiolates from the surface. These are able to badsorbed through
oxidative potentials, particakly where cyclic voltammetry is used, but the extent of re
adsorption depends heavily on the alkyl thiol ugétiBy contrast, platinum may be used in
these ranges, and while the same bonding to thiols is not possible, it is still a highly modifiable
material?>2®and shows stable electrochemical behaviour. However, the presence of any
water or acid in the analyte can result in a reduction reaction and hydrogen evolution even at
previously useable negative potentidfé. Both of these materials are also expensive in

comparison with carbon.

Consequently, carbehased electrodes have also been developed, with three main types of
glassy, pyraftic and carbon paste. These are markedly cheaper per unit mass than either
platihum and gold, and, owing to their inertness to both chemical attack and
oxidation/reduction reactions, are useable across a much larger potential windo8/V to

2.2 V compeed tof-0.2 V to 1.8 V aneD.5 V to 1.9 V for platinum and gold respectivéf))
Also, due to the brittleness of carbon to mechanical strain, it is straightforward telpafhd
chemically clean the electrode before each new modification or experiment, leaving a fresh

carbon surface for a good signal to noise ratio.

Glassy carbon is the most expensive of the above three types, but the surface chemistry of
glassy carbon haseen investigated extensively, and activation and modification of these
electrodes is a highly researched aré&This type of carbon also has a high amount of surface
order which allows for better electrochemical responses in comparison with carbon paste
electrodes, while still retaining small defects as possible nucleation zones for an increased
chemical modification potential than the highly orientated pyrolytic grapRife2?
Interestingly, the exact structure of glassy carbon remains a highly disputed topic. It has
previously been assumed that the structure is similar to that of graphfter; even a polymer

of carbyne chains due to its electrochemical behavi@éiHowever this would not account

for its extreme resistance to even strongly acidic solutions, thus recent wark dg P. J.

Harris suggests that it has a much more fullerdike structure?*
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The advantages mentioned above, the extremertness to chemical attack, high potential

for modification, suitability with biological systems and relative cheapness compared to noble
metal based electrodes suggest that glassy carbon is highly suitable for our investigation. Also,
as mentioned prewusly, the aim of this project is to develop a biosensor that can be applied
to a series of screen printed carbon electrodes for potential future commercial application.
These electrodes are based more on a polymer based carbon ink, thus having a carbon
electrode allows for better comparison between the disposable electrode and the research
standard than the use of a noble metal based electrode. Nevertheless carbon paste, despite
being closer in nature to the disposable electrodes than glassy carbor,igeadly suited to
proof-of-principle testing due to inherent surface malformations of the disordered electrode
material. Therefore all of the results performed in this chapter were generated using the

relatively high order, and well researched glassyoarelectrode material.

2.2: Modification procedure
In order to detect mature microRNAs (miRNASs) in solution, the GCE first needed to be

modified to allow the addition of a DNA probe strand complementary to the target miRNA
sequence, for Watsorick basgpairing. Unlike gold surfaces, which are able to form strong
sulfu-32f R fAY1F3Sa (2 GGKA2f 3INRBdzLJA 2y 0Q 2NJ p¢
them 2252?6glassy caron surfaces require functionalising before a probe oligonucleotide can

be deposited. A number of ways have been reported for doingthi¥/??2Due to its

simplicity, a similar version of the modification procedure described by Vaagwas used

for the production of our sensor. An overview of the procedure and the theory of how this

effects the electrochemical response is described below.

Firstly, the surface of the electrode must be refreshed to ensure no crossover or
contamination from previousxperiments. To achieve this with a GCE, an alumina polish was

used at consecutively smaller grades, the largest as an abrasive to remove any compounds
FGaGgr OKSR 4 GKS &adz2NFIFOSsT |yR GKS & W {S(QS NOA/A ¢
ltisim@2 NI I yd GKFEG GKA&a Aa R2yS S@Syteée 20SN) KS
was employed to ensure that the abrasion was reproducible after each experftfdtinally,

the polished electrode was sonicated in acetone, ethanol and deionised water to remove any

residual alumina.
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The cleanliness of theelectrode was then tested by performing cyclic voltammetry

YSI 8dzZNBYSyidia dzaAy3 | YAEGdzNE 2F FSNNRA FyR 7
machine cleaned electrode the peak separation should be close to 5¥%iYe polishing

technique and an example of a clean voltammogram are shown in Figure 2.1, the best and

most robust separation achieved was 101 mV, and this was carried forward. The absolute

peak separation was likely also to be depenten the precise surface of the glassy carbon,

as well as the exact conditions of the cell e.g. concentration, supporting electrolyte, scan rate

et cetera?3!
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Figure 21 A diagram of the polishing technique and an example of a 'clean’ cyclic voltammetry obtained. The black spots
are points of possible slight pressure increase due to direction changes with the arrows indicating polish dinéction.
performed using 5 mMaKe(CNJ/K4[Fe(CNy] in 0.1 M KCI electrolyte at room temperature.

The electrode preparation procedure was followed by electrode modification. Firstly, the GCE
surface was modified by electrochemical deposition of the naphthalenesulfonic acid
derivative 4amino-3-hydroxyl-napthalenesulfonic acid (ANSA) via multiple cyclic
voltammetry cycles. Despite an absence of detail from Wetngj. it is believed that under
voltammetric deposition the ANSA amino group is oxidised, allowing it to bind to the carbon
suface of the electrode, and that subsequent polymerisation results in the formation of an
lb{! Y2y2fl @SNJ I ONPaa (GKS D9 &d2NFIlI OSd !y Ay
induced oxidative polymerisation revealed a possible monomer bonding pathwegetiails

of which will be briefly described.

5 2 € &t §.have shown, through the use of the chemical oxidant NaOCI, that under oxidative
stress the naphthalene aryl systems become joined through the amino functionality at

position 4 and the naphthaleneadbon 9, possibly through a radical pathway. This is made
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possible due to the availability of the ring system to delocalise the unpaired electronic spin
density?3?1t is believed that the same process is occurring on the glassy carbon surface at the
oxidation potential during electrochemical deposition, with the polymer formangpvalent

film along the surface. The proposed polymerisation pathway is shown schematically in
Scheme 2.1, adapted from published data
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Scheme 4. A schematic showing a potential pathway of howamino-3-hydroxyl-naphthalenesulfonic acid (ANSA) is
polymerised via oxidative stress and resonance of the unpaired spin through the aryl naptPalene.

The cyclic voltammogram obtained during the electrochemical deposition procedure was
used as an indicator of sulfonic addposition (Figure 2.2). Over multiple cycles it was seen
that the oxidation peak af0.32 V became progressively less intense, and the other minor
peaks flattened out. After-% cycles the intense oxidation peak reached a steady state current
response, ad the remainder of the cycles were uniform in peak intensity, indicating that the
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maximum surface coverage of ANSA had been obtained. A total of 8 cycles were therefore
performed in order to ensure that the maximum coverage was obtained each time the
electrode was modified, allowing for the greatest reproducibility between experiments. An
example of the voltammogram obtained during the deposition, indicating the gradual decline
in peak intensity, is shown in Figure 2.2. The deposition was visually appasetite

development of a red hue in the solution around the electrode surface during voltage

application.
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Figure 22 An example of the cyclic voltammograms obtained during deposition of ANSA onto the GCE. A clear lowering of
peak intensity can be seen at the oxidation peak of 332mV over increasing Bgcfesmed in 10 mM ANSA in 25 mM pH
7.0 PBSThe deposition is sb shown schematically (top).
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Following ANSA deposition, a cyclic voltammogram performed in ferricyanide solution
showed that the surface was hindered from electron transfer due to the vastly decreased
current response for oxidation and reduction. Thissves predicted for a fully coated surface.
Having confirmed that the deposition procedure was successful, the sulfonic acid
functionality on the electrode was chemically modified to a sulfonyl chloride, to activate it
towards nucleophilic attack from thensine tagged probe DNA sequence. The probe
sequence could then be covalently linked to the ANSA surface for miRNA hybridisation.
Therefore the electrode was then submerged in a solution ofiR@cetone to substitute the

hydroxyl of the sulfonic acid wittnchloride, thereby generating the required sulfonyl chloride

(see Scheme 2.2).

Scheme 2 A summarisedmechanism for sulfonyl chloridermation from PGland ANSAthe truemechanism likely not
being concertedAdapted from the mechanism for acyl chloride formaigh.

Again the electrode modification was tested to ensure successful adaptation of the sulfonic
acid to the sifonyl chloride by cyclic voltammetry in ferricyanide solution. These showed that
the oxidation and reduction peaks increased in current response, most likely due to the
reduced negative charge across the surface of the newly modifiathido-3-hydroxy1-
napthalenesulfonyl chloride (ANSCI). This charge reduction resulted from the absence of
acidic hydroxyl groups to deprotonate in solution and form negatively charged sulfonate,

which in turn would repel the ferricyanide electrochemical analyte from thesserf

With the surface chemistry of the electrode suitably modifiedsar@ino tagged DNA probe

complementary to the target miRNA sequence was covalently attached via sulfonamide bond
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formation. Placement of a droplet of the amine tagged DNi8solvedn aqueous bufferpn
the ANSCI modified electrode led to reaction between the amine functionality and the
sulfonyl chloride via a nucleophilic substitution, resulting in the formation of tenvho-3-

hydroxy1-napthalenesulfonyl amid®NA probe (NSAmMDNA) as shown in Scheme 2.3.

Scheme 3 Proposed summarised mechanigor the attachment of a €amine tagged DNA sequence via sulfonamide
coupling again certain steps aiféely not concertedThe DNA is showpictorially by the red helix.

Once prepared, the electrochemical response of the ANBANA probe was analysed in
ferricyanide solution. This showed that a modest decrease in current response compared to
the ANSClasponse, which was expected due to the increased negative charge of the DNA

phosphate backbone and the steelated increase in surface coverage.

Finally, to ensure that the probe functioned as a detection tool for miRNA, the ANIBRN
probe was submerseith a solution of the target miRNA sequence in buffer and heated for 30
minutes to allow hybridisation between the DNA probe and the target miRNA. As predicted,
and shown later with further data, this again resulted in decreased current response due to
the further increased negative charge and surface coverage. This modification procedure is
summarised diagrammatically in Figure 2.3. Examples of the changes in cyclic voltammetry
and Nyquist impedance responses for each stage of the modification proceduralsare

shown.
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Cyclic voltammmaograms of each GCE modification step.
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Figure 23 A summarised schematic of the procedure for modifying a glassy carbon electrode for miRNA detection, DNA is
displayed red and the miRNA in blue. Also shown are example cyclic voltammograms and impeddoceaeh
modification step, performed using SMnks[Fe(CNy/K4[Fe(CNy] in 0.1 M KCI electrolyte at room temperature



2.3 Sensitivity and Selectivity Results
The above data describe testing the GCE modification procedure and confirming that it

resulted in a measurable change at each stage and displaydifference before and after
probe DNA:target microRNA hybridisation. Probe sensitivity was then analysed across a range
2T YAwb! O2yOSYyiN}r dA2ya O2YLI NBR (2 I+ o6dzFFSN

DNA sequences complementary to mature fiRand miRL6 were selectd for use as
probes, since these miRNAs are highly abundant and widely expressed throughout human
tissues. The sequences of the mature miRNA species and their DNA complements are given
in Table 2.1.

Table215b! | yR wb! &S8ljdzSy0Sa dzaSR T2dN0 AYNMWISY i BS3ER (A DA
Species Name Species Sequence
Anti-miR21 (DNA) 506 NHG- TCAACATCA GTC TGA
TAA GCT A
miR21 (RNA) UAG CUU AUC AGA CUG AUG UUG A
Anti-miR-16 (DNA) 5 0 N+HCs- CGC CAATAT TTACGT
GCTGCTA
miR16 (RNA) UAG CAG CAC GUA AAU AUU GGC G

For sensitivity experiments, the probe was initially produced by modifying the electrode
surface and applying the desired antisense strand, as described above, at which point an
initial st of electrochemical measurements was performed for baseline comparison. The
chronocoulometric and EIS responses provided the most defined and analysable data, and
the most reproducible analytical data, and were therefore deemed to be the most informative
electrochemical measurements. Cyclic voltammetry was also performed, however, as the
data obtained from the voltammograms did not give a clear relationship with miRNA
concentration, this chapter will focus on the coulometric and impedance responsesefor th

production of sensitivity plots. It should also be noted that double step coulometry was
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performed, as the change in voltage provided easily interpretable peak minima for direct and

consistent comparison between each concentration analysed.

DNA bearingorobes underwent chronocoulometry and EIS analysis to generate an initial
origin DNA only response. After this, the probe was submerged in buffered miRNA solutions
of varying concentrations to allow hybridisation of the attached DNA and the miRNA target.
The resulting hybridised DNA/miRNA probe was then electrochemically analysed for a second
time, and the response obtained at this point was compared with that of the origin response
to give a change in either chargb{) or charge transfer resistanc®tfms= m, DR2) for
coulometry and EIS respectively. Prior to obtaining the full data set for2miRhe
hybridisation event was performed usingOM over defined periods (60, 40, 30 and 10
mins) to determine the optimum hybridisation time. These resals shown in Appendix 1
Figure Al.at the end of this thesis, 30 minutes hybridisation gave a response close to that
after 60 minutes and so was selected for further experimental hybridisations. Once optimised
the hybridisation after 30 minutes was reped 3 times for each concentration, and the
average change plotted against its corresponding concentration aggstage. This resulted

in a linear correlation with a regression coefficient of 0.98 for the coulometry data and 0.90
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for the EIS dta, as bown in Figures 2:2.5 and 2.&2.7, respectively.The raw data is
displayed in Appendik Table A1.1 and1.2 respectively.
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Figure 24 The chronocoulometric response obtained for different concentrations e2 miRerformed using 5 mM
Ks[Fe(CNy/K4[Fe(CNy] in 0.1 M KCI electrolyte at room temperature
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Figure 25. Change in coulometric response betweean alectrode modified with complementary DNA strand alone and

following RNA incubationZQ) with logo[miR-21] (M), performed in triplicate. The calculated limit of detection is 2 x
10°14M (20fM) and the Pearson regression coefficient is 98%
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Figure 26 The impedance response obtained for varying concentrations e2miRerformed using 5 mM
Ks[Fe(CNyY/Ka[Fe(CNy in 0.1 M KCI electrolyte at room temperature.
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Figure 27 Change in charge transfer resistané®@) between the electrode modified with complementary DNA strand
alone and following RNA incubatiofiQ) with logo [miR21] (M), performed in triplicate. The Pearson regression coefficient
is 90%. Fitted to #hfollowing equivalent circuit:
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The above data were used to calculate an extrapolated hypothetical sensitivity of 0.68 fM for

coulometry, and of 2.14 fM for impedance. Analysis of buffered solutions in the absence of
MiRNA provided a measure of experimdntaise. This was calculated by performing the
blank experiment in triplicate and then adding triple the standard deviation to the average
response obtained. The resulting change in response from these blank solutions gave a
simulated worst case scenarid ooise response and gives a limit of detection of 20 fM, the

calculation for this is described in AppendiXdbleA13 at the end of the thesis.

The data collected for this sensitivity plot were obtained in triplicate by starting the electode
preparaton and modification procedures anew for each replicate, to measure the variability
across the whole procedure, including the cleaning step. However, it was also possible to

obtain replicates by using heat treatment to denature surfhceind DNA/mIRNA hylats,
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electrochemical response magnitude. By performing this heat treatment repeatedly it was
determined that 2 surface replenishments, i.e. 3 data points, could beioéd accurately
before the response dropped significantly. This is also shown in AppeRrdjxre Al.ht the

end of this thesis.

The selectivity of the miR1 probe characterised above was then investigated. Since mature
miRNAs are typically 128 nucletides in length, determination of probe selectivity between
closelyrelated sequences is particularly important. This point is emphasised in miRNA
families such as the let miRNA family. Mature human {&a and let7b sequences differ by

two nucleotideswith adenine residues at positions 17 and 19 of-leta7a and corresponding
guanines in hstet-7b; with hsalet-7c differing only by the guanine residue at position?39.
Mindful of these potential sequence similarities, the following experiments were undertaken

to investigate probe sensitivity.

To this end, a series of symttic miRNA targets were designed with central and/or peripheral
sequence mismatches. Mature i@ was included as an example of a highly expressed

human miRNA with comparatively little sequence identity, with 8 of 22 matching nucleotides.

To maximise regmse from the mismatched sequences, the maximum concentration of 10
nM used previously in the sensitivity testing was used. The miRNA sequences used for
selectivity testing are showim Table 2 and the coulometricl¥Q) and impedance charge

transfer resisance PR2) responses for eadequence are shown in Figure32.

Table 22 Sequences of oligonucleotides used for selectivity testing of th@ miiRobe. Sequence mismatclae
indicated in bold and underlined.

MiRNAdescription Sequence
miR21 UAG CUU AUC AGA CUG AUG UUG A
1 mismatch UAG CUU AUC GGA CUG AUG UUG A
2 mismatches UAG CUU AUC GGA CUG AUG UUGC
3 mismatches AAG CUU AUC GGA CUG AUG UUGC
miR16 UAG CAG CAC GIA AAU AW GGCG
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Figure 28 The response obtained for coulometry (top) and Nyquist impedance (bottom) experiments performed-#ising 10
M solutions of mismatche@inm) miRNA targets. Experiments were performed in triplicate and are shown against the
response obtained for M miR21 for comparisorPerformed using 5 mMsce(CNJJ/K4[Fe(CNj in 0.1 M KCI electrolyte
at room temperature

The data shown in the abovefire (raw dataand % signal drog also given in Appendix 1
Table Al.4nd Al.5 respective)ydlemonstrates probe specificity, with significant

differences between the miR1 response and all other readouts. The smallest difference in
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magnitude was obs&ed with the single base mismatch sequence, which nevertheless
resulted in a significant drop in response of alm@3%oof the miR21 signal, i.e. a response
resembling detection of a concentration of betweern't@nd 10'3M. The responséhen
decreased with each increase in the number of mismatches. These data demonstrated

probe selectivity, and further testing was then carried out as described below.

As each nucleotide has slightly different electronic effects and sizes, they may show
different response curves when analysed with the ferricyanide analyte. This is potentially
complicating and time consuming if the biosensor for each target miRNA sequence required
a separate calibration plot and would make their implementation difficultnAersal

calibration plot would not only alleviate this problem, but also act as further proof that the
responses obtained for the miRRL target resulted from probe:miRNA interactions, and

were not artefactual. To ensure that the general relationship betweoncentration and
electrochemical response was independent of the miRNA target sequence, sensitivity
testing was repeated using afatiiR 16 as the probe strand and miE® as the target. The

results of this overlaid with the original sensitivity plots fbe miR21 coulometricPQ) and

impedance charge transfer resistandaR@) are displayed in Figure 2.9
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Figure 29 Sensitivity testing for target miBR6 using its complementary DNA strand as probe -MiRlata are shown in
orange and the corresponding coulometry (top) and Nyquist impedance data (bottor2)lmdi#Ra in bluePerformedn
triplicate using 5 mM KFe(CNJ/K4[Fe(CNj in 0.1 M KCI electrolyte at room temperature
Figure 2.9raw data Appendix 1 Table A1.6 and kipws that, despite some variance at
higher miRNA concentrations (e.g. 1 nM and 10 nM), the responses obtained for beftemiR
and miR21 were comparable. With the exception of the4@ata, the coulometry points for

both miR16 fell within and miR21 the error bars.
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This indicates an overall concordance for the data for these two miRNA sequence with
significantly different base compositierand suggests that this method is broadly applicable

for miRNA detection.

2.4 Synthetic urine experiments
Before testing the probe for urinary miRNA detection, synthetic miRNA targets dissolved in a

variety of urinelike matrices were tested. MIRNAs wettessolved in a solution containing
dZNA Yy SQa LINAYOALI t O2yaidAadGdzSyday &t éqleousbl / 0
solution NaCl was added to a concentration of 3 mg/mL and 10 mg/mL to simulate the lower

and upper salt concentrations limits pdsi& in patient urine samples. The choice of salt, and

later protein, concentrations were chosen according to a report published by NASA on the

constituents of human uriné®

Once the miRNA had been dissolved in the buffer matrix, containing the desired
concentration of alt, the probe was added and allowed to hybridise with the target-2iR
as normal. The coulometPQ) and impedance charge transfer resistaridRZ) were then
measured as before, comparing the response obtained from the probe alone to that after
hybridisation with the target miRNA. This was repeated for both the 3 mg/mL and 10 mg/mL
salt matrices containing the miRNA and the response plotted against that obtained from the

synthetic miRNA in the buffer alone. The resulting compagagitaphs are shown irigeire

2.10
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Figure 210 A comparative graph of coulometry (left), and charge transfer resistance (right), responses obtained for a
solution 0.1 nM miRR1 in buffer and with different salt concentrations. Each expanimvasperformed in triplicate using 5
mM K[Fe(CNjJ/Ka[Fe(CNy in 0.1 M KCI electrolyte at room temperature.
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These comparative graphs show that neither high nor low salt concentrations significantly
affected miRNA electrochemical responses. In both casestdmlad deviations of the

responses (shown by the error bars) were within that of the response obtained with buffer
alone, suggesting that the salt content in a urine sample would not have a significant effect

on miRNA quantification.

To test the effect burea on miRNA electrochemical response, powdered urea was dissolved
to a 9.3 g/L aqueous urea solution. This concentration was again chosen from the NASA report
mentioned above. Target miRL was then diluted to a concentration of 10 pM in this urea
soluion and the resulting mixture was then used as the hybridisation solution. Coulometric

responses using probe alone and miRWNere then compared (Figure 2)11
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B miR-21 in buffer ™ miR-21in urea

Figure 211 The coulometric response obtained following hybridisation with 10 pM2hilissolved in both buffer
(performed in triplicate), and 9.3 g/L urea (performed onBe)yformed using 5 mMsice(CNJ/K4[Fe(CNy in 0.1 M KCI
electrolyte at room temperature

Although only performed once, these data show no significant effect orZtiBoulometric
response of 9.3 g/L ure@d mL, 155 mM)suggesting urinary DNA/mIRNA hybridisation is

unlikely to be affected by urea.
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The last urinary constituent tested was the rdgdavailable protein bovine serum albumin
(BSA), which was used to mimic the effect of urinary proteins on probe responses. Urinary
protein concentration is low in healthy individuals, but increases in kidney disease patients,

where it can be monitored aslbuminuria?3.237

Proteins are potentially problematic since attachment of these macromolecules to the
electrode surface is likely to inhibit the electrochemical analyte from reaching the glassy
carbon surface. This woutdsult in an observed surface resistance that is much higher than
the resistance caused by the DNA/mMIRNA hybrid, thereby falsely inflating the miRNA

concentration.

To investigate the effect of urinary proteins on the electrochemical readout, 1 mg of BSA wa
added to a 1 mL solution of 0.1 nM 2R prior to probe hybridisation. The probe was
analysed by EIS and the resulting Nygsjstctrum is shown in Figure 2.12
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Figure 212 A Nyquist impedance plot showing increased resistance of a solutiorf®@¥11®iR21 in the presence of 1
mg/mL BSAPerformed using 5 mMsfce(CNj)/Ka[Fe(CNy in 0.1 M KCI electrolyte at room temperature

Figure 2.1Zhows that when BSA was added to the miRNA solution, the resulting impedance
was markedly higher than that observed for the same miRNA concentration in buffer. This

suggested that the protein was covering the electrode surface, resulting in an apparent
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concentration that was vastly different to the true miRNA concentration. In a urine sample

from a kidney disease patient, the protein concentration is likely to be significantly higher

than in a healthy individual. Therefore analysis of a patient urine sesipbuld be potentially
problematic.

Ly 2NRSN) G2 I @92AR GKA& LINRPGSAY St SOGNRBRS aoOl
buffered proteinase K solution for a further 30 minutes. Proteinase K is &pecific serine

protease used widely for proteinigestion in biological samplé& The resulting impedance

response following proteinase K treatment io8m in Nyquist format in Figure 2.13
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Figure 213 A Nyquist impedance plot showing the effect of probe incubation in proteinase K following BSA MR
21 incubationPerformed using 5 mMsfce(CNjJ/Ks[Fe(CNy in 0.1 M KCI electrolyte at room temperature.

The impedane plot data shown in Figure 2.5Bow that proteinase K digestion resulted in a
pronounced signal decrease to a level close to that obtained forahiR buffer alone. This
observation suggested tharoteinase K could be used in analysis of human urine samples to

LINE@SyYy G LINRPGSAY aOF1Ay3e 2y (GKS LINRP0S adzaNFI C

2.5 Urine analysis
Following the initial testing of synthetic urine matrices described above, analysis of urine

samples was carried out. ldegllyrinary biosensor analysis should be quick, cheap and
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straightforward at the point of care. To this end, it is important that the urine sample should

require very little pretreatment prior to analysis.

To test the biosensor, firstly urine was used coetgly untreated, submerging the aatiR
21 DNA functionalised probe into a sample of urine for 30 minutes, with heating to promote
hybridisation Figure 2.1
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Figure 214 Coulometry plot showing the response with aniR21 DNA probe alone and with the untreated urine sample.
Performed using 5 mMsice(CNY/K4[Fe(CNyj in 0.1 M KCI electrolyte at room temperature

As shown in Figure 2.14he change in charge between tH2NA probe alone and the
untreated urine response was greater than the 10 nM highest concentration used in the
original sensitivity testinglhis would indicate a urinary M concentration of over 10 nM
which was not anticipated, therefore it wasypothesised thatthis result was due to
adsorption of protein to the probe surfac&.o prevent this, a brief initial proteinase K
incubation was used, following which the digest was Sjiaered to remove any undigested
proteins (including remaining proteinase) and lipids. This praceds summarised in Figure

2.15alongside an example of the data output with and without proteinase K digestion.
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Figure 215 Urine pretreatment procedure (top panel), and coulometry data showing how the use of proteinase K at 37 °C
for 20 minutes affects the response following incubation in uReeformed using 5 mMsfce(CNy/Ks[Fe(CNj in 0.1 M
KClI electrolyte at room temperature

Figure 2.5 shows that the probe response obtained was greater than expected in untreated
urine. However, following probe preeatment in proteinase K at 37 °C for 20 minutes, the
resulting coulometric response was markedly increased. On the basis abihve data,

future urine analyses used proteinase K treatment prior to probe/miRNA hybridisation.

Five urine samples from healthy control subjects were obtained from the Wales Kidney
Research Tissue Bank for miRNA detection analysis. For electrochenabalisanurine
samples were incubated with 10 pL of 20 mg/mL proteinase K and then filtered through a spin

filter prior to probe insertion and hybridisation. Analyses were performed three times for
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each urine sample to ensure data reproducibility. The-gfiRoncentration of each sample

was then determined from the coulometry data, and was compared&dalibration curve

(Figure 2.5 The urine analysresults are shown in Figure 2.16
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Figure 216 MiR-21 concentrations in Bontrol subject urine samples calculated using coulometric analysis. As the
concentration axis is negative, shorter bar means signify lowe2tigdncentations. Performed in triplicate using 5 mM
Ks[Fe(CNy/K4[Fe(CNg] in 0.1 M KCI electrolyte at rooremperature

The data (Figure 2.16aw data Appendix 1 Table Al.8howed some variation between

samples, with sample 1 having the lowest RiRconcentration and sample 2 the greatest,

and averaged around £0M (0.1 nM). This variation was predicted the basis of previous

unpublished analyses by the host laboratory.

Quantification of miIRNAs using reverse transcriptipnquantitative polymerase chain

reaction (RIgPCR) was carried out by calculating relative expression in comparisooebkith

miR39. Currently this represents thé 3 25f (R Y R NR¢ T2 NJ YA wb 2 RS{SO

and so data obtained through this technique were therefore chosen as the best with which

to compare our electrochemical data.

Firstly, a calibration curve was generated using a serial dilution series of sgnthi&R1

solutions as templates for RJPCR analysis, made up in biological grade veatdrtherefore
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not requiring an initial chemical extraction step. The resulting graph of threshold cycle (CT)
versus concentration, from ¥OM to 10 M miR21, is shown below. The CT values in the
linear region were then plotted against their respective initial fAlRconcentrations to

generate a calibration curve.

Amplification Plot

015182

ic Hr Hc HH

Figure 217 The raw data amplification plot showing the number of cycles required for each bufferé&lrodRcentration.
Left to right 168, 109, 1010, 1011, 1072 1013, 1014 M.
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Figure 218 Calibration plot of CT versus 2R concentration-{0g;o[miR21]) obtained using the RCamplification plot
shown in Figure 2.17

The calibration curve (Figure 2.18w data Appendix 1 Table Al®ad a Pearson regression
coefficient of 99.9%. Thishewed that the RIGPCR amplification procedure was highly

reproducible, reflecting a linear relationship between CT and concentration.

The calibration curve was then available to be used to convert CT values t81miR
concentrations, and therefore a quatdtive comparison between the electrochemical
measurements and the PCR analysis would be obtainable, thus proving whether or not the

probe was functioning correctly.

For urine sample analysis, miRNAs were extracted using the spin colsed miRNeasy kit

from Qiagen. The resulting aqueous filtrate was used for subsequent RT and Tagman® gPCR
analysis. The calibration plot equation was then used to convert the resulting CT values to
concentrations, and then plotted graphically alongside the previously oéthi

electrochemical data for comparison, as shown guFe 2.19
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Figure 219 Comparison of mi#21 concentrations for 5 urine samples calculated via electrochemistry agB GR.
Electrochemical measurementsrfigmed intriplicate using 5 mM {Fe(CNgj/K4[Fe(CNy] in 0.1 M KCI electrolyte at room
temperature

Figure 2.9 (PCR raw data Appendix 1 Table Al stibws that the miRR1 concentration
values obtained using electrochemical detection were consistently gredian tthe
corresponding RGPCR data. Qualitatively however, sample 1 had the lowest2hiR
concentration and sample 2 the highest as was the case for the electrochemically measured

concentrations.

To evaluate the validity of these concentration differenc@series of control experiments

were performed. The first of these used a 1 nM PNA sequence complementary -@&1LnaR
hybridise to urinary miR1 and thereby block any urinary m# signal detected by the
probe following proteinase K treatment. As dabed above, since PNA does not have a
negatively charged sugar phosphate backbone that is electrostatically repulsive to other
phosphate backbones, it has a greater RNA binding efficiency than DNA. Probe:PNA binding
would therefore be favoured, preventingybrid denaturation and subsequent miR
annealing to the DNA on the probe., decreasing the electrochemical response in comparison
with PNAfree urine. Following data collection, exogenous synthetic-BliRvas added to a

final conentration of 0.1 nM (Figre 2.20.
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Figure 220 Coulometry analysis of urinary m2R detection using a complimentary 2R DNA probe in untreated urine,
in urine containing 0.1 nM PNA complimentary to f2lRPNA, and in PNtéeated urine following addition of 19 M
synthetic miR21. Performedusingd mM K[Fe(CNj/Ks[Fe(CNy in 0.1 M KCI electrolyte at room temperature

As seen in Figure 2.2the addition of PNA complementary to the target RdRproduced a
slight increase in the probe response. By contrast to the change observed in untreated uri
the magnitude was greatly reduced. This reduction was similar to that seen when the probe
was suspended in a heated solution of water or buffer in the absence of miRNA. In the latter
case, the slight drop in response intensity may have been the resaltmarginal reduction

in electrode surface electrochemical hindrance resulting from a small of number of the DNA
strands of the probe being lost, possibly\sryweak hydrolysis of the sulfonamide linkage,

or small numbers of the DNA strands being hygsed.

These data suggest that the PNA:target +BiRhybridisation occurred and thus the riR

was not detected in this experiment whereas it was in previous experiments. In the presence
of 0.1 nM miR21, a slight decrease in response was observed thatesasiderably reduced

in comparison to untreated urine. This might indicate that some of the exogenou2iR
bound to the PNA, but that a small quantity remained to interact with the probe. However,

degradation by urinary RNases cannot be excluded.

A postive control was then carried out in which the urine sample and added PNA solution

was prepared as before, but the sequence of the DNA probe strand was complementary to
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mMiR-16. The proteinase-eated urine sample was filtered, and spiked with RRspeific
PNA, the miRL6 probe was incubated to induce hybridisation and the resulting coulometry

response is shown in Figure 2.21
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Figure 221 Coulometry analysis of urinary mi detection using a complimentary vl probe in urine in the presence
and absence of 0.1 nM PNPerformedusing 5 mM K{Fe(CNjJJ/KsFe(CNyj in 0.1 M KCI electrolyte at room temperature

Figure 2.2hows that miRL6 detection was not affected by the presence of R2iIRspecific
PNA. These data suggest that the lossradponse observed in Figure 2.2@s due to
sequencespecifc PNA:miRNA hybridisation, and not a-spacific artefact. They also support

the qualitativeand quantitative miRR1 detecton in Figures 2.16 and 2.19

A further control experiment used RNA digestion enzymadeM to digest all urinary RNAS,
following which samples were treated with proteinase K as above prior to coulometry analysis
with a miR-16-specific probe. Subsequently, exogenous 10 pM-btiRvas added and the

coulometry analysis wagpeated, as shown in Figure 2.22
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Figure 222 Coulometry analysis of urinary mile detection using a complimentary iR probe in RNasgeated urine,

and in RNas¢reated urine in the presence and absence of 10 pM PNA exogenod$riRi&formedusing 5 mM
Ks[Fe(CNyJ/K4[Fe(CNy in 0.1 M KCI elémlyte at room temperature

The data shown in Figure 2.2Bain provided evidence of hybridisation between probe and
urinary miRNA. These findings also suggest that the concentratiteradites observed in
Figure 2.19vas not due to interferents or artattual, and that electrochemical detection was

more sensitive than RGPCR.

The practical protocols from which the cdinfing data seen in Figure 2.18re generated

have a number of differences. One key difference is the RNA purification procedurescequir
prior to RFgPCR that is not needed for electrochemical detection. To assess miRNA losses
occurring via the extraction procedure, 10 nM, 100 pM, 1 pM and 10 fM solutions of synthetic
miR-21 were made up in buffer and extracted using the standard miRN@agrotocol. RT

gPCR was then used to detect R38R in these solutions before and after extraction. The
calibration cuve described above (Figure 2)18as then used to determine miRL
concentrations. A plot of miR1 concentration obtained before aradter exraction is shown

in Figure 2.23
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Figure 223 Comparison of mi#21 concentrations detected before (blue line) and after (orange line) miRNeasy kit
extraction.

Figure 2.23raw data Appendix 1 Table Al.lshows that for each concentration, a lower
concentration was detected via RJPCR following extraction. For a 10 nM solution there was
an approximate 7008 reduction in concentration, and the quantitative differences detected
decreased with reduction in iiR21 concentration. These data suggest that losses during
extraction contributed to the differences in concentration detected usingjRTR compared

to electrochemistry.

To assess the probe shelf life, artificial probe ageing was carried out by stogipgatbe for
24 hours at a rangef different temperatures: £C, 25°C, 30°C, 40°C and 50C. The extra
data generated are presented at the end of the thesis (Appenéigdres A1.3 and Al1.4 and
Table A112).

These data are displayed graphically in #réhenius plot shown in Figure 2.2Assuming first
order kinetics, a theoretical storage times to 50% of the reference signal of 129.9 hGat 4

68.3 h (25°C), 59.4 h (36C), 45.5 h (40C) and 35.4 h (5@)were calculated (Figure 2.p4

88



0.003 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036 0.0037

-3.5

'
L=

y =-2528.9x + 3.8916
R?=0.6325

Ink (1st order)

B
%]

-5.5
1/T (K)

Figure2.24 Arrhenius plot of Itk vs. 1/T (K) for a DNA modified electrode stored for 24 hours at 4 °C, 25 °C, 30 &0d40 °C
50 °C.

2.6 Summary of the results obtained.
In this chapter a glassy carbon electreokesed probe wassed to detect miRNAs in a variety

of solutions ranging from a buffered mi to more complicated mixtures of enzyrreated

urine with spiked in miRNAs and PNAs

Theprocedure used initially to modify the electrode ready for use as a probe was explained
in detail effectively detected miR1 by electrochemically. The modified electrode was then
used to analyse buffered solutions of synthetic MiRover a range of concentrations from

10 nM to 10 fM, and was found to have a sensitivity limit of 20 fM. Tiobe successfully
discriminated mismatched sequences from mature 2iRand miRL6, and probe flexibility
was demonstrated by preparation of a iR probe. Later tests in synthetic urine matrix
showed no effect by salt and urea, but albumin proteins i firm of BSA were detrimental

to the probe response via a blocking effect at the probe surface.

The use of proteinase K was necessary to remove BSA protein and endogenous human
proteins in urine samples. A number of urine samples were tested both etdwtmically and

using RIGPCR, and showed a significant concentration difference between the two analytical
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methods. Several control experiments were performed to show that the probe response
resulted from miRNA:probe hybridisation. In addition, the exti@ttprocedure used to

prepare miRNA solutions for RPCR analysis was shown to result in decreased detection of
urinary miRNAs. Finally the storage lifetime of the probe to 50% of the reference result was

determined at varying temperatures.

The work preseted builds upon work performed by Wargg al. on the detection of DNA
sequences to a sensitivity @2 fM17° Our work was found to be only slightly more sensitive
when applied to the detection of miRl giving a detection limit oR0O fM, however the
significant advances are the application of oesearch to the dete@on of microRNA targets
in real world urine samples and as well as indicating the specificity t@,13 and full

mismatches rather than the 3 and fully mismatched sequences explored by Wang.

The next chapters explothis adaptation of the GCgrotocol for use with screen printed

electrodes for the detection of human miRNA.
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Chapter 3: Screen printed electrode prototypes.

3.1: Introduction to screen printetectrodes
In the previous chapter a set of experiments were performed on a glassy carbon electrode,

but, due to the need to constantly renew the electrode surface for each analysis, this is not
suitable for highthroughput testing, nor for use at the pdiof care. Therefore it is the aim

of this project to adapt the method for use in screen printed electrodes which can be
produced and modified in bulk quantities and then disposed of after use. This is made possible
through a collaboration with Gwent Eleohic Materials® who have kindly supplied a
selection of prototypes for testing and troubleshooting throughout the work presented

herein.

Unlike the glassy carbon electrode used previously, screen printed carbon electrodes are
YIRS dzaAy3 | pically Ndngdsting & krdphi@ Dr giaghene particles that are
suspended in a volatile solvent and a polymer binding resin for-thiradispersion onto a
chemically resistant substrafé®?42 Although these are typical contents ohe easily
produced, easily modified and cheap screen printed electrodes of the type tested later,
numerous other materials have also become popular in similar disposable electrodes. For
example the advent of carbon nanotubes, within which reactive moleculey be
embedded, has led to their use in screen printed electrodes manufaétti@old has also
been used for nucleotide analysis due to itsligpto easily bind to thiol functional groups

which are a common tag for DNA and RNA sequeffées.

The choicef ink materials is essentially limitless as the vast majority of inks, be they carbon,
silver, platinum or any other base material, may be modified during formulation. For example
nanoparticles of noble metals such as gold or platinum can be added toowapr
electrochemical outputs and for use as catalysts, but the costs associated with this make them
unpopular?#4 Other, less exgnsive, chemical additives have also been added for certain
applications. Mixing the base carbon ink with manganese dioxide has been used for ascorbic
acid and nitrite detectiorf?®*bismuth oxide has been applied for lead and cadmium detection

in water?4% Prussian blue has been added for pesticide débe¢’*’ and even enzymesan

be formulated into the ink for screen printable enzyme electroéfés.
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The choice of electrode base material, i.e. the conductive element/mixture used as the
electrically active surface, is not the only property that needs to be explored for a particular
applicaton. The substrate material, i.e. the material that the electrode is printed onto, also
has to be chosen according to the desired application. In the past the substrate materials that
could be used were simple plastic or polymer based materials such d&s, R/EIOX
(polybutylene terephthalate), poly vinyl chloride (PVC) or alumina. Theseomiuctive and
chemically inert substrates are all sheet based materials, designed to be fairly rigid and simple
to print on. As the exact size of electrodes to be mthtand the shape and design of these
electrodes, is defined by the design of the print mesh, it is feasible to generate anything from
microelectrodes to complete electrode sheets depending on the application. Thus it is
possible to generate electrochemicsensor arrays consisting of multiple active surfaces and
AYRSYGSR WgStftaQ F2N) YAONRFEdZARAO KIyRfAy3aA:
analysis of multiple analytes at once rather than individual measurentéhidisparticular
application will be explored in later chapters in this work for detection of multiple RNA species

in a urine sample.

However, as the formulations for ink based electronics have become a lot more sophisticated,
enhancing both their electrochemithehaviour and ability to maintain performance during
mechanical stress, numerous other substrates have become available. One significant
advance is the ability to print electrochemical cells onto flexible materials such as malleable
plastics and textile®®®?2 This hasdza KSNBER Ay | ySg @g2NIR 27
technology, finding application not only in devices such as smart watches and activity
trackers, but also wearable medical devices for monitoring blood glucose in diabetes

sufferers?>3 or for use in monitoring infant temperature/glucose levelials et cetera®

Despite many possible electrode construction options, the majority of commercial sensors
follow a generic desigtCA NR G (GKS NBFSNBYOS YIFIOSNRFE FyR
often as a silver/silver chloride material, with the exact choice again depending on the
application. Next, the counter and working electrode surfaces are printed simultaneously, if
they are using the same ink base, as the examples used throughout this project do, if not then
each layer is printed consecutively. Finally, an electrical dielectric (insulator) ink is laid down,
this ink is generally used to shield the electrode conductivéstfeom any chemical solvents,

prevent any electrical noise and create a defined working area. However this material may
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have additional functionality, such as changing colour in the presence of certain metals or
compounds, if formulated appropriately. &geral schematic of this procedure is shown for

one of the designs in this project in Scheme 3.1.

Silver/Silver chloride reference Working and counter in this Dielectric final layer.
and trails, connectors at top. case carbon.

Scheme A.The general screen printed electrode layering scheme that was used in this project.
Therefore the purpose of theesearch described herein is to develop the previously used GCE
modification procedure for use with screen printed electrodes. A variety of designs was
available from Gwent Electronic Materials (GEM) that were prototyped to test their
applicability, and adpt the GCE protocol for optimal performance with these disposable
electrodes. New designs and materials will be discussed in the final chapter for optimisation

of the biosensor for the detection of multiple miRNA targets in urine.

3.2: Initial prototypingf the electrodes.

¢2 adFNI GKS LINRPG2GeLAYy3d LINRPOS&aa | asSi 2F D9

tested, the only modification made to their design being the omission of the silver chloride
reference and carbon auxiliary as the previouslgdiexternal silver/silver chloride reference

and platinum wire auxiliary were used. This was done for two reasons: firstly, the use of the
three electrode design required a custom made connector, which was not deemed necessary
during the prototyping stagessecondly, removal of these other sources of variability
permitted direct focus on the reactivity of the working electrode. Thus the initial electrodes
tested consisted of a silver/silver chloride track and connector, with a 2 mm diameter carbon
working dectrode and grey coloured standard dielectric coating. This design is displayed in

Figure 3.1.
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Figure 31 Initial prototyping design for the screen printed electrodes, supplied by Gwent Electronic Materials.
Very importantly for higithroughput and point of care applications, screen printed electrode
use is straightforward. Each card, as shown in the previous figure, contains a number of
electrodes, in this case 4, which can be simply cut out with scissassoalpel and used
individually. The bottom section and sides of the electrode can also be shortened, as they
contain no carbon or silver/silver chloride trace, if the design is too long to fit the desired
working vessel. Once cut out, the electrode isrthebnnected to the potentiostat using a
crocodile clip at the silver/silver chloride connection and used in the same manner as the
glassy carbon electrode i.e. in a 3 electrode cell with silver/silver chloride reference and a

platinum wire auxiliary.

The frst experiment performed using these electrodes was the standard deposition
procedure using ANSA, to compare the electrochemical behaviour of the screen printed
electrode (e.g. CV response curve) during this deposition to the GCE. Thus the screen printed
carbon electrode (SPCE), the silver/silver chloride reference and the platinum auxiliary were
submerged in a solution of ANSA and repeated cycles of cyclic voltammetry were performed

to encourage deposition. The resulting cyclic voltammogram is giveguneF3.2.
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Figure 32 An overlay of the cyclic voltammograms obtained after 4, 8, 12 and 16 cycles in ANSA.

This plot shows a number of slight differences to the GCE while maintaining a similar shaped
response voltammogranihe first difference is that the maximum current observed during
the cycles is vastly reducédimost 1/2the GCE responder the later cycles)most probably

due to the reduction in working electrode surface area from 3 mm to 2 mm. The second is
that there is substantially more noise at the negative voltages, which may be an inherent issue
with the materials used to produce the screen printed electrodes, as this was seen across the
majority of electrodes used. However, the remainder of the cycle was nadp well
reproduced. Sixteen cycles were used in this experiment, but it can clearly be seen that after
8 cycles the difference in current response becomes very small, and there is an increase in
response after 16 cycles. This suggested that, like tHg &@eposition cycles were sufficient

for the SPCEs.

At this point the screen printed electrodes were functioning as expected, and the chlorination
step was then investigated. The GCE procedure was folldiveda2 mL solution oacetone
and PGlwasproduced ad the ANSA deposited electrode wapmerged in it Chlorination

time was allowed, as before, after which the electrodes were removed, rinsed and analysed
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via electrochemical methods using a ferricyanide electroljtés was repeated 5 timew;jth

similar results in each case.

In most cases the dielectric layer became discoloured and dissociated, also in some cases the
silver/ silver chloride connector became discoloured and peeled away in small areas. This may
have resulted from acetone soldity of the polymers used to bind the inks to the substrate.
Alternatively, the use of acetone may have removed some water from the hydrated polymers,
causing them to lose their adhesive propertiesFigure 3.3shows an examplecyclic

voltammogram carriedut at this stage compared with an analogous GCE output.
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Figure 33 Comparative CV of the GCE following the chlorination step and the SPCE after chlorination under the same
conditions.Performed using 5 mMzice(CNyJ/K4[FeCN}] in 0.1 M KCI electrolyte at room temperature

The above data reflected the observed electrode damage following the chlorination
procedure. The current response obtained from the SPCE was far higher than that observed
for the GCE, with a peak of just over 0.3 mA compared to expected 0.08 mA, redpettng
difference in peak current might be due to the difference in electrode area, but as this
electrode is smaller than the GCE a smaller peak current would be expected. The shape of the
CV curve was also markedly different: it did not show the relbkrsixidation and reduction

peaks of the ferricyanide and tailed off in an unexpected way in the negative voltage range.
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The chlorination procedure was therefore revised before continuing with the modification

procedure.

A number of different P€bolvens were tested for solubility to find one that both dissolved

the reagent and left the electrode intact. As summarised in Table 3.1, the majority of solvents
proved unsuccessful, either failing to show any dissolution of thg BC$howing clear and
sevae damage of the SPCE. Also, the carbon disulfide solvent was deemed too dangerous to

test due to the potential to generate mildly toxic thiophosgene (@3t side reaction.

Table 31 Solvent Pgbolubility and effect onhie SPCE after 30 minutes.

Solvent Electrode damaged? PC4 solubility.
Water/ethanol No Hydrolysis reaction
Acetone Slow Yes
Hexane No Slow
Heptane No No
Cyclohexane Yes Yes
Tertiary-butyl-methytether Yes Yes
Diethylether Yes Yes
Dichloromethane Yes Yes
Chloroform Yes Yes
Carbordisulphide Yes *Thiophosgene production
Ethyl glycol dimethyl ether Slow Yes
Benzene Yes Yes
Toluene Yes Yes
Cyclohexyl methyl ether Yes Yes

The experimental observations listed in Table 3.1 show that the SPO#tgluhssusceptible

to damage in most of the RGblvents tested. However, when submerged in hexane the SPCE
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showed no visible signs of damage, even overnight. While the dissolution soiv&@Clrery

slow in this solvent electrode damage was not obseraed, hexane was therefore chosen.

Solution of PGlin hexane was then tested to ensure that chlorination occurred as desired.
The ANSA modified electrodes were submerged in the hexanddl hour, 2 hours and 4
hours. Following this, they were analysesing ATRR by compressing the electrode surface
against the ATR crystal and comparing the resulting spectra against that of an ANSA electrode
subjected to the P€in acetone procedure. The blank and ANSA electrodes were also imaged

for a reference (Fige 3.4).

50+

70+

Transmittance

60+

2358.4586
F08.1723

17121996
-4 1014.5520

4000 3000 2000 1000
Wavenumbers

Figure 34 Overlaid ATRR spectra showing the unmodified SPCE (black) the isolated ANSA compound (red) and the ANSA
modified electrode (green).

This initial IR spectrum shows how the SPCE appears when it is umchoalifd then how it
changes following electrodeposition of the naphthalene sulfonic acid, the IR of the acid is also
given for peak reference. From the spectrum, the most obvious change following the acid

deposition was the presence of a new peak at 2368'c

This peak usually indicates the presence of a nitrile (CN). Howeverdhld mot be possible
in the experimental system without being present in the ink, and was not obsenvéte

unmodified electrode.
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On the other hand, the ink did have a Cstf2tch as indicated on the IR at around 1712%m

and the 2360 crit peak might be a stretch resulting from the amine of the sulfonic acid
reacting with a functional group on the carbon surface. Either through an isocyanate (N=C=0,
£2270) or an isothio@nate (N=C=82125), this would also be indicative of the mechanism

by which the amino functionality binds to the carbon surface of the SPCE. However, as this
peak is missing from some of the scans displayed in Figure 3.5, a more plausible explanation
is that these peaks arise due to unresolved atmospherigti&d was not removed during the
background measurementsThis is further indicated by its clear double pedkaving
measured the deposited spectrum, the chlorination procedure was tested at a nuniber o

time points to determine time of completion (Figure 3.5).
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Figure 35 IR spectra recorded after different chlorination conditions, the first by submerging the ANSA modified SPCE
electrodes in acetone/P3br 30 minutes (black) and the remainder by submergingexane/PGlfor different time
periods: 18 hours (red), 4 hours (green) 2 hours (blue) and 1 hour (orange).
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The data shown in Figure 3.5 are not conclusive regarding the time required for thr@déec
to react in hexane/P€and show only slight differences to acetone/ft@&atment. The most
obvious indicator would be a change around 700%éndicating the presence of a Cl, but in
all cases this section was not well resolved. Notably, the peBR360 cm' appears in only
3 of the 5 surfaces tested, providing further evidence of unresolved atmosphesit©@O

removed correctly during the background scans.

A reaction time of 4 hours was selected, as this was the first time point at whichtak of
ground PGlhad dissolved completely or the solution had become saturated. Importantly,
subjecting the sensors to this chlorination mixture did not result in the same misshapen cyclic
voltammetry plot recorded previously. An example voltammogramvisrgin Figure 3.6, and

shows a GClke SPCE response following chlorination.
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Figure 36 Comparative CV showing that the SPCE displays expected electrochemical behaviour follgahitariR&tion
using hexane solvent (orange) compared to GCE chlorination with acetone seéréotmed using 5 mM
Ke[Fe(CNyJ/K4[Fe(CNy in 0.1 M KClI electrolyte at room temperature
The above CV curve comparison (Figure 3.6) shows that the SPCEedighkycorrect
electrochemical redox behaviour following submersion in the hexane/Eldbrination
mixture. dear oxidation and reduction peaks were observed with no tailing off seen

previously. The GCE response following chlorination in acetone is simokigure 3.6 for
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comparison of the CV curve shape, but it was noted that the SPCE response was much smaller
than that obtained from the GCE.

As mentioned previously this current response is likely due to the working areas of the SPCE
(diameter of 2 mm) ath GCE (diameter of 3 mm) differing. The area of a circle (A) is calculated
using the equation A = xradiug: a circle of 3 mm diameter has a total area ofrdn?, and

a 2 mm diameter circle has a 4nm? area. It is therefore conceivable that the current
expected from a 2 mm diameter electrode would be below %tBat for a 3 mm electrode.

This assumption concurs with the observed data, the GCE giving a curfé@tt pA and the
SPCE a current 685 pA

Following the successful SPCE chlorination procedure, the electrodes were modified with the
amine tagged DNA sequence complementary to-2fiRas carried out previously. For the
purposes of prototyping the DNA was applied in a 10 pL droplet in buffeaémased to air

dry overnight at room temperature. The surface was then analysed using cyclic voltammetry
in ferricyanide to analyse SPCE integrity, and no modification to the DNA addition procedure
was required.

The final modification step to be tested wi#he submersion of the SPCEs into buffered miRNA
solutions. Initially this was performed at 50 °C for 60 minutes to ensure that the predicted
changes in response were observed. However, similar signal aberrations were observed to
those seen following chimation failures. Visually, it was apparent that the dielectric coating
was peeling away from the Valox® backing, and bubbles were forming underneath the layer
in the areas that were submerged for the hybridisation. Also, the silver connector pin showed
discolouration, which was also unexpected since the only relatively volatile compound in the
buffer was water. These observed changes were thought, at least in part, to explain the
aberrant electrode response.

For the next trial, the outermost dielectricylar was strengthened using a commercially
available fast drying resin used most often for hardening and sealing nail varnish. Application
was carried out using an applicator brush around the active working surface, with particular
attention to the edges whre the electrode had been cut out and possible entry points for
moisture had been generated, and the resin was left to air dry completely at room

temperature (see Figure 3.7).
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Figure 37 An illustration of commercial resapplication to strengthen the dielectric layer and prevent water ingress.

Along with this modification, it was also deemed necessary to cover the silver connection pins
with insulation tape in order to prevent any possible detrimental effect of buffer uapo
perhaps indicated by the discolouration noted above. The electrodes were then again
submerged in buffered miRNA solution in a 1mL Eppendorf tube, and heated to 50 °C for 60
minutes to determine their stability. The resultant cyclic voltammogram inr€ig8 shows

improved oxidation and reduction profiles, indicating that the treated electrode was more

durable.
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Figure 38 Overlaid cyclic voltammogram showing data for one SPCE strengthened with resin (orange) and one un
strengthened SPCE (blue) following incubation in buffered miRNA soRdidormed using 5 mMsfce(CNy/Ka[Fe(CNyj
in 0.1 M KClI electrolyte at room teewature

Figure 3.8 shows a misshapen voltammogram, similar to that obtained from chlorination in

the acetone/PGImixture, for the unstrengthened SPCE. Although oxidation and reduction

LIS 1a 6SNB 20iGFAYSRI (KSNB ibthélower volthgediaRd Wi I A €
the peak currents were much higher than expected. However, when the resin anavepe

applied, a redox curve of the more expected shape alzserved, with no tailing effect, and

the peak currents were within ranges observed mevious steps in the modification

procedure.

The SPCEs had therefore successfully survived each of the modification steps and displayed
cyclic voltammograms similar to those obtained at each step of the GCE modification. It was
then necessary to determiné SPCEs detected changes in electrochemical response similarly
to the GCE. This would also provide data on the sensitivity of the SPCE, and how it compared
to the previously obtained GCE sensitivity. Thus, the SPCEs were modified using the

aforementionedchanges to the original procedure, and then incubated in solutions of miR
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21 of varying concentrations for 30 minutes at 50 °C. They were then analysed using cyclic

voltammetry and chronocoulometry as before.

However, the SPCEs were unsuitable for Nyquist electrical impedance spectroscopy analysis
(shown Appendix 2 Figure A2.1 at the end of the thesis). By plotting the data as a Warburg
plot however some analysis was possible by extrapolating the intercepiedfrtear section,

this is also given in the Appendix (Appendix 2 Figures A2.2 and A2.3). The results of this first
set of sensitivity tests are displayed in the plot in Figurgi&® data Appendix 2 Tabk2.1).
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Figure 39 Coulometry changelQ) between the DNA modified SPCE and the DNA/RNA modified SPCE for diffé2&nt miR
concentations. Performed in triplicate using 5 mKe(CNy/Ks[Fe(CNyj in 0.1 M KCI electrolyte at room temperature

Initial results using thisadapted modification procedure seemed promising, a highly linear
change in coulometric response was observed with theglofmiR21 concentration, as had

been observed with the GCE. However, there were still major differences between these
results and those obtained previously. Firstly, the SPCE sensitivity was much lower than that
for the GCE, with an SPCE minimum obseevaoncentration of 715 fM to the GCEs
calculated limit of detection of 20 fM (and minimum extrapolated concentration of 6 fM).

Also, the individual data points for £010° and 10* M show high variability compared to
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those obtained in analysis usingetliCE. In addition, the failure rate of the SPCEs, although

much improved using the modified procedure, was still significant.

3.3: Using SPCEs with an increased working area diameter.
To address the issue of reduced SPCE sensitivity, a new electrode wasigequired which

incorporated a 3 mm active surface to improve the limit of detection. GEM supplied the set
of SPCEs shown in Figure 3.10, with a 3 mm diameter active surface suitable for testing ink

materials as above.

| i e

Figure 3103 mm electrode design made available by Gwent Electronic Materials (GEM).
These 3 mm SPCEs did have some additional differences to the 2 mm electrodes described
above. The grey dielectric no longer surrounded the entirety of the surfaeecdahnection

was carbon and not silver/silver chloride, and they were markedly smaller in length.

These electrodes maintained normal responses throughout the adapted modification
procedure. The new SPCEs were then tested to determine the effect of sgifacen the

resulting signal obtained.
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Figure 311 Cyclic voltammogram comparing current response from the GCE (orange), the 2 mm SPCE (grey) and the 3 mm
SPCE (blue) following DNA additiBarformed using 5 mMsfce(CNy/Ks[Fe(CNg] in 0.1 M KCI electrolyte at room
temperature

The cyclic voltammogram in Figure 3.11 shows the current response compared to the GCE.
The 3 mm diameter SPCE gave oxidation and reduction peaks much closer in magnitude to
the GCE than the 2 mmeetrode. Although there is still some difference, which could be
down to a slightly different surface coverage or down to the properties of the ink over the
GCE, the 3 mm diameter electrode does give a closer resemblance to the GCE than the 2 mm

electrode

Following the above findings, the sensitivity of the 3 mm SPCEs was then tested. The

electrodes were modified as previously and hybridised with different2liRoncentrations.
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