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Abstract

Deoxyribose nucleic Acid (DNA) is the building block of life and, as such, has been

investigated for a wide range of uses. In particular, DNA has been investigated for

use in biosensing applications and the treatment of diseases involving DNA

replication or protein synthesis. In order to enhance the sensing capabilities of DNA,

an array of tags and modified nucleic acids have been synthesised and trialled. This

thesis studies both the sensing capabilities and the stability of electrochemical

reporters based on the redox active molecule ferrocene.

The four topics investigated in this thesis are as follows:

1.

Two synthetic ferrocene nucleic acid (FCNA) mimics were incorporated into the
backbone of a DNA strand in a central position. These probes were then
attached to the surface of gold electrodes through thiols incorporated at the 3’
position to form mixed monolayers with 6-mercaptohexan-1-ol. These
monolayers were used to detect target DNA with the aim of increasing
sensitivity and decreasing the amount of probe required for sensing. The
monolayers were also assessed for their long-term and electrochemical
stability as well as their resilience towards multiple uses. Target detection was
possible with square wave voltammetry due to the reliance of this technique
on the ‘critical frequency’ of the redox active molecule and how this changes
on duplexation.

DNA probes containing thymine-modified FcNA reporter groups were
investigated further due the ability of mercuric ions (Hg?*) to bind covalently to

two opposite thymine groups. Detection of these ions was possible through



3.

both cyclic voltammetry and square wave voltammetry although the latter gave
the most profound distinction.

A 5 DNA tag based on two covalently connected ferrocene molecules was
compared and contrasted with a tag containing a single ferrocene molecule in
terms of its DNA target sensing and stability to electrochemical interrogation.
Interestingly, the presence of two redox active centres in close proximity gave
rise to two redox waves, one of which displayed solution based
electrochemical behaviour and one which displayed surface bound behaviour
due to the potential of zero charge of the gold electrode.

The FcNA-conjugated DNA probes are assessed for their potential as
therapeutic antisense agents by exposing the single stranded and duplexed
probes to a DNase and two types of exonuclease enzyme. The ability of the
FcNA molecules to withstand enzymatic digestion, and so prevent release of
the target DNA strand when in duplex form, was monitored using

polyacrylamide gel electrophoresis.
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Chapter 1: Introduction

1.1 Deoxyribonucleic Acids (DNA)

It is perhaps unsurprising, as one of the central molecules upon which all life is
based,” that possible modifications to the natural deoxyribonucleic acid (DNA)
molecule have been widely explored since its structure was elucidated by Watson
and Crick in 1953.% The ability to artificially design and fine tune novel properties for
analogues based on DNA have implications for medicine, defence from biological
warfare, forensics and nanotechnology in terms of biological sensing and

bionanotechnology.*™

1.1.1 DNA Components

DNA is comprised of three main building blocks: a phosphate backbone, deoxyribose
sugar units and nucleobases (Figure 1.1). The ends of the DNA strand are labelled 3’
or 5" depending on which carbon on the deoxyribose sugar the phosphate group is
attached to (labelling shown in Figure 1.2). Natural DNA exists as a duplex and is
formed when complementary nucleobases on opposite strands hydrogen bond and
pull the strands together; adenine binds to thymine and cytosine binds to guanine. In
ribose nucleic acid (RNA: single stranded molecules similar in structure to DNA but
with a ribose sugar) the thymine is replaced with uracil. In order to accommodate the
bond angles of the sugar-phosphate backbone on hydrogen bonding, DNA regularly

forms the double helix structure characterised by Watson and Crick (Figure 1.2).2
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Figure 1.1: The nucleobases. Top: left: adenosine, right: thymidine. Bottom: left: guanosine, centre:
cytosine, right: uracil.
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Figure 1.2:Structure of DNA and double helix’
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1.1.2 DNA Stability

The strength of the interactions between two strands of DNA can be determined
through thermal melting studies, a technique in which the temperature at which 50%
of the DNA duplex (ds DNA) has denatured and reverted back to single stranded
DNA (ss DNA) is determined by monitoring the change in UV absorption at 260 nm.
Essentially, stronger interactions result in the need for a higher temperature to
separate the strands. The strength of DNA duplexes is an important issue to consider
and can be affected by a number of factors.’

The nucleobases themselves have two contributing factors. The most obvious is the
complementarity afforded by the hydrogen bonding between corresponding bases.
As well as stability, the complementary nature of the hydrogen bonding base pairs
allows for sequences to form in the correct order necessary to code for the 100,000
proteins required by the body.8 However, it has been noted on a number of occasions
that the presence of -1 stacking which exists between the aromatic rings present in
each nucleobase has a larger effect on stability than the hydrogen bonding alone. *'?
Other factors include the hydrophobicity, salt composition and concentration in the
environment of the DNA. For example, divalent salts are more stabilising than
monovalent salts due to the formers increased ability to negate the multiple negative
charges which exist along the DNA backbone and so reduce repulsion between the
strands.’

The ordering of the bases also has an effect on stability since base pairs have

varying dipoles and differing interactions with the pairs positioned above and below.
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1.1.3 DNA Structure

Natural DNA generally exists as ‘B-DNA’. The presence of multiple C-G pairs (with
three consecutive C-G base pairs as a minimum'®) results in a looser system known
as ‘Z-DNA'. It also has a left helical structure as oppose to the right twist of natural
DNA and its major and minor grooves are similar in size (Figure 1.3). It is not yet
known to exist in any biological system and is generally an unfavourable
conformation.®

Another natural form of DNA is A-DNA which is common in RNA duplexes and is
more similar to B-DNA but forms tighter helices as shown in Figure 1.3. It generally
forms under dehydrating conditions and so is commonly seen in crystal structures

generated for DNA due to the methods required to make crystals.®

Helical turn
Helical turn
Helical turn

L

B-DNA Z-DNA

Figure 1.3: Structure of the three major types of DNA. The image was taken from Nakamoto and co-
workers.
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1.2 Biosensing with DNA

It has been shown that alternatives of all the main building blocks can be
synthetically produced and incorporated into DNA strands. Pinheiro and Holliger’
have briefly reviewed this expansive area of research, giving examples of alternative
nucleotide, sugar and backbone linkers.

A major focus for DNA modification is biosensing. The ability to sense a range of
species including but not limited to small molecules, proteins or single nucleotide
polymorphisms (SNP; variations in the genetic sequence of one nucleotide at a
specific position14 which is present in less than 1% population and can indicate
predisposition towards contracting a disease and/or health issues) is important in the
shift towards individual ‘tailor-made’ health care.” Before considering the role of
ferrocene, it is prudent to discuss the more commonly used biosensing methods first.
Biosensing with a DNA strand probe is possible when a target strand or molecule

hybridises or binds to a probe which is specific for the target.16

The hybridisation is
then detectable by a reporter molecule. There are a number of different types of

reporter molecules used. Radioactive isotopes have been used due to their low limits

17 8

of detection; it has been possible to detect DNA in the tens of picomoles.1
However, the intrinsic health and safety issues as well as the short usable life span of
the compounds17 have led to a recent decline in their use. As a result, fluorescent

labels are more commonly used, as outlined below.

1.2.1 Fluorescent Methods

There are a wide variety of fluorescent dyes and systems, some of which have

sensitivities in the region of attomoles,' that can be used for DNA hybridisation and



Chapter 1: Introduction

SNP detection and so this discussion will focus on a few common systems which will
be described for illustration. Abel and co-workers?’ used fluorescein to detect
hybridisations of complimentary strands of DNA where the dye was attached directly
to the target strand. A capture probe was attached to a fibre optic sensor, the labelled
complimentary strand added and then the fluoroscein was excited at 488 nm by an
argon laser. The increase in emission in the area surrounding the fibre optic sensor
was then recorded. While this showed a detection limit of 24 fmol, it took 60 min to
reach this sensitivity and it was not tested with targets with a base mismatch. Since
DNA can still bind with mismatches it might be expected that there was little or no
reduction in emission by the fluoroscein. Other fluorescent dyes include rhodamine-
based dyes and AMCA.?'

There are a number of fluorescent probes which can be used to detect SNP sites
such as Tagman, Scorpion and Molecular Beacon. These probes all depend on a
technique which amplifies DNA called the polymerase chain reaction (PCR) invented
by Mullis and co-workers in 1987.% This works through cycling heating steps (which
denature and separate the DNA target into single strands) and elongation steps using
primers and DNA polymerases to allow synthesis of a new complementary strand®.
The repetition of this procedure allows for logarithmic replication of DNA meaning
that only small amounts of target (theoretically 1 strand) is required in the first
instance. However, errors in the DNA sequences increase after approximately thirty
denaturing cycles. PCR can also be a lengthy process; techniques which are
sensitive enough to detect target DNA directly would save time and be more cost

effective.
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1.2.1.1 Fluorescent Probes

Tagman probes (Figure 1.4) are stretches of DNA complementary to a target with a
fluorescent reporter group on the 5' end of the strand and a quencher on the 3' end.
The quencher acts to stop fluorescence by a process called fluorescent resonance
energy transfer (FRET) whereby the excitation energy is transferred to the quencher
in a distance dependent fashion through non-radiative processes. When the probe
binds to the complementary strand the fluorophore is cleaved by DNA polymerase
and so can fluoresce. In order to detect SNP sites two probes are required (one
complementary to the mismatch sequence and one to the normal sequence) with
different fluorescent reporters for each sequence.?® However, Tom Brown and co-
workers®* have shown that it is possible to use only one probe to detect SNP sites by
monitoring the fluorescence at a temperature where the probe is dissociated from the
SNP strand (due to weaker binding) and the complementary strand is still bound to
detect the presence of the 'mutant' strand. This technique requires highly accurate

instrumentation.

Fluorophore Quencher

Forward PCR primer ¢ TagMan
= Probe

n Reverse PCR primer
I Amplification Assay

Folymerization

E

" Probe dizplacement
Fluorescence and deavage

Result
Fluorescence

— vatinz P

PCR Products Cleavage Products

Figure 1.4: Schematic of action of Tagman Probes®
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Molecular Beacons (Figure 1.5) consist of a stem loop probe which contains a
complementary sequence to the target within the loop and a stem which has

% When in the loop formation the

complementary bases close to the probe.
fluorescence is quenched but on addition of a target, the hairpin opens up to allow
binding to the complementary strand.?* This separates the fluorophore and the
quencher so emission can be recorded.?® As with the Tagman probe, two different
sequences and fluorophores (specific for the natural and SNP variation) are required

to detect the presence of a SNP site or it can be performed with one probe in a fine

temperature window.

NS\

Q

Figure 1.5 Schematic representation of the mode of action of a molecular beacon where Q refers to
the quencher and R refers to the fluorescent reporter.

A Scorpion probe (Figure 1.6) is similar to a molecular beacon as there is a
fluorescent reporter on the 5' end of the DNA stem, a quencher on the 3' end but the
probe is also bound to the DNA strand of interest via a primer. This gives the
advantage of faster assay times? compared to the probes previously described. The
probe will bind to a DNA sequence with a SNP site but once again it is possible to
subject the experiment to a narrow temperature window to allow the SNP strand to

dissociate whilst the complementary stays bound
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Figure 1.6 Schematic of the action of Scorpion Probes (Image taken from www.biosyn.com)®’

While these methods have been shown to provide low limits of detection there are
some issues which have yet to be overcome. The procedures can be complicated,
long detection times®® are normal, the analysis with probes is usually used in
conjunction with PCR making miniaturisation difficult and samples must be reduced
in volume, causing contamination and loss.?® In light of this much research has
focussed on producing sensors based on electrochemistry.

Fritz and co-workers’® showed it is actually possible to detect the presence of
hybridization and single base mismatches with ‘label-free'’ DNA (i.e. no artificially
inserted reporter compound). The DNA probe was bound to an electrode and the
change in surface potential of the electrode on binding of the target was compared
with that of the surface-bound DNA probe alone. However, the sensitivity for this
technique was relatively poor with a detection limit of 2 nM. As a result,
electrochemical species that utilise redox active reporter groups which can be

incorporated in DNA are now becoming widely explored.
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1.2.2 Electrochemical Methods

Electrochemistry is quickly becoming an important area of research in terms of
biosensing. This method depends on the presence of a redox active species which is
able to readily donate or accept electrons (oxidation and reduction respectively). This
occurs at a particular potential (or voltage) and relies on the reporter group being in
close proximity to an electrode enabling it to complete, in essence, an electrical
circuit. The movement of electrons to and from the electrode results in an increase in
current which can be monitored. The potential at which the species is reduced or
oxidised can also be used to glean vital information. The theory of this will be covered
further in Chapter 2. Commonly, Cyclic Voltammetry is used to probe a system when
using electrochemical reporters. The electrode potential is scanned back and forward
resulting in peaks showing where the compound oxidises and reduces. However,
there are a range of electrochemical techniques which are widely used, including
Square Wave Voltammetry, Electrochemical Impedance and Chronoamperometry.

The varying environments in which the reporter molecule exists will result in different
redox potentials depending on the effect it has on the molecules ability to oxidise or
reduce. Clearly, hybridisation of a target DNA strand would constitute a large change
in environment for the redox active species, thus resulting in a change in redox
potential.* The presence of SNP sites may cause changes in potential (as the
environment will change marginally) and may allow for sensing. It is also possible to

gain some insight into the reaction kinetics by varying the scan rate of the potential.
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1.3 Ferrocene

|
>

Figure 1.7 The Structure of Ferrocene

Ferrocene (shown in Figure 1.7) is used regularly as a redox reporter within DNA
because it is easily manufactured within the lab, functionalisable, stable and has well
defined electrochemical behaviour.” It has also been shown to be more air and

moisture stable compared to alternative metallocenes.*

1.3.1 Incorporation of Ferrocene into DNA

Ferrocene has been incorporated into a number of regions within the DNA molecule.
These are discussed below:

1.3.1.1 Attachment to DNA Terminals

o

O——P——0——DNA sequence
~ /\/\/\/ || g
N
| | °

Fe H

<

Figure 1.8 Ferrocene attached to DNA by an amino hexyl group.31

O—O0

The first attempts at attaching ferrocene to DNA molecules for the purpose of

electrochemical sensing were performed by Ihara and co-workers.?’ They initially
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attached a ferrocene molecule, post synthetically, to the 5' end of DNA with an
aminohexyl terminal (Figure 1.8). The electrochemical behaviour of this molecule was
interrogated using an electrochemical detector (ECD) which induces electrochemical
reactions with active species as the reaction mixture is eluted with high performance
liquid chromatography (HPLC). The current change at the electrode can then be
detected during the electrochemical reaction. They were able to detect hybridisation
of the ferrocene labelled probe with a DNA target with sensitivity of detection
between 1 and 20 fmol with this technique.®' |hara and co-workers note that the
sensitivity is not as low as that possible with fluorescence methods which utilise
enzyme amplification methods (although it was equivalent to that of radiolabelling
methods) and the sensitivity largely depended on the stability of the hybrid molecule.
In particular, it was observed that longer probe strands resulted in lower limits of
detection. They also state that using HPLC had its disadvantages. The probes
caused damage to the columns by clogging them and although the hybrids eluted off,
it was more difficult to remove and regenerate the original probe. There were also
concerns that for some of the columns tested, the DNA hybrid eluted too quickly so
could be confused with artefact peaks inherent to the HPLC technique.®' Ferrocene
appeared to be an adequate reporter molecule but the detection method needed
some development.

Subsequent investigations into ferrocene labels have generally used cyclic
voltammetry since it is the conventional technique for electrochemical studies.
Letsinger and co-workers used cyclic voltammetry to show the attachment of a DNA

strand labelled at the 5' end of DNA with a ferrocene molecule to a gold surface. The
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probe was synthesised using phosphoramidite chemistry (Figure 1.9) allowing for the

automated synthesis of the DNA strand.>?

Figure 1.9: Reagents and conditions: i, H,0/HMPA, reflux, 6 h; ii, p-cyanoethyl-N, N-diisopropyl-
chlorophosphoramidite: N, N-diisopropylethylamine: THF, room temp., 3 h; iii, thymidine modified
CPG: DNA synthesizer; iv, thymidine modified CPG: DNA synthesizer; v, 3’-thiol modified CPG: DNA
synthesizer32

Since then, ferrocene molecules have been attached to the ends of DNA on multiple
occasions. This has been achieved in a number of ways, such as via a reaction of
ferrocene with a nitrogen phosphate group and reaction of ferrocene a carboiimide
group which goes on to combine with the imino groups on the T, U and G
nucleosides.*

Hillier and co-workers showed it was possible to demonstrate nuclease enzyme
activity on a 5' labelled DNA strand. It was found that the current increased as the
strand was digested as the labelled digested DNA section was able to diffuse closer
to the electrode. There is only one label on a strand which produces many

nucleotides when digested raising the issue of competition by diffusion for the
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electrode. As a result the sensitivity was not very high; 5uM of oligonucleotide was
required for accurate detection.>®

The attachment of the labelled oligonucleotide to a surface may remove the problems
associated with diffusion. Anne and co-workers showed it was possible to attach a
ferrocene molecule to the 3' end of DNA whilst attaching it to a gold electrode via a
thiol unit on the 5' end. The aim was to measure the difference in elasticity of the
single and hybridised DNA molecule strand. They conclude it may be possible to
detect mismatches in base pairs as they affect the elasticity of the molecule, although
this has not yet been tested.>*

Plaxco and co-workers have used the principle of attaching a single DNA strand with
5' ferrocene probe to a gold electrode and combined it with a molecular beacon type
stem loop detector. When in the stem loop the ferrocene is held close to the
electrode, allowing for electron transfer. When the target strand hybridises with the
stem loop the resultant duplex straightens and moves the ferrocene away from the
electrode. The authors report that the ferrocene electrochemical signal disappears
within 30 mins of adding 5 pM of DNA target and with less concentrated target
solutions the signal reduces. Despite the high concentration of target required it was
shown that the probes were recyclable, showing promise for the future creation of

reusable detectors (Figure 1.10).%°
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Figure 1.10: Monitoring target DNA detection through structural changes of a molecular beacon like

probe with a ferrocene reporter group.

1.3.1.2 Attachment to Nucleotides

Some groups have attempted to incorporate ferrocene molecules into the core
structure of DNA so the electrochemical reporter is closer to the site of interest and

the electrode, hopefully enhancing the electrochemical sensitivity.

(0]
Fc

X

HN HN
DMTO )\ | DMTO )\ |
0 N 0 N Fc
o 0

0]
NZ = 2a) Ch-ethylferrocenyl-deaxythymidine 2b) C5-vinylferrocenyl-deoxythymidine
DMTO }\ |
O N
o Fc
o] Fc 0
) 7 \
% DMTO ﬁ\ ‘ HN |
! DMTO
(Pr),N”" ~O(CHy),CN 07 >N OJ\N
1) C5-ethynylferrocenyl-deoxycytidine o 0
OH OH
2c) C5-ethynylferrocenyl-decxyuridine 3) Ferrocenyl-2"-furanopyrimidone

Figure 1.11 1) Conjugated cytidine monomer 2a-c) monomers containing single, double and triple
bonded (respectively) alkyl linkers to a thymidine (or in the case of the triple bond uridine) nucleoside.
3) The cyclisation product from 2c.
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To this end, many groups have incorporated ferrocene into DNA nucleosides and a
few examples are discussed here. Houlton and co-workers have functionalised
cytidine via a triple bond *® and thymine via single and double bonds®’ (all with a 2
carbon linker) with ferrocene at the 5-position. The former was successfully
integrated into a DNA strand and hybridised with a target producing reversible redox
behaviour both in solution and immobilised on a silicon electrode. The ferrocene
molecule was shown to be situated in the major groove and as a result had little
effect on the natural DNA structure but did result in a small loss in stability (~2°C by
thermal denaturation (Tm)).36 Thymine is a more conjugated system due to the triple
bond to the ferrocene and so should have facilitated greater electron transfer
between the reporter group and the nucleoside making it a more sensitive probe.
However, it readily cyclised and formed a more stable duplex with a guanine residue
rather than with adenine as the base opposite.37 This was also observed by Yu and
co-workers when working with uridine conjugated to ferrocene via triple bonds
(Figure 1.11).%

Kraatz and co-workers worked around this issue by binding the ferrocene directly to
the 5-position of uridine (and cytidine) by a 1 carbon link.*® This was done using a
Stille coupling and the resultant residues produced redox behaviour when in a 3 base
DNA strand. The authors hope to combine this with a natural DNA strand in the
future to determine whether the electrochemical signal change is enhanced on
hybridisation.

Following their work on thymidine, Yu and co-workers then went on to attach
ferrocene to the 2° OH position in both cytosine*® and adenosine.™ The adenosine

version was used in a dual probe set up by adding a functional group to the ferrocene
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molecule which altered the potential and enabled sensing of single nucleotide
polymorphisms (SNP; variations in the genetic sequence of one nucleotide at a
specific position which is regularly present in a population and can indicate
predisposition towards contracting a disease and/or health issues”). One probe
matched the target strand and one probe matched the strand with a mismatched
base so the SNP was discernible by electrochemistry. The probe without the added
group on the ferrocene was shown not to affect the stability of the duplex (by T:
modified probe = 50.5°C vs. unmodified probe = 51.2°C). However, this setup
required an anchor strand to the gold electrode, two probes in solution and the target
strand. It is therefore unlikely that this probe will be reusable and requires more
synthesis than using a single probe, adding to cost and time.

The ferrocene modified cytosine nucleotides were not used to detect SNPs but did
show that the position of the ferrocene moiety within the nucleotide is important. At
the 2° OH site of the cytosine thermal denaturation showed stability of the 15mer
duplex with a matching target strand was very similar. Furthermore, using two
ferrocene modified nucleosides reduced the T, by 0.9°C from which the authors
deduce that there is no significant change in duplex stability but could increase the
sensitivity. However, placing the ferrocene in the 3' OH position gave a lower T,
indicating that the introduction of ferrocene was destabilising the duplex. The authors
suggested this was because the ferrocene in the 3’ OH position resulted in a change
in geometry on hybridisation of the target. Clearly the effect of ferrocene on the
structure of a DNA duplex needs to be considered when judging the viability of a new

probe for target sensing.*
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Interestingly all of the above groups note that the nucleoside to which the ferrocene
is attached has a marked effect on the redox potential obtained. For example, the
potential shift for Kraatz and co-workers® cytidine vs uridine trimer is 87mV (470mV
vs. 387mV redox potentials respectively). While the authors offer no explanation for
such a large shift, this author questions whether it may be possible to incorporate two
or more modified nucleotides (since in certain positions the stability of the duplex is
not affected by insertion of 2 ferrocene moieties, as discussed above) in order to
detect multiple SNP sites by studying multiple redox potentials at once.

Ferrocene redox reporters can also be used as DNA backbone modifications. This

will be discussed further in Chapter 3.

1.4 Metals in DNA

Various metals have been considered for input into the DNA structure in order to
impart properties such as magnetism and conductivity which could facilitate the
production of nano molecular machines and self-organising nano objects‘”. Lee and
co-workers*’ showed that above pH 8, Zn?*, Ni**, and Co?** could all form metal-DNA
(M-DNA) where these ions are suggested to be coordinating to natural bases in a
pair. This was done with the main aim of increasing DNA conductivity43 which was
achieved to the extent where an M-DNA SAM was as conductive as a gold surface.*
ng+ has been shown to coordinate mismatched thymines base pairs within an
unmodified DNA duplex (Figure 1.12).*' While the exact mechanism is not completely
understood , Katz noticed that the viscosity of a natural DNA molecule increased on
binding of Hg2+ and, after subsequent UV studies were carried out by Thomas,*® Katz

proposed that slippage was occurring between the two DNA strands in order for T
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bases to align and facilitate T-Hg?*-T binding.*" This will be discussed in more detail

in Chapter 4.
o 0 N%
/ N—H
- g_N:
Y /
74 0 0

T-Hg-T

Figure 1.12: Thymine-Mercury-Thymine bonding within natural DNA*

It has also been shown to be possible to design artificial nucleosides with groups
which bind specific metals. This increases duplex stability, an example being the
complexation of Cu?* with nucleosides which resemble the N, N’-bis (salicylidene)
ethylenediamine ligand (Figure 1.13).*" The ligand replaces the cytosine bases on
opposing sides of a DNA duplex and forms a structure with a similar geometry. This
allows for easy incorporation into natural DNA and has excellent implications for DNA

as a nanoarchitecture material.
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Figure 1.13: N,N™-bis(salicylidene) ethylenediamine ligand6
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Despite the wide applications for metal addition to DNA there are a number of issues
in terms of biosensing. Many metals are toxic within the body, including some which
are most commonly used with DNA such as Hg?*, Fe?* (in large amounts), Zn?** and
Cu?*, making studying them hazardous. Metals can also be incredibly expensive and,
as mentioned above, the sensitivity is often poor. As a result, electrochemical
methods of detection have received little focus with more attention placed on
alternative sensors, which utilise radioactivity and fluorescence. However, the recent
improvements in sensitivity, the discovery that metal binding can be directly facilitated
by natural DNA (as described above) and the ability to create portable

electrochemical sensors is rejuvenating this area of research.

1.5 Conclusion

A number of the electrochemical DNA based sensor systems described above used
surfaces to form self-assembled monolayers (SAMs). This method has many
advantages; the electrodes modified with SAMs can potentially be reusable, the
sensitivity of the systems can be increased since the reporter groups are held closer
to the electrode surface and the effect of hybridisation on a sensor can be
monitored.** The SAMS are formed readily and with the need for little starting
material due to the affinity of sulphur for gold.

3% and Plaxco® both showed that as their

However, there are issues. Brisse
systems hybridised, the ferrocene reporter group moved away from the electrode and
the electrochemical signal was either turned off or reduced. While this was taken to

prove hybridisation, it may also mean that the probe is degrading, particularly in the

case where the signal ‘switches off’ as the reporter molecule no longer functions.
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This is known as a ‘false-positive’ and is an inherent problem with current
electrochemical methods for interrogating SAMs, particularly as ferrocene is known to
degrade in aqueous conditions.*®

The versatility of ferrocene as an electrochemical reporter group has been clearly
demonstrated on multiple occasions and while the limits of detection are not currently
applicable for non PCR methods or comparable with fluorescence methods, great
strides are being made in that direction. Electrochemistry offers a faster, reusable,
reliable, tuneable, safer (compared to radioactive methods) and more portable route
to DNA and SNP detection. In recent decades the scope of this field has burgeoned

dramatically and, this author believes, will continue to do so.
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1.6 Thesis Outline

This thesis comprises of a series of projects linked by the modification of
oligonucleotides with redox active ferrocene incorporated mid strand or tagged to the
5 end of the strand. Due to the range of topics covered by this thesis a detailed
introduction will be included at the beginning of each Chapter.

Chapter 2 includes a description of the uses and theory behind the various
techniques used throughout the research carried out during this Ph.D. These include
electrochemistry, methods for surface characterisation, gel electrophoresis and
automated DNA synthesis.

Chapter 3 investigates the electrochemical characteristics, stabilities and sensing
abilities of mixed self-assembled monolayers of two Ferrocene Nucleic Acid (FCNA)
conjugated DNA probes and their respective enantiomers. This is carried out using
cyclic voltammetry and square wave voltammetry.

Chapter 4 expands the investigations carried out on the FCNA conjugated DNA in the
previous chapter. Duplexes consisting of a target DNA strand with thymine bases
positioned opposite the FCNA units in the probe strand are considered for use as an
electrochemical sensor for mercuric (Hg?*) ions.

Chapter 5 compares the stability and sensing abilities of a biferrocenylene molecule,
being used as an electrochemical reporter attached to the 5’ end of a DNA probe,
with that of a single ferrocene unit in the same position. This is assessed using cyclic
voltammetry and square wave voltammetry.

Chapter 6 investigates the possibility of using FCNA conjugated DNA for anti-sense

therapeutics. Enzymes were used to digest the single stranded and duplexed
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modified oligonucleotides which were then analysed by gel electrophoresis and mass

spectrometry.
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2.1 Synthesis of Oligonucleotide Sequences

The synthesis of DNA is now a routine affair within many commercial companies and
research laboratories. The ability to reliably design and make DNA quickly has
partially led to the explosion in research into sensing applications since Marvin
Caruthers research group developed the phosphoramidite chemistry, now the most
commonly used method, in 1981."°

This method utilises a 2-cyanoethyl protecting group for the phosphate group and a
variety of protecting groups are required for the A, G and C bases (Figure 2.1) due to
their nucleophilic nature. This ensures the nucleotides are stable enough to survive
the synthesis process whilst the protecting groups are still relatively easily removed
under basic conditions (30% ammonia). This allows for minimal loss of the required
DNA product, combined with the ease provided by automated methods of

production.®

HNT 0 0 HN

Iy <1y L
’J{ N ’Ja N H N 8]

N(B}- Benzoyl dA MN(2)- Isobutyryl dG N(4)- Benzoyl dC

Figure 2.1: Protecting groups (highlighted) of the bases (from left to right) adenosine, guanine and
cytosine. R represents the pentose sugar ring.

The synthesis of DNA can, in theory, be repeated as many times as necessary to
create the required sequence. In practice, there are restrictions to the sequence

length, not least the solid support necessary to secure the DNA strand whilst it is
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being extended. The most commonly used supports are CPG or controlled pore

glass columns that have the first base pre-mounted. As suggested by the name,

these supports have a particular pore size. Once a sequence outgrows its pore,

reactants are no longer capable of reaching the

yield drops off dramatically.

2.1.1 Automated DNA Synthesis
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Figure 2.2 Schematic of automated DNA synthesis. 6
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Oligonucleotide synthesis is carried out on an automated DNA/RNA synthesiser and
follows a series of steps (Figure 2.2) which are then repeated for each nucleotide
addition. The strands are generally synthesised in the 3’ to 5’ direction and reactants
are dissolved and delivered in acetonitrile. The process of DNA synthesis is now
extremely standardised and the following discussion briefly outlines the chemical

procedure:

2.1.1.1 Deprotection of the 5° OH

Figure 2.3 Removal of the DMT protecting group from the remainder of the nucleoside (denoted
by R)

The cycle begins with the removal of the 4, 4’-dimethoxytrityl (DMT) group which
protects the free alcohol before use. This is done using trichloroacetic acid (TCA)
and the mechanism is given above (Figure 2.3). The DMT group has two roles in that
it acts as an excellent leaving group, allowing for the further reaction of the 5 OH
group, and, owing to the highly coloured nature of the compound and its subsequent
ability to be easily detected by UV-absorption, can be used to monitor the nucleotide

addition efficiency for every cycle.
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2.1.1.2 Base Coupling

Figure 2.4 Activation of the phosphoramidite (R represents the nucleoside)

Removal of the DMT group leaves the more reactive 5° OH group free to react with
the next base available. To ensure coupling steps are high yielding, an activator, 5-
(ethylthio) tetrazole (ETT), is used to protonate the new phosphoramidite and so

improve the leaving group (Figure 2.4).

Figure 2.5 Addition of the next base in the sequence using an activated base (R denotes the initial
nucleoside, R, denotes the nucleoside added)

The activated base is then exposed to the CPG support with the pre-mounted
nucleoside where the exposed 5’OH can rapidly react with the phosphorous atom via

nucleophilic attack. This results in the formation of a phosphite triester (Figure 2.5).
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2.1.1.3 Capping

oo Pl °
— me” w H%W 1
o ¥

:NWN_MD

Figure 2.6 Mechanism by which unreacted DNA sequences are capped (R denotes the
nucleoside)

Although the DNA synthesis process is high yielding (yields of 99% or more are
regularly achieved for each coupling step)® it is inevitable that there will be
sequences where a coupling has failed. If these sequences were allowed to continue
to react in subsequent cycles, a large range of similar length strands would be
produced. This would make purification of the final sample very difficult.

Instead of allowing these sequences to continue, they are ‘capped’. Two capping
mixtures are present on the synthesiser and then combined just before exposure to
the CPG column. ‘Cap Mix A’ contains acetic anhydride and ‘Cap Mix B’ contains n-
methylimidazole, both dissolved in tetrahydrofuran.

In combination, Cap Mix A and B react to form a highly electrophilic species which
enables the acetylation of the free 5° OH of unreacted strand. The strands with the
correct sequence are immune to this process due to the presence of the DMT group

of the successfully reacted base.
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2.1.1.4 Oxidation of the Phosphate Backbone

Rz HQ R2 R;‘
é\ O~ k O k,gox k A<
F’ R Hz() R f\ R //F’ R
~IN) e Dy —= ¥
-pyridinium

iodide (‘H

Figure 2.7 Mechanism of phosphate backbone oxidation using iodine and pyridinium (R denotes initial
nucleoside, R, denotes recently added nucleoside)

The final oxidation state of the phosphorous atom is now converted from the less
stable 3+ oxidation state to 5+, which is also the final oxidation state present in the
backbone of natural DNA. This oxidation is achieved using iodine in water as shown
in Figure 2.7. A pyridinium species must also be present to oxidise the remaining
alcohol group in order to form the final required phosphate group. The newly added
base can then be detritylated, as described above in Section 2.1.1.1 and is ready to

be subjected to the DNA synthesis cycle again to be repeated as necessary.

2.1.1.5 Cleavage and Base Deprotection

After the cycle has been repeated and the oligonucleotide has reached the desired
length and sequence, there are two more essential processes. The sequences must
be removed from the CPG resin and the protecting groups for the phosphate
backbone and the nucleobases must be removed in order for the DNA to be purified
and useable.

Both of these steps are carried out in NH4.OH. The basic conditions allow for the

reduction of the ester bond which connects the initial base to resin, leaving a 3' OH in
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place as for natural DNA. This mixture is then flushed through to a glass vial. This is
removed manually and heated to 60 °C for 6 hours.

The need to heat for this amount of time is largely due to the isobutyryl protecting
group present on the guanine nucleobase. The benzoyl groups attached to both A
and C are cleaved relatively quickly but the isobutyryl needs much more
encouragement to cleave. It is not uncommon for impurities collected during the
purification method to actually have the correct DNA sequences but with 1 or more
guanine bases still protected. However, this is currently a very efficient and high
yielding method owing to the reduced need to transfer solutions regularly. The

NH,4.OH is then removed in vacuo and the DNA is ready for purification.®

2.1.2 Thiol Incorporation

A widely used technique to enable attachment of oligonucleotides to gold surfaces is
to employ a thiol end terminus to the DNA linker, to exploit the strong affinity of the
sulphur-gold bond.” Thiols are also easily incorporated using automated DNA
synthesis by replacing the resin bound nucleoside first used in the synthesis with a
resin bound DMT protected disulphide.6 The disulphide can later be reduced to give

free thiols to allow for reaction with the gold layer.

MeO

& 0
{_]WSHSMD/U\/\”, resin
Shs 0
W/
OMe

Figure 2.8 Resin bound disulphide for attachment at the 3’ terminus of FCNA
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2.1.3 Modified Phosphoramidites

Since the advent of the use of the phosphoramidite chemistry described above, many
attempts have been made to insert species modified with a DMT protecting group,
phosphitylated region or both as appropriate. Many of these can now be included in
the automated synthesis, making modification of DNA relatively easy.

This thesis focuses on the incorporation of ferrocene-based, electrochemically active
species into DNA. Some examples of this type of tag and how can it can be

incorporated into DNA have already been covered, in depth, previously (section 1.3 ).
2.2 Self-Assembled Monolayer (SAM) Formation

Another area of interest in this thesis is the electrochemical investigation of surface
bound species. The incorporation of a disulphide group to the 3’ end of the DNA
probe, as discussed in section 2.1.2, allows for the attachment of the species of
interest to the surface of a gold electrode in a predictable and well understood
manner. Figure 2.9 outlines the process involved.

The free DNA with disulphide attachment is exposed to 10 mM tris(2-
carboxyethyl)phosphine (TCEP) which selectively reduces S-S bonds to thiols. This
step is necessary since the free thiol itself is both reactive and unstable. The
presence of the disulphide allows for storage of the probe in solution until it is
required.

Thiol chemistry is not well understood but the formation of a S-Au bond is known to
be highly favourable, resulting in spontaneous monolayer formation on exposing the

gold electrode to the thiolated probe.8 It is important to ‘back-fill the remaining free
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Figure 2.9 Formation of Self-Assembled Monolayers
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surface of the electrode with a species which is not electrochemically active and will
not interact directly with the probe, such as 6-mercaptohexan-1-ol. This is to prevent
non-specific absorption of targets or signal interferences from electrochemical
interactions between the gold and species in solution such as water and oxygen, and
also provides well ordered self-assembled monolayers (SAMs).? By careful selection
of the disulphide phosphoramidite to be incorporated during automated DNA
synthesis, the thiolated by-product from the reduction of the disulphide will be the
same as the species being used to pack the rest of the surface, again ensuring a well
ordered SAM.

Plaxco and co-workers carried out a detailed study of the effect of the packing
species and showed that there is a fine balance between signal acquisition and
surface stability. The optimum species was found to be 6-mercaptohexan-1-ol (MCH)
since the DNA probe was flexible enough to interact with the electrode surface whilst
the MCH maintained a surface thick enough to prevent direct interaction of the
solution species with the bare gold. As a result of this study MCH was used
throughout this thesis. However, variations in packing species is an area which
should be investigated in the future since optimum conditions may vary between

differing redox active groups and DNA chain lengths.®
2.3 Electrochemistry

Electrochemistry is the study of the effect on electrical outputs of a chemical reaction
or vice versa. As a result this branch of chemistry encompasses a large range of

topics and applications from hydrogen production’® " to electroplating’'* to
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biosensing'>'®

. It is this final application which is utilised heavily in this thesis and so
a brief description of the fundamentals and setup for this use are necessary.

An electrochemically or redox active species is one that can be reduced (gain
electrons) or oxidised (lose electrons) under certain conditions, whether that be by

applying a particular voltage or through a chemical reaction. This movement of

electrons (known as current) can be measured and is harnessed as electricity.

2.3.1 Electrochemical Set-Up

Throughout this thesis a three electrode set-up was employed (Figure 2.10).

POTENTIOSTAT

Reference —7
Electrode

Ag Wire Glass Cell

KCl solution Working Electrode

Electrolyte Counter Electrode

(Pt Wire)

Figure 2.10: Three electrode cell set-up

This consists of:

e A Ag|AgCl reference electrode (RE)
e A gold microdisc working electrode (of diameter 0.2 cm) (WE)

e A platinum wire counter electrode (CE)
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These electrodes are inserted into a sealed, argon flushed cell (normally made of
glass) and the tips are submerged below a solution which contains charge carrying
species (this solution is known as the electrolyte). Electrons can then pass between
the electrodes, through the solution, and so create an electric circuit.

The WE is used to monitor the substance of interest at a particular potential. The CE
is present to complete the circuit by accommodating the movement of electrons or
redox active substance at the applied potential.

The RE is required since attempts to directly measure potential changes at the WE
involve the flow of a current, which could result in perturbing the electrochemical half-
reaction at the RE and produce variance in the applied potential. A reference
electrode contains a stable electrochemical half-reaction, in this case NaCl with a
AgCl-coated Ag wire, with constant composition. As a result its potential is constant.
Therefore any changes in potential versus this standard must be due to changes at
the working electrode whilst monitoring the reaction. In this way, the potential with
respect to the RE can be reproducibly determined.®

This set-up is widely used for the basis of many different electrochemical
experiments. While there are many variations of electrochemical techniques only
those used during the production of this thesis will be discussed; cyclic voltammetry

and square wave voltammetry.

2.3.2 Cyclic Voltammetry (CV)
Cyclic voltammetry is one of the most broadly used techniques for electrochemical
analysis, largely due to the amount of information that can be derived with relatively

cheap equipment and simple, fast procedures.20 The potential is scanned linearly
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over a defined range and then reversed to form a cycle (Figure 2.11). The current

produced is then plotted vs the potential applied to give peaks for the oxidation and

reduction of the redox active species of interest.®?’

EA

Potential / V

v

Time /s

Figure 2.11 Potential sweep diagram for CV showing the switching potential, E

It is possible to deduce a wealth of information from a voltammogram (Figure 2.12).
From the forward oxidation or anodic peak maximum the anodic peak potential (E,?)
and peak current (/,%) can be determined while the return reduction or cathodic peak
minima provides the cathodic peak potential (E,°) and cathodic peak current (/,°). The
half-wave potential (E2) can be calculated by taking the average of (E,%) and (Ey°) to
give a standard, comparable potential for each redox process. For a fully reversible
system, with no underlying electrochemical reactions occurring, the number of

electrons oxidised must be the same as the number of electrons being reduced.
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Therefore, for a reversible system, where the diffusivities of reacting species are

similar, the ratio of /,? to /,° must be approximately equal to 1."°

15 Epa

12 1S =1

E1/2 = (Epa+ Epc) /12

T o T * T

-0.1 ‘ 0.0 ' 0.1 . 0.2 0f3 ' 074 . 0.5 0.6 0.7
E vs (Ag|AgCl) / V

Figure 2.12 CV showing anodic peak potential (E,?), cathodic peak potential (E,’), anodic peak
current (1,%), cathodic peak current (1,°) and E;j, potential

2.3.2.1 Solution-Based Electrochemistry

While the method of data acquisition is the same, the shape of the cyclic voltammograms,
depending on whether the analyte is in solution or bound to the electrode surface, varies
quite considerably as shown in Figure 2.13. The reason for this will be briefly discussed
here, but this thesis focusses solely on the use of surface bound electrochemically active
species.

In both of the above cases, it is necessary for the charged species to be transported
to the WE. For solution-based electrochemistry this requires mass transport and
diffusion through the electrolyte. Since the compounds in solution need to overcome
the resistance of the electrolyte and diffuse to the surface greater kinetic energy is

required. As a result the potential at which the most amount of current is detected is
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Figure 2.13 Top: CV of 2 M KzFe(CN)e in TmM phosphate buffer and 1 M NaClO,, solution-based
analyte. Bottom: CV of FcTT conjugated DNA in a mixed monolayer with mercaptohexan-1-ol
analysed in 10 mM phosphate buffer, 1 M NaCIlO,

more than the potential at which the reaction actually occurs. This is known as an

‘over-potential’. For a fully reversible system (which exhibits so called ‘Nernstian’
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behaviour) the resulting peak separation for a one electron process will be
approximately 59 mV."?

It is possible to predict the diffusion coefficient of the species of interest by varying
the scan (or sweep) rate at which the CV is recorded. Increasing scan rate increases
the magnitude of the change in applied potential per second and CVs recorded over
a set potential window are recorded much quicker, meaning the diffusion layer (or the
distance from the electrode affected by the applied potential) is smaller.

The Randles-Sevéik equation (Equation 2.1) predicts that for a reversible, solution-
based electrochemical redox process current is directly proportional to the square
root of the scan rate and a plot of these two factors should produce a linear graph.

From this the diffusion coefficient can be determined.??

Equation 2.1: i, = 2.69 x 10°n%/2ADY/2Cv!/?
Where:
i, = peak current (A)
n = no of electrons transferred per molecule in redox process
A = microscopic electrode surface area (cm?)
D = diffusion coefficient (cm? s™)
C = bulk concentration of electrolyte (mol dm™)

v = Sweep rate (Vs™)

2.3.2.2 Surface-Based Electrochemistry
Electrochemical analysis of surface bound redox active species varies significantly
from solution-based species. As the redox active system is now bound to close to the

electrode it is no longer reliant on diffusion to allow for electron transfer. As a result
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anodic and cathodic peaks should have a peak separation very close to 0 mV (Figure
2.13) and current should increase with linear dependence on the scan rate and not

the square root of the scan rate due to the following relationship: '

, n?F?

Equation 2.2 1, = vasurF
Where:
i, = peak current (A)
n = no of electrons transferred per molecule in redox process
F = Faraday’s constant
R = gas constant
T = temperature (assumed to be 25 °C)
v = Sweep rate (Vs™)

Asur = microscopic electrode surface area (cm?)

I = surface coverage

From Equation 2.2 it is possible to determine the number of electrochemically active
species on the working electrode. This equation requires the microscopic area of an

electrode to first be determined.
2.3.3 Determining Microscopic Area

In order to draw meaningful comparisons between data, the reactive or microscopic
area of the gold electrode must be determined for each experiment.?*? In the case
of gold, electrodes are polycrystalline and natural variation in polishing or
electrochemical cleaning can leave a rough surface with more sites available for
reaction. This can add additional peaks in the CV resulting from the variance in the

formal potential of oxide formation for the different gold sites. Very low microscopic
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area can also imply contaminants left on the surface of the electrode which may
affect experimental outcomes.

Gold oxide layers form readily to completely cover the electrode surface when it is
placed in an acidic solution. The charge transfer is calculated by integrating the
cathodic peak which represents the reduction of gold oxide from the electrode

surface, shown in Figure 2.14.

10 4

< j
=
=

-10

Oxide Reduction Peak

-15

E vs (Ag|AgCl) / V

Figure 2.14 CV of bare gold electrode in 0.5 M H,SQO,, recorded between -350 and 1500 mV at
500 mV's”. The oxide reduction peak is highlighted.

The charge required to remove the layer can then be compared with the literature
value (482 pC cm?)® for removing a monolayer of adsorbed oxygen using the

following equation to give a roughness factor®*>*":
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Q

; — A
Equation2.3 I = /4-82 pC cm-2

Where:

" = surface roughness

Q = charge / uC

A = geometric electrode surface area / cm?

The roughness factor can then be multiplied by the geometric surface area to give
the microscopic area. This procedure was carried out for all experiments and the

surface roughness factors were generally between 1 and 2.
2.3.4 Square Wave Voltammetry

While CV is excellent for obtaining large amounts of information about the
characteristics of redox system it has some limitations. The large background
currents that are observed are due to non-faradaic processes (also known as
capacitance current). These currents occur due to the movement and build-up of
charged species towards the electrode and occur on changing the potential of the
electrode (since changing the charge of the electrode will attract or repel charged
species). This current decays quickly after being held at a particular potential as the
movement of the charged species ceases.

In 1952, George Barker developed ‘square wave polarography’ in an attempt to
overcome this issue.?® This technique involved overlaying a staircase wave form with
a square wave form as shown in Figure 2.15. At the time, the complexity of the
calculations needed to acquire useable data meant that this technique was too

difficult to use.?®
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Figure 2.15 Square wave voltammetry potential vs time profile

However, the advent of the microprocessor in the 1980s meant that this technique,
which is now known as square-wave voltammetry (SWV), has seen a rise in
popularity. This is largely due to the speed with which data can be acquired (less
than 1 minute but more often in a few seconds), reduction in the magnitude of the
capacitance current and enhanced sensitivity.*2

The current is sampled twice: immediately before reversing the potential on both the
forward and reverse potential sweep (Figure 2.15). This ensures that the capacitance
charging has decayed significantly before a measurement is taken. Since the
waveform is sampled twice, two peaks are obtained. The differential of these is then
taken which enhances the peak and so the sensitivity (by at least two orders of
magnitude compared to cyclic voltammetry) (Figure 2.16). The SWV technique is
used throughout this thesis, in combination with cyclic voltammetry, in order to obtain

as much information about the sensor systems as possible.?®2%33
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Figure 2.16 Example of peak enhancement in SWV (Thymine based FcNA SAM in 1 M NaClO,, 10
mM phosphate buffer at 200 Hz)

2.4 Surface Characterisation

A number of different techniques were used to identify and analyse the various
characteristics of the SAMs created in order to try to better understand the results
observed. A brief description of the theory and uses of each technique are outlined
below:

2.4.1 Ellipsometry

The principles of ellipsometry have been used and understood for over 100 years but
the complex calculations and modelling required to glean data made it a relatively
rare technique.34 It has only been with the explosion in modern computing that this
technique has been more widely explored and is now regularly used to determine

monolayer thicknesses and to investigate how a material interacts with light.3>
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Ellipsometry utilises these interactions by monitoring the resultant change in
amplitude and phase of polarised light. The incident beam of linearly polarised light is
first directed at the surface of interest. The light will both reflect and refract at each of
the different layers (i.e. the surface of interest and the substrate) causing the light to
both lose intensity and change phase (Figure 2.17). The reflected light (also called
elliptically polarised light) is detected by the analyser. The difference between the
incident and reflected light can then be determined.>®

# .
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T .y, Polarised Light
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g Al - Analyser v
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' “ Folarised Light
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. I| .T-'-[H"““* z

Incident -
Beamn
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Figure 2.17 Schematic of the Principles of Ellipsometry showing the interactions of the beam with the
sample and substrate and the resultant change in phase and amplitude of the reflected Iight39

Since the interactions with the substrate, the molecules themselves and the layer
boundaries must be accounted for, a modelling program is utilised, where previously
determined constants for each component can be used to fit the data. A program can
then determine the surface thickness from this model.

For the purposes of this thesis, ellipsometry was used to determine the variation of
SAM thickness in order to try to determine the density of the surface packing. If the
molecules are more densely packed they will tend to be directed more orthogonal to

the plane of the surface and so give a larger film thickness (Figure 2.18).*%4' If the
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length of molecule is known and the surface thickness can be derived, then the angle

at which the molecule lies on the surface can be determined (Equation 2.4).

. Surface Thickness (B
Equation 2.4:  Tilt Angle (A) = cos< / ( )>

Molecule Length (C)

4
More densely packed a
surface giving rise to a B

thicker monolayer €

SURFACE
Less densely packed A
surface giving rise to a B
thinner monolayer C
SURFACE

Figure 2.18 Diagram of the relationship between monolayer packing density and thickness.
The required parameters for Equation 2.4 are also labelled.

2.4.2 X-Ray Photoelectron Spectroscopy

X-Ray photoelectron spectroscopy (XPS) has been referred to as the ‘mass
spectrometry of surfaces’. The technique involves the ejection of core electrons (i.e.
those not in the valence shell of an atom) by irradiating the surface of interest with a
beam of X-rays (Figure 2.19).

The energy of the X-ray beam enables the ejection of core electrons and, by knowing
the intensity of the X-ray beam, the energy required to remove these electrons can
be determined. Since the binding energy is characteristic for each electron in a

specific energy level in each species (since each element interacts differently with
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the X-Ray beam), the detected energy difference (equating to the binding energy)
can be used to determine the elements present on a surface.***® The resultant
kinetic energy generated is indicative of the atomic species from which the electron

has been ejected.

Ejected Core
Electron

Kineti
Core Hole inetic energy
Mucleus

Binding Energy =
hy - Kinetic Energy

hy,
(X-ray Beam)

Figure 2.19 The principles of XPS analysis

Since the number of electrons detected by the analyser must be directly proportional
to the number of the species present on the surface, the ratios of the respective
elements to each other can also be determined.*® This can give an indication of the
average molecule distribution (i.e. whether the probe molecules in a SAM are well
packed or not) but not the specific architecture of the SAM (i.e. is it uniform or are

there small islands of the molecule of interest?).
2.5 Polyacrylamide Gel Electrophoresis (PAGE)

Gel electrophoresis is a technique designed for the separation of small species,

mainly proteins or oligonucleotide fragments. This thesis uses PAGE for the
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separation of oligonucleotides and so the methodologies discussed are appropriate

for that practice, though these only vary marginally for use with proteins.*

POWER
SUPPLY

Moo=
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- Sample
Migration
|

e o o e e

Figure 2.20 Schematic representing the working principles of PAGE

An electric current is applied such that the resultant cathode resides at the top of the
gel and the more positive anode rests at the bottom. DNA is naturally negatively
charged due to the phosphate backbones and so is dragged through the gel material
towards the anode (Figure 2.20). The speed at which the species travel through the
gel material depends on their charge, shape and size.** The highly charged and
smaller sized strands can travel more quickly through the gel, allowing the user to
separate DNA samples. The resultant gels can then be analysed by applying a dye

which binds to the DNA and can be visualised using fluorescence or, if the
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concentration of sample used is high enough, through UV shadow where the gel is
placed on a substrate which does not absorb UV light. The sample absorbs UV light
at 260 nm, resulting in the presence of dark spots on an otherwise illuminated
ge|_45,46

The latter of these two methods requires no additional treatment or modification of
the sample. This is greatly advantageous; since the PAGE technique is a ‘gentle’ and
does not damage the sample, the DNA or its fragments can be excised from the gel

and analysed further.
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3.1 Introduction

Ferrocene is one of the mostly widely used redox tags for electrochemical analysis,
as discussed in section 1.3. One of the attractions of ferrocene is that it is amenable
to functionalisation, which allows for the tuning of electrochemical properties and the
variation of its position within a probe molecule or DNA sequence.1

In addition to the DNA modifications described in Chapter 1, a redox-active backbone
modification can be inserted as close to the site of a base pair mismatch as possible.
It was therefore envisaged that using this approach with a ferrocene redox active tag
would produce a more sensitive probe for single nucleotide polymorphism (SNP)
detection, giving an improvement over more flexible 3’ and 5 modified redox tags
that would be situated further away from a SNP site.

In addition to this, redox tags based on ferrocene are prone to degradation through
nucleophilic attack on the oxidised ferrocenium ion (this is discussed further in
Chapter 5).2° The exposed nature of the 3’ and 5’ tags results in sensors that exhibit
large losses in current over time and when subjected to multiple interrogations, unlike
alternative redox active species such as methylene blue.? However, it was
anticipated that placing the ferrocene reporter unit into the DNA backbone would
make the unit less susceptible to attack, and so increase the stability of the probe
strand.

DNA backbone modifications also have an advantage over nucleoside modifications.
The reporter group is no longer an extension of the original structure but directly
replaces an entire unit. Attachments to a nucleoside have previously resulted in the
ferrocene unit being forced to sit outside the duplex or block the hydrogen bonding

between bases.”® This can cause a reduction in the stability of base pairs within the
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duplex whereas the addition of unmodified nucleobases directly to the Fc backbone
group could allow for a sensor directly attached to groups taking an active part in
hydrogen bonding.? This was considered to be a further opportunity to increase the

sensitivity towards SNPs.

3.1.1 Ferrocene as a DNA Backbone Mimic
There have been previous attempts at making a ferrocene unit part of a DNA
backbone. The first example of a ferrocene monomer used for this approach is

1.7% The alcohol groups were DMT-protected and phosphitylated to

shown in Figure 3.
allow for automated synthesis of 22 base DNA probes via standard solid-phase
synthesis methods. The authors first inserted this at the 5’ and 3’ ends for solution
work'""? and at the 3’ end only for surface work.'® The thermal melting temperature
or T, (the temperature at which 50% of the DNA duplex (ds DNA) has denatured and
reverted back to single stranded DNA (ss DNA)) measurements for the probes in
solution showed a small destabilisation of the duplex upon hybridisation with the 3’
modified probe (a reduction of ~1°C) but not with the 5 modified probe when
compared to natural DNA. The authors suggested that this was due to the ferrocene
altering the duplex conformation on hybridisation and so reducing its binding
strength. They also noted that having ferrocene monomers at both ends of the strand
appeared to increase the electrochemical activity (89% increase in CV area) on
binding to a fully complementary target, possibly due to a favourable orientation of

the 3’ end towards the electrode, which aligned the probe in a uniform direction

ensuring that the 5’ ferrocene is more accessible to the base pairs.11

60



Chapter 3: Ferrocene Nucleic Acids for Surface Bound DNA sensing

Attachment to a Au surface using a 3’-modifed probe also showed that hybridisation
of the complementary target reduced the electrochemical signal due to the probe no
longer being aligned parallel to the surface.’® The sensitivity limit of this detection
was calculated to be 3 pyM, which is generally higher than fluorescence methods. It
also, once again, illustrates the problem of ‘on-off’ signalling where the reason for the
reduction in electrochemical signal is ambiguous i.e. it could be due to either

hybridisation or probe degradation.

S

\

Fe

=

Figure 3.1: Ferrocene DNA backbone monomer'’

Brisset and co-workers then used this work to introduce the ferrocenyl monomer into
a hairpin molecular beacon-type molecule.”® They showed that multiple reporter
groups could be incorporated at both the ends and mid-strand. Increasing the
number of ferrocene units caused duplex stability to reduce slightly (conversely it
increased for the unhybridised beacon) but the sensitivity of the probe increased. The
authors estimated a sensitivity limit of 1 uyM when 8 ferrocene monomers were
included in the loop but suggested that they could improve on this by immobilising

the probe on a gold surface.™
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Despite the possible advantages of having a redox-active reporter incorporated into a
DNA backbone, the work described above was, to this author’s knowledge, the only
example of insertion of a redox active species into a DNA backbone until the
synthesis of a ferrocene nucleic acid mimic by Tucker and co-workers, first reported

in 2012.°

3.1.2 Ferrocene Nucleic Acid (FcNA)
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Figure 3.2 Structures of DNA (left) and FcNA conjugated DNA (right) exemplifying how FcNA can
replace two sugar phosphate units.

Furthering their previous work on ferrocene-nucleobase conjugates14 and based on
computational modelling carried out by Dr John Wilkie (University of Birmingham)g,

Tucker and co-workers functionalised a ferrocene with nucleobases for backbone
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insertion with the aim of developing a sensitive and stable redox reporter tag. It was
hoped that, because of the similar Cp-Cp ring distance in ferrocene compared to the
distance between the sugar rings in DNA (3.3 vs 3.4 A respectively) (Figure 3.2), the
nucleobases would be oriented such that hydrogen bonding would still be able to
occur, thus linking the redox tag directly to the SNP binding event whilst retaining the
duplex structure.®

The structures of a thymine and an abasic FCNA unit (FCTT and FcHH, respectively)
are shown in Figure 3.3. Adenine (FCAA) and cytosine (FcCC) versions have also
been synthesised and inserted into DNA but have not been investigated in the course
of this work.”” Guanine has consistently proven to be the more challenging
substitution due to solubility issues and, to date, has not been successfully

incorporated into DNA.™
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Figure 3.3 Structure of FcTT® (Left) and FcHH (right). The synthesis of the FcHH monomer is currently
unpublished.
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The tetra-substituted unit consists of two thymine nucleobases attached to the
ferrocene through a two carbon chain and two primary alcohols attached through
linkages consisting of three carbon atoms and an alpha methyl group.

The chirality induced at the a-carbon position allows for the diastereoselective ortho-
directed addition of the bases during the synthesis and their appropriate linkage.
This, in turn, induces planar chirality within the ferrocene unit, since the di-substituted
Cp rings result in non-superimposable mirror images (Figure 3.4).16 For these
molecules, if the stereochemistry around the a-carbon is (R), the planar chirality
arrived at from this synthesis is (S) and vice versa for the (R) central stereochemistry.
Use of the two enantiomers has proved to have quite an influence on the properties
of the strand which will be discussed in both the summary of previous work and in the

results described during the course of this thesis.™

A A B
| | |
Fe Fe Fle

<& <

Figure 3.4 Planar Chirality of Ferrocene molecules due to the non-superimposable nature of groups
attached to the di-substituted Cp Rings.

The full labelling of the FCNA molecules is as follows:
FenXcZBBxxpypy

Where:

BB = nucleobases

nX = number of carbons between the Cp ring and the phosphate group
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cZ = number of carbon atoms between the Cp ring and the nucleobase
XX = chirality of the methyl group stereocentre (central chirality) = (R,R) or (S,S)

pYpY = planar chirality = (pR,pR) or (pS,pS)

The majority of this work focusses on Fcn3c2TT and Fcn3HH which, for clarity and
simplicity, are referred to as FcTT and FcHH in the results and discussion, with only
the label for the central chirality being included e.g. FcTT (s s).

Insertion into DNA was made possible by the addition of a 4,4’-dimethoxytrityl (DMT)
group to one primary alcohol whilst the other was phosphitylated, giving the resulting

phosphoramidite (Figure 3.5) for use in automated DNA synthesis:

\\\\\\\\
@]

Nucleobase

FK o~

Fe
Nucleobase

Figure 3.5 FcNA Phosphoramidite with DMT (highlighted green) and phosphitylation (highlighted
orange) groups
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A thymine-conjugated FcNA octamer was synthesised using this method (Figure 3.6).
However, it was not able to form duplexes with its complementary target, under
normal conditions.® This may be due to the slight difference in size between the
FcNA and its equivalent DNA structure. However, the TA base match is the weakest
of the complementary base sets and so even long chains of these would not be

expected to have that high stability. The T,, for 5 uM of the natural DNA equivalent of

this sequence in 50 mM NaCl is only 35.4°C."
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Figure 3.6 FcNA octamer

66



Chapter 3: Ferrocene Nucleic Acids for Surface Bound DNA sensing

It was possible to obtain electrochemical data for this species. The cyclic
voltammograms displayed a clear, quasi-reversible redox wave pair (Figure 3.7). Its
quasi reversibility was attributed to the multiple electron transfer processes.* >

The inability of the octamer to form stable duplexes with DNA led to subsequent

studies using FCNA-DNA conjugates, where the FCNA was inserted as a single

monomer into a central position in the DNA backbone.
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Figure 3.7 Cyclic voltammograms of (FcTTss)s in 1 M NaClO,, 10 mM phosphate buffer®

3.1.3 Previous Studies

Studies carried out by previous researchers have investigated the effect on DNA
duplex stability of varying the linker lengths from the FcNA unit to both the
nucleobase and the phosphate group. The work involved the characterisation of the

FcNA-conjugated DNA through a variety of techniques and an assessment of the
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electrochemical behaviour of the optimised structure in solution. The conclusions

relevant to the following work are summarised here:

3.1.3.1 Optimisation of the FCNA structure

A range of different linker lengths to both the nucleobase and phosphate group were
investigated by Dr James Carr-Smith.” The thymine nucleobases were primarily
used throughout to ensure that a direct comparison was possible. Sequences used
throughout previous work described here were the same as those used during the
subsequent work described during this thesis and are given in Table 3.3.

As detailed below, the FCNA structure was optimised by monitoring the effect of
changing the linker lengths on the T, value when the FCNA conjugated DNA was

part of the same fully complementary duplex.

3.1.3.1.1 Effect of Fc on Duplex Stability

Initially, a FcHH control (see Figure 3.3) was investigated to assess the impact of the
Fc and was compared to a natural DNA strand with two abasic sites (Figure 3.8) in
the equivalent FCcNA position. The target was fully complementary except for two
adenine bases opposite the abasic sites. For both (R,R) and (S,S) chirality there was
a 0.5 °C increase in T,, compared with the equivalent natural DNA (37.0 °C vs
37.5°C for S1AbADb vs both S1FcHHss) and S1FcHH R, respectively) suggesting

that the presence of Fc did little to impact duplex stability.15
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[VaVaVaVa)

Figure 3.8 Abasic monomer for insertion into DNA

Interestingly, despite both FcHHrr and FcHH( s giving the same T, values,
molecular modelling (carried out by Dr Jean-Louis Duprey) suggested that the FCNA
units orient themselves quite differently within the duplex. In order to ensure both
enantiomers have the methyl groups situated within the hydrophobic core of the
duplex, the (S,S) isomer orients itself perpendicular to the base stacking motif

whereas (R,R) more closely follows the helical structure of natural DNA."

3.1.3.1.2 FcTT: Varying Linker Length to the Nucleobase

The effect of changing the length of the linker to the nucleobase from two carbon
atoms to three carbon atoms for thymine-based FcNA was investigated. The T,

values of these and of the natural DNA equivalent are given in Table 3.1.

Table 3.1 T,,values for both stereoisomers of Fcn3c2TT and Fcn3c3TT natural DNA when duplexed
with a fully complementary target. 5 uM of each strand in 10 mM sodium phosphate buffer pH 7.0, 100
mM NaClO,. Modifications (and TT in natural DNA) were placed at Epositions 8 and 9 in a 16 base DNA

strand (where the FCNA unit replaces two natural nucleotides).’”® Sequence is as S1 in Table 3.3.

Modification Thermal Melting Temperature (T,,) / °C
Fen3c2TT rrosps 43.0
Fen3c2TTsspror 41.0
Fen3c3TTrrpsps 41.5
Fen3e3TTsspror 43.0
TT 56.0
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The presence of any of the FcTT variations in the DNA strand had a detrimental
impact on the stability with reductions in T,, between 13 and 15 °C, though these
were still improvements on the FcHH units. This was explained by the additional
rigidity of the Fc unit compared with the corresponding DNA dinucleotide. In
particular, the ferrocene is only able to rotate its Cp rings in two parallel planes. This,
coupled with the slight decrease in size of the Fc compared with that of the
dinucleotide it is replacing, is likely to produce some strain in the base stacking motif,
so reducing the stability of the structure. Further to this, circular dichroism (CD)
spectroscopy showed that duplexed FcTT-conjugated DNA produced less intense
bands at 275 and 245 nm: the bands normally associated with B-DNA.'®?° This
implies that the duplex is distorted somewhat compared to natural DNA, and which is
consistent with the observed reductions in stability."

The presence of an additional carbon atom in the nucleobase linker reversed the
stability trend (Table 3.1) with units with (R,R) chirality now being more stable (2 °C
increase in Tp)) than the (S,S) version. Molecular modelling, shown in Figure 3.9,
was used to determine the cause of this.

For the 2 carbon linker, the (S,S) version appears to kink out of the duplex whereas
the (R,R) unit more closely follows the natural line of the double helix backbone,
presumably giving rise to a less strained duplex. For the three carbon atom linker
system, neither chirality can align well with the sugar phosphate backbone. However,
the (S,S) variant can orient the thymine bases so that a more natural base stacking
motif is supported; hence the stability is slightly higher than the other

stereochemistry.
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Fcn3c2 Fcn3c3

RRpSpS \|

Figure 3.9 Molecular dynamic simulations (5 ns) of both isomers of Fcn3c2TT and Fcn3c3TT
duplexed with fully complementary DNA target (i.e. AA opposite the FcNA units). Visualised using
Chimera Il and carried out by Dr Jean-Louis Duprey. Images courtesy of Dr James Carr-Smith.”>*’

It was also noted that the multiple denaturing and annealing steps usually carried out
during the acquisition of T, measurements resulted in a gradual increase in T,, value
for both of the units with 3 carbon atom linkers to the nucleobase. This implies the
partial oxidation of the FCNA unit and it was theorised that the additional +| inductive
effect of the extended alky! linker allowed for its more facile oxidation of the Fc. Partly
as a result of this, as well as the insignificant improvement in T, (0.5°C for
Fen3c3TTrrpsps compared to Fecn3c2T Trrpsps) 0N extending the alkyl chain, the two

carbon atom linker to the nucleobase was used in all subsequent experiments.'®
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3.1.3.1.3 FcTT: Presence of the Methyl Group

Investigations into the loss of central chirality by removal of the methyl group from the
phosphate linker group revealed a decrease in T,, value of 1.5 °C for the duplex with
the Fcn3c2TTrrpsps €quivalent, labelled Fen3c2TTpror (the loss of the methyl group
results in a change in the priorities used to derive planar chirality and so the chirality
is now reversed) (T, values given in Table 3.2). There was no change in T, on
changing Fcn3c2T Tsspror t0 FEn3c2TT,sps. The structures of Fen3c2TTsspror and

the equivalent Fcn3c2TT psps are given in Figure 3.10 for illustration.

Fe Fe
i\/T - !
%
HO HO

Figure 3.10 Comparison of equivalent Fcn3c2TT monomers with and without a methyl group including
in the phosphate linker group (S,SpRpR and pSpS, respectively)

Further studies revealed that central chirality is important for base discrimination for
the (R,R) isomer. The two bases opposite the FCNA unit were varied and the effects

on the T,, values were investigated (Table 3.2).
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Table 3.2 T, values for Fcn3c2TTr rpsps, FcN3¢2T Torer and natural DNA when duplexed with various
targets (targets were fully complementary except for bases 8 and 9 which are indicated by XX in the
table below). 5 uM of each strand in 10 mM sodium phosphate buffer pH 7.0, 100 mM NaClO4.
Modifications (and TT in natural DNA) were placed at positions 8 and 9 in a 16 base DNA strand
(where the FcNA unit replaces two natural nucleotides).”®

Modification Thermal Melting Temperature (T,,,) / °C
XX = Bases Opposite FcNA
AA AG GG
Fen3e2TT rrpsps 43.0 42.0 41.0
Fen3c2TT prpr 41.5 41.0 41.0
TT 56.0 44.5 44.5

For Fen3c2TTrrpsps, increasing complementarity resulted in increasing T, values
which implies an H-bonding interaction with the bases opposite. This was not
observed with Fcn3c2TT yryr. Molecular modelling suggested that this was due to the
duplex unravelling slightly to form a large cavity where bases are too far apart to

interact. This would also account for the slight reduction in stability of the duplexes.15

3.1.3.1.4 FcTT: Varying Linker Length to Phosphate Group

Reducing the number of carbon atoms in the linker to the phosphate group and
retaining the methyl group was too challenging synthetically. As a result, a two
carbon atom linker to the phosphate was investigated with only planar chirality
(Fen2c2TT). Although the resultant fully complementary duplex maintained the base
discrimination trends previously discussed, the stability was lower (42.0°C
Fcn2c2TTrer v. 43.0 °C for Fen3c2TTgrrpsps) and so the presence of the methyl
group was deemed to be the more important addition to the structure.™

Consequently, the optimised structure was judged to be a ferrocene molecule with a
two carbon atom alkyl linker to the nucleobase and a three-carbon alkyl linker

containing a methyl group on the a-carbon with (R,R) stereochemistry.
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3.1.3.2 Hydrogen Bonding
Some of the evidence presented above was explained by there being hydrogen
bonding between bases attached to the FCNA units and those of the DNA targets.
To investigate this further, Fcn2c3CCrrpsps (FCCCrrr) was synthesized and
incorporated into DNA of the same sequence as in the previous studies. Its structure

is shown in Figure 3.11.

N(\\N(NHZ
T
|

DN
J/ S NH,

Figure 3.11 Structure of Fcn2¢3CCrprpsps (FCCCrr)

HO

The CC derivative was expected to be the more stable due to the increase from two
hydrogen bonds possible with T-A base pairs to three with C-G base pairs.
Gratifyingly, duplex stability increased (as evidenced by a by 8.5 °C and 2.5 °C
increase in T,) when FcCC g r) conjugated DNA was bound to a fully complementary
target compared to targets with an AA or AG mismatch (respectively). The trend of
increasing stability with increasing number of mismatched bases opposite strongly
supports hydrogen bonding.15

CD data showed a significant change in duplex structure on binding complementary

DNA as evidenced by a hypsochromic (blue) shift in the B-DNA bands, a decrease in
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the positive band intensity and an additional peak present at 290 nm. Since the
spectra of FcCCr r) bound to an AA mismatch target more closely resembled that of
the unmodified DNA controls (see Figure 3.12), it was concluded that these
observations were most likely due to the untwisting and even flipping out of a base
from the duplex to accommodate the hydrogen bonding. This, and the relative ease
with which FcNA is incorporated into DNA, raised the possibility of using these
compounds for biosensing applications. This was subsequently investigated with

electrochemical methods.™
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Figure 3.12 CD spectra of a) unmodified DNA control probe (S1CC) bound to targets with GG (S2GG)
(solid line) and AA (S2AA) (dashed line) bases opposite and b) FcCCrr modified probe strands bound
to targets with GG (S2GG) (solid line) and AA (S2AA) (dashed line) bases opposite. Spectra acquired
using 5 uM of each strand in 10 mM sodium phosphate buffer pH 7.0, 100 mM NaClO4. Spectra
courtesy of Dr James Carr-Smith.”

3.1.3.3 Electrochemistry

The electrochemical characteristics of DNA strands containing FcHHirr), FCTT rR),
FcCCrrr and Fcn2c3AAsspror (FCAA(ss)) were compared using cyclic voltammetry
(CV) and square wave voltammetry (SWV) at a concentration of 50 uM probe strand

in 1 M NaClO4, 10 mM sodium phosphate buffer at pH 7. As calculated from the CV
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data, all gave a linear relationship between current and the square root of the scan
rate, typical of reversible systems in the limit of linear diffusion. An example of this is
given in Figure 3.13. However, a fully reversible system has a peak separation (AEp)
of 59 mV and a cathodic to anodic peak ratio (i,%i,®) of 1.** Both FcHH®rr) and
FcTTrr) strands had AE, of 62 mV which is within error of the ideal 59 mV whereas
AE, for FcCCrr and FcAAss) were 75 and 77 mV respectively, implying that the
cytosine and adenine derivatives were slightly less reversible. For all systems i,"/i,?

was less than one, ranging from 0.86-0.98, indicative of quasi reversible behaviour.'
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Figure 3.13 a) Cyclic voltammograms of FcTT g gy conjugated DNA recorded at various scan rates in
1M NaClO,, 10 mM sodium phosphate buffer pH 7.0. b) the corresponding Randles- Sevcik plots
showing linear dependence of current on square root of scan rate. ®=anodic current, o=cathodic

current.Graphs courtesy of Dr James Carr-Smith.™

The half wave potential, Eq,, varied between the different Fc derivatives due to the
electron withdrawing abilities of the bases, as had been previously noted by Houlton
and co-workers.>* For example, FcHH r r) was oxidised at the least positive potential
(112 mV), since there are no bases attached to influence the oxidation. The
ferrocenes with bases attached followed a predictable oxidation trend: FcTT rr) (148

mV) < FcCCrr (155 mV) < FcAA(ss) (173 mV). This corresponds to the calculated
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electron affinities of the appropriate bases when attached to ferrocene.?® While the
highly electron withdrawing purine rings dramatically increase the potential required
for oxidation of FCAAs,s), a guanine derivative would be expected to require the least
positive potential due to the presence of the electron donating oxygen atom.

Fully complementary targets were added to each FcNA conjugated probe strand and
heat annealed to allow for hybridisation. All systems showed a suppression of current
on binding in both SWV and CV and a slight shift of E4», to more negative potentials
(example given in Figure 3.14). The suppression can be explained by a duplexed
system being larger, which decreases its diffusivity to and from the electrode. The
increase in charge (due to the additional phosphate groups in the target backbone)
would also affect its diffusivity as well as stabilising the oxidised ferrocenium species,

allowing for oxidation to occur at a more negative potential."®

Figure 3.14 Cyclic voltammetry of single stranded FcTT rg) conjugated DNA (solid line) and duplexed
with a fully complementary target (dashed line). CV recorded in 1 M NaCIlO,4, 10 mM sodium
phosphate buffer, pH 7.0. 50 uM of each strand used. Graph courtesy of Dr James Carr-Smith.”

Detection of mismatched probes was carried out with the FcTTrg derivative.

Addition of 1 molar equivalents of the target strand containing a double mismatch
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(GG opposite FCNA unit) resulted in 76% depletion in current compared with 88% for
fully complementary DNA. It was suggested that this may be a method for base
discrimination. However, the large concentrations of target and probe required for
peaks to be detected above the capacitance current rendered solution-based

electrochemistry a relatively insensitive detection method.

3.1.4 Conclusions and Project Aims

Despite the wide range of ferrocene- based modifications to the core DNA structure,
very few studies have focussed on replacing the entire sugar phosphate unit.
Ferrocene is an ideal candidate for this type of substitution since it is a very similar
size to two consecutive sugar phosphate units.® This reduces destabilisation of the
duplex and allows for the placement of nucleosides at positions close to that of
natural DNA, to promote hydrogen bonding.15 This, coupled with the ease of
functionalisation and the well understood electrochemical properties of ferrocene,
make it an excellent prospect for a sensitive DNA sensor.’

To this end, and following on from work by Brisset and co-workers, the Tucker group
designed and synthesised a tetra-substituted ferrocene nucleic acid designed to
mimic natural DNA. It possesses reactive groups which make it suitable for insertion
into DNA through automated synthesis and a nucleobase attachment on each Cp
ring to allow for hydrogen bonding.®'%1213:1°

Previous work by the group has focussed on optimisation of the structure through
varying the linker lengths and inclusion of planar and central chirality. A combination

of duplex melting studies, CD spectroscopy and molecular modelling has been used

to compare duplex stabilities of enantiomers of FcTT, FcHH, FcCC and FcAA in
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DNA. A combination of these techniques has provided evidence that the FCNA units
are indeed capable of hydrogen bonding despite there being a decrease in stability
compared with natural DNA."™

Solution-based electrochemical studies showed quasi-reversible behaviour for these
compounds and a reduction in current on binding a target, which may be usable as a
way of detecting base mismatches opposite the FCNA unit."®

In a continuation of this work and in an attempt to increase the sensitivity of this
system, it was decided to investigate FCNA-DNA conjugates as surface-bound
probes in self assembled monolayers (SAMs). Both enantiomers of FcHH and FcTT
were to be explored since these species were shown to display good Nernstian
behaviour and electrochemistry in solution. As well as their ability to detect base
mismatches, the stability of the SAMs were to be considered in depth with a long-

term view to develop an electrochemical SNP detection device.

3.2 Results and Discussion

3.2.1 Oligonucleotides Used

The DNA sequences used throughout this chapter are shown in Table 3.3. The
following FCNA units were incorporated into DNA: FcHHrr), FcHHs s), FcTT(rr) and
FcTT(ss). SO is the natural DNA probe control with a thiol group attached to the 3’
terminus (incorporated as outlined in Section 7.2). S1 is the FCNA conjugated DNA
equivalent of S0. S2 denotes the target strand which is fully complementary except
for bases 8 and 9. These are the bases opposite the FCNA unit and varying these

allows for assessment of the FCNA unit in its capacity for SNP detection.
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Table 3.3 Oligonucleotide sequences used throughout Chapter 3

Oligonucleotide Sequence (5’ - 3’)

SO TGG ACT CTT CTC AAT G -SH

S1 (TT(S,S) or TT(R,R) TGGACTC (FCTT(S,S) or FCTT(R,R) CTC AAT G -SH
S1(HH(S,S) or HH(R,R) TGG ACTC (FCHH(S’S) or FCHH(R’R) CTC AAT G -SH

S2(AA, GG, CC, TT or TA)  CAT TGA G(AA, GG, CC, TT or TA) GAG TCC A

3.2.2 Preparation of SAMs

SAMs were prepared as outlined in sections 2.2 and 7.4.1. The concentration and
volume of both thiolated probe (200 uL of 1 uM DNA) and 6-mercapto-1-hexanol
(1.46 mL at 2 mM) used to form the SAMS were not varied throughout this work. This
procedure and the amounts used were outlined by Plaxco and co-workers following
on from their work on maximising surface stability and signal acquisition with
electrochemically active SAMs.?®?” Whilst it is noted that the ideal conditions for each
system will vary, it was decided to continue with those outlined by Plaxco and co-
workers to demonstrate a proof of principle before further optimisation studies were
carried out.

One change was made to the suggested method, for all subsequent experiments,
following initial electrochemical studies. The current was shown to increase with
successive interrogations by SWV as shown in Figure 3.15. This was unexpected
and implied that surface rearrangement was occurring on the electrode. This
reorganisation of the surface on application of a potential has been reported
previously and would be an issue when determining differences between the signals
produced for bound and unbound probes as well as when monitoring degradation of
the redox-active species.?**' Subsequently it was found that extending the exposure

time of the electrode to MCH from 4 hours to 20 hours on SAM preparation,
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prevented this effect, with the current reducing slightly over 150 scans. It is likely that
the longer time period allowed DNA probes to migrate away from one another due to
the repulsion between the negatively charged phosphate backbones. The resulting
SAM was expected to have more spread out probes sequences, enabling facile

electron transfer and so maximise current acquisition.

71 —4 Hours Soaking
| ——— 20 Hours Soaking

% Change in Current

'2 T N T . T X T - T bd T b T L T » T
0 20 40 60 80 100 120 140 160
Scan Number

Figure 3.15 Percentage change in current (as measured from the SWV peak maximum) on successive
electrochemical scans of mixed monolayers of S1TT s s) where the SAM was prepared with MCH
exposure of 4 hours (black line) and 20 hours (red line). SWV recorded at a frequency of 200 Hz,

amplitude of 25 mV and step of 1 mV in 1 M NaCIlO,4, 10 mM phosphate buffer.

3.2.3 Characterisation of SAMs
In order to establish whether the redox-active species in the SAMs were indeed well
dispersed, attempts were made to characterise them by ellipsometry and X-ray

photoelectron spectroscopy (XPS).

3.2.3.1 Ellipsometry

The principles behind ellipsometry are described in section 2.4.1. Briefly, the

interaction of an incident light beam with the various components of the surface
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(including the gold substrate, MCH, DNA and air interfaces) results in both the
reflection and refraction of the light and a subsequent change in the intensity of that
light. From the energy and phase of the reflected light (or elliptically polarised light)
and its difference from the incident beam, these interactions can be modelled to
determine the thickness of the SAM present.>?

Mixed monolayers of S1TT s s), S1TT(rr), STHH(ss), STHH R R, SO and monolayers
of MCH alone were investigated. In solution, the length of an MCH molecule has
been calculated by molecular modelling to be 1.068 nm.** The Au-S bond has been
shown to vary between 2.2 and 2.6 A which would correspond to a maximum MCH
SAM thickness of 1.29-1.33 nm.**** The experimental ellipsometry data are shown in

Table 3.4.

Table 3.4 Experimentally derived surface thicknesses using ellipsometry using Cauchy modelling
method where a = 1.45. Thicknesses are an average of 3 measurements taken on each of three

slides.
SAM Surface Thickness / nm
MCH 1.7 +0.1
SO 1.8+0.2
S1TTs,s) 1.6 +0.2
S1TT(rR) 1.5+0.1
S1HHss) 14 +0.3
S1HH g r) 1.5+0.3

The MCH only monolayer is thicker than the calculated maximum for this species.
This may be due to the SAM formation process or the modelling system used to
calculate the thicknesses. The value used to measure the concordance between the
model and the experimental results is known as X2, with x* = 1 being fully matched.

For the data derived above, x* was between 1.3 and 1.7, which is within acceptable
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limits.*® 1t is possible that hydrogen bonding is occurring between MCH attached to
the gold surface and a small number of free MCH molecules that are not removed
during the rinsing process. This would result in a packed surface bound layer with a
diffuse double layer. Further studies, such as extended washing times or AFM should
be undertaken to determine the cause.

The modified SAMs all possess very similar thicknesses, close to that of the
thickness of the MCH alone. This would suggest that the concentrations of probe
used to form these monolayers do indeed result in a packed layer of MCH with a
sparse distribution of DNA probe, ideal for electrochemical sensing.?®*"® This allows
the DNA strands to lie parallel to the surface of the monolayer as they are
unhindered by closely packed neighbouring molecules. The values are consistent for
each variation of the probe, suggesting that the FCNA has little impact on the

structure of the SAM surface.

3.2.3.2 X-Ray Photoelectron Spectroscopy (XPS)

Often referred to as the ‘mass spectrometry of the surface’, XPS measures the
kinetic energy and number of electrons being ejected from an atom by an incident
laser beam (section 2.4.2 contains more detailed theory). The difference in energy
between the incident beam and resultant kinetic energy corresponds to the energy
required to remove that electron (i.e. the binding energy) and is indicative of the
species in the sample since each atom will have its own unique set of binding
energies. The final spectrum consists of a plot of the number of electrons vs binding

energy (in eV) from which peaks can be integrated and used to determine the ratios
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of atoms present.***° An example of an XPS spectrum of gold, with the relevant

binding energies labelled, is given in Figure 3.16.

30] Au [4f]

Electron Counts

— 71 T T T T ]
1200 900 600 300 ]
Binding Energy / eV
Figure 3.16 Example XPS spectrum of gold chip (50 nm thick on 1 nm chromium coated glass) with

the relevant binding energies labelled. Data recorded at the National EPSRC XPS Users' Service
(NEXUS) at Newcastle University.

XPS measurements (performed at the NEXUS facility in Newcastle University) were
carried out on SAMs consisting of MCH only and on mixed monolayers of SO,
S1TTss), S1TT(rR), STHH(ss) and S1HH g r). The amount of an element present can
be determined form the integral of the peak. Fitting the spectra enables the ratios of
elements present to be determined.®® For this reason specific elements were
analysed in detail to give an indication of the surface characteristics. For example,
the percentage of the electrons which were resulting from ejection from the 2p
sulphur orbital was used as a base measurement since every molecule bound to the
surface should contain one sulphur atom. To confirm the accuracy of the peak
modelling, the experimentally determined ratio of C 1s : S 2p electrons in MCH only

(13.8 + 1.4%) was compared with the calculated percentage composition (6:1 or
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14.3%) and were concordant, which gave confidence in investigation of the

remaining SAMs of interest.*’

Unfortunately, due to a low total percentage of iron compared with other elements, it
was not possible to accurately fit the Fe 2p peak to give an indication of the number
of FcNA reporters. Instead, the ratio of FCNA-DNA to MCH molecules was
determined by comparing the percentage of electrons resulting from N 1s with those

resulting from S 2p. The data are given in Table 3.5.

Table 3.5 The ratio of DNA strands to MCH molecules present on a surface for each of 5 different
mixed monolayers, calculated from the percentage of electrons detected that are due to ejection from
the S 2p and N 1s orbitals. Percentages and their associated errors are determined from the XPS
analysis of three sample areas from each of three individually prepared SAMs. Experiments carried
out at NEXUS, Newcastle University.

Calc’d No. of N

SAM % S 2p % N 1s DNA:MCH ratio
atoms
SO 3.5+0.3 252+04 54 1:6
S1TTss) 85+1.3 7.3+13 54 1:62
S1TT(rr) 8714 13.3+2.5 54 1: 34
S1HHs,s) 3.9+3.8 258+1.0 50 1:7
S1HHr r) 3.5+0.1 271 +21 50 1:6

S0 and both S1FcHH variations show good concordance, with 1 DNA strand per
approximately 6 MCH molecules present on the surface. This would suggest a
relatively densely packed distribution of DNA, where strands could be expected to
interfere with each other if diffusion to the surface was to occur, particularly when the
strands were duplexed (due to the increased rigidity).42 This is contrary to what was
found by ellipsometry, which suggested that the DNA probes were dispersed enough
to lie flat on the surface. Further repeats of both experiments will be required to

ascertain the reasons for this.
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Both S1TT variants were shown to be much more diffusely packed than the SO and
S1HH SAMs. This is not consistent with the ellipsometry data and the difference is
difficult to explain. It is possible that these SAMs are more prone to degradation in air
and thus are more greatly affected by the increased time required to transport the
samples to the XPS facility. These experiments should be repeated to confirm the
results.

Ideally, further studies, such as STM, could be carried out in an attempt to visualise
the SAM structure and provide further insight into the diffusivity of the DNA strands
within the surface. By recording these measurements at regular intervals, it may also
be possible to observe whether the FCTT units are more prone to degradation or

whether the higher ratios are actually indicative of the surface.

3.2.4 Electrochemistry

3.2.4.1 Initial Control Studies

The mixed monolayers were further characterised using cyclic voltammetry. Initially,
CVs of bare Au, MCH only and mixed monolayers of SO were recorded to ensure the
peaks to be interpreted were indeed resulting from the FcNA units, as was expected.
The resulting CVs are shown as overlays in Figure 3.17.

As predicted by the literature, CVs of the bare Au electrode, due to the adsorption
and desorption of species from the electrolyte, possessed enhanced current and a

k.*® These were not present in the MCH and SO mixed monolayer

large negative pea
since the SAMs act to block the interaction between the gold surface and ions in

solution. As expected for these systems, there was no issue with interference peaks.
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Accordingly, peaks present in the CVs of SAMs of both variants of S1THH and S1TT

were assumed to arise from the FcNA units themselves.
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Figure 3.17 Cyclic voltammograms of A: Bare gold, MCH only, SO, STHH g g) ana (s,s) @nd STTTr r) and
(s.s) mixed monolayers (B: without Bare Au to allow for ease of comparison). CVs recorded at 100 mV
s’ in 1 M NaCIO,, 10 mM phosphate buffer

3.2.4.2 Characterisation by CV

The mixed monolayers of STHHRrR) and (s;s) and S1TT rR) and (s,5) Were characterised
by recording CV at varying scan rates and plotting the resultant relationship between
scan rate and current. The corresponding graphs and data are given in Figure 3.18

and Table 3.6, respectively.
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The calculated surface coverages for these systems indicate sparsely populated
surfaces and correspond well to surface coverages reported within the literature
which allow for full DNA hybridisation. It also increases the probability that the redox

centre will be able to reach the electrode surface and that the systems could produce

sensitive electrochemical devices with fully reversible redox behaviour.*”*

Table 3.6 Electrochemical behaviour of DNA:FcNA SAMs derived from Figure 3.18. All values are an
average of three replicate measurements. E4,, AE, and Ip° / /pal are determined form the 100 mV s™
redox wave. I" is determined from the gradient of the square root of the scan rate vs current
graph. (Figure 3.18)

SAM Ei2l mV AE, | mV 1,11, I/ x 10" molecules cm™
A:
STHHgm  108(#02) 5.4 (+ 3.0) 1.04 (£ 0.08) 4.83 (£ 0.38)
B:
STHHgs 104 1.0) 2 (+3.1) 1.01 (£ 0.06) 5.66 (+ 0.37)
C:S1TTrr 144 (£ 0.9) 1.5 (£ 2.8) 1.22 (+ 0.05) 6.15 (+ 0.57)
D: S1TTss) 144 (£ 0.5) 2 (x2.7) 1.26 (+ 0.03) 5.52 (£ 0.59)

For all systems, peak separation (AE, = E,® - E,°) is consistently low and plots of
scan rate vs current display excellent linear dependence, corresponding to that which
is expected for a typical surface-bound electrochemically active species with fully
reversible, Nernstian behaviour. However, whilst the cathodic to anodic peak ratio (/,°
I 1,%) for both FcHH enantiomers is close to 1 and therefore a further indication of fully
reversible behaviour, the FcTT enantiomers are not, with slightly higher cathodic
currents.?#%3

This is most likely due to the increased error associated with the increased currents
observed for the FcTT enantiomers and difficulty extrapolating an accurate baseline

for cathodic peak (see Figure 3.18). An alternative explanation is the presence of the

thymine groups. As discussed in section 3.1.3.3, the electron withdrawing ability of
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Figure 3.18 i) CVs of A: SIHH(R,R), B: S1HH(S,S), C:S1TT(R,R) and D: S1TT(S,S), CVs recorded at varying scan
rates, between -100 and 400 mV in 1 M NaClO,, 10 mM phosphate buffer. ii) Linear dependence of current on
scan rate for A, B, Cand D.
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the nucleobase results in a positive shift of the oxidation potential (as exemplified by
the Eq values listed in Table 3.6) and this may also affect the reversibility of the
system.®

However, it may also be due to underlying electrochemical reactions, reduced
electron transfer kinetics or even slight degradation of the FcTT units, resulting in the
reduction in height of the anodic peak. These explanations are unlikely to be the case

since subsequent cycles do not induce any further reduction in current.

3.2.4.3 Optimisation of and Characterisation by SWV

As discussed in section 2.3.4, SWV is often favoured as a sensing technique due to
the inherent removal of capacitance current and enhancement of the peak of interest,
resulting in increased sensitivity compared with CV.*™*° As such, CV was used to
characterise the surface at the beginning and end of every experiment to ensure the
SAMs were consistent but the sensing investigations were carried out using SWV.
Plaxco and co-workers have discussed, at length, the possibility for tuning SWV
parameters to maximise the signal.27 For these SAMs, varying the amplitude (height
in mV of the square wave form) and step (increase in potential for each iteration of
the wave form in mV) had little effect on the overall peak shape but changing the
frequency produced data of varying quality. A range of frequencies were trialled with
S1TTss) (Figure 3.19).

As shown in Figure 3.19, a frequency of 200 Hz results in the most substantial peak
which does not also possess any of the artefacts (negative peaks and peak folds)
associated with SWV recorded at higher frequencies.z’27 This observation, in

combination with Osteryoung and Osteryoung’s comparison of the various
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frequencies, led to the selection of 200 Hz as a standard frequency. This frequency is
a ‘trade-off’ between the more sensitive but less consistent data attained with lower
frequencies and the reduced sensitivity but more reproducible SWV obtained with
higher frequencies.**

The resultant SWV of each of the SAMs is given in Figure 3.20.

—— 100 Hz

- - 200 Hz

204 - - 300Hz =
— 400 Hz Sy

~--=500 Hz /

15 R

01 00 01 02 03 04 0.1 0.0 o.'1 ofz 0.3 0.4
E vs (Ag|AgCl) /1 V E vs (Ag|AgCl)/ V

Figure 3.19 SWV of S1TT s s) recorded at various frequencies (Left: 10-100 Hz Right: 100-500 Hz).
SWV were recorded at amplitude of 25 mV and step of 1 mV. SWV recorded in 1 M NaCIO,, 10 mM
phosphate buffer
The E4; values derived from Figure 3.18 and Figure 3.20 are given in Table 3.7 and
show good agreement between CV and SWV. SAMs containing FcHH derivatives
produced currents on oxidation as low as ~30% of the FcTT probes. A likely
explanation relies on the sensitivity of SWV to the “critical frequency” of the molecule
being interrogated. White and Plaxco showed that surface bound, redox-active
molecules exhibit maximum signal at a frequency which is individual to that

species.*” The differences in structure between the FcHH and FcTT derivatives may

result in the selected SWV parameters not being optimal for both systems. This is
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supported by the fact that a similar difference in maximum current in not reflected in

the respective CVs.
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Figure 3.20 SWV of STHH g R) ana (s,;5) @nd STTTrR) ana (s,5)- SWV were recorded at a frequency of 200
Hz, amplitude of 26 mV and step of 1 mV in 1 M NaClO,, 10 mM phosphate buffer.

Table 3.7 Comparison of the values for E,,, derived from CV and SWV. All values are an average of
three replicate measurements.

cv Swv

SAM E1/2/ mV E1/2/ mV

S1HH g r) 108 (x 0.2) 111 (2 1.7)

S1HHss) 104 (£1.0) 110 (£ 2.0)

S1TTr R 144 (+ 0.9) 144 (+ 3.3)
S1TTss) 144 (+ 0.5) 146 (+ 3.4)

There is also a ~30% decrease in the current of S1FcTTss) compared with

S1FcTT R wWhich was consistent with the surface distribution measured by the XPS

data for these probes. The low distribution of probes containing the (S,S) enantiomer
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compared with the (R,R) enantiomer (as evidenced in data acquired from both of
these techniques) would imply there are fewer redox sites present in the SAMs to
undergo electron transfer, thus resulting in lower current. However, as for the FcHH
derivatives, the differences in structure between the (S,S) and (R,R) derivatives may
result in the SWV parameters’ corresponding more closely to the critical frequency of
the (R,R) enantiomer, causing an enhanced signal.

Since one possible explanation for the XPS and SWV data trends was a lesser
degree of degradation of the FcTT compared with the FcHH systems (as well as for
FcTTs,s) vs FcTT rp)) it was decided to investigate the electrochemical stability of all

four systems as a priority.

3.2.5 Stability
The instability of ferrocene (Fc) in its oxidised form (the ferrocenium ion) towards
nucleophilic attack is well documented.>*®*® Whilst the mechanisms of degradation
are discussed in more detail, in reference to improving redox tags based on Fc, in
section 5.1.2.1, it was considered prudent to consider the stability of the FCNA at this
point to evaluate the efficacy of it as a potential commercial device.
Following on from work comparing the stabilities of methylene blue (MB) and Fc
redox tags, published by Plaxco and co-workers (and discussed in more detail in
section 5.1.2), the stabilities of the SAMs were assessed for:
e Long term stability
o A CV and SWV were recorded once a day for seven (for S1TT s s) only
due to constraints on material) or eight days and the percentage

change in current monitored.
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e Susceptibility to mechanical degradation
o DNA SAMs were interrogated in their single stranded forms, when
duplexed and when returned to single stranded after being soaked in
urea to remove the target and washed. The loss of the redox active
species due to the physical aspects of SAM reuse (i.e. washing, moving
between storage vessels etc.) was monitored using this method.
e Susceptibility to degradation using electrochemical methods
o SAMs were interrogated by SWV one hundred and fifty times,

consecutively, and the percentage change in current monitored.

3.2.5.1 Long Term Stability

The stability of the SAMs immobilised on gold electrodes to long term storage was
assessed by storing them in 1 M NaClO,4, 10 mM phosphate buffer exposed to air
and at room temperature for a period of eight days (seven for S1TT (s s). The sensors
were interrogated once a day and the data compared. The acquired data for the long
term stability studies are shown in Figure 3.21.

Plaxco and White showed that exposed Fc tags attached to the 3’ end of DNA lost
~90% signal due to current over 7.5 days.? All of the systems evaluated above are
an improvement on this previous observation, as shown by the data in Table 3.8. The
error with these systems is high, a problem that has been previously associated with
ferrocene-based electrochemical systems, though no explanation for why this is the
case has been given.?

FcHH derivatives appear to degrade faster, losing ~50% in current signal, compared

with ~30% loss for the FcTT derivatives; the chirality of the species appears to make
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Table 3.8 The final current loss after 7 days for each SAM from SWV. Each is the average of three
repeats. The error is calculated as the standard deviation of these three replicate measurements.

% Loss in
SAM Current after
7 days

S1HHRRr 55 (+ 17.2)

S1HHss) 47 (£ 6.9)

S1TTrer 32 (£ 34.2)
S1TT(S,S) 35 (i 220)
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Figure 3.21 Top: Percentage loss in current as measured from the peak maxima of the SWV for
S1HH(S,S) and (R,R) and S1TT(S,S) and (R,R) over 8 days (7 for S1TT SS) calculated from a
minimum of 3 experiments. Data are split into STHH s s) and gr) only (bottom left) and S1TT s ) and
(r,R) Only(bottom right) for ease of viewing. SWV measured at a frequency of 200 Hz, amplitude of 25
mV and a step of 1T mV in 1 M NaCl, 10 mM phosphate buffer.
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little difference. The signal changes for the FcTT units are likely to be due to the
generalised loss of thiols from the surface since the MB electrochemical redox tag is
reported to show 35% signal loss over the same period (which was attributed almost
solely to thiol loss).?***® The additional losses in signal shown by the FcHH units are
probably due to the slightly enhanced degradation of the ferrocene units themselves.

It has been suggested that the improvement on stability compared to exposed, 5’
tagged Fc unit, is due to the protection of the redox active centre by the negatively
charged DNA backbone and the four appended groups, which increase steric
hindrance and block any potential groups capable of nucleophilic attack (OH", halides
etc.).>*%* This may also explain why the stability decreases with the FcHH groups
since these do not have the nucleobases attached, thus resulting in a less sterically
hindered setting.

Interestingly, the error with the FcTT based SAMs is much higher than that of the

FcHH based SAMs, despite the average level of degradation being lower.

3.2.5.2 Stability towards Mechanical Degradation

The stability of the SAMs to mechanical degradation was assessed by interrogating
at each stage of the duplexation and regeneration process as described above in
section 3.2.5. The sensors were interrogated at the initial single stranded stage and
then after soaking in DNA target (S2AA for every experiment) for 20 min
(hybridisation) and 8 M urea for 10 min (regenerating the single stranded probe)
before repeating the hybridisation.‘:’1 One cycle was assigned as a combination of

one interrogation of the single stranded probe SAM and one of the duplexed SAM.
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The acquired data for the mechanical stability studies, showing the current loss of the

single stranded probe after each cycle, is shown in Figure 3.22.
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Figure 3.22 Top: Example of the SWV resulting from the multiuse cycles with single stranded
S1FcTTss), STFcTTs,5:S2AA and single stranded S1FcTT s s) after removal of the S2AA target by
soaking the SAM in 10 uM cysteine for 20 min. Target was added by soaking the single stranded
SAMs in 100 nM target for 10 min. Bottom: Percentage loss in current as measured from the peak
maxima of the SWV for STHH s s) ana (rr) @nd STTT s s) and (r,R) OVEr 10 cycles, calculated from a
minimum of 3 experiments. The data are split into STHH s s) ana rr) ONly (bottom left) and ST1TT s s) and
R only (bottom right) for ease of viewing. SWV measured at a frequency of 200 Hz, amplitude of 25
mV and a step of 1T mV in 1 M NaCl, 10 mM phosphate buffer.

All the FcNA systems are an improvement on 5 attached Fc redox probes, which

exhibit overall losses in current signal of 50% under these conditions, and are not
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dissimilar from the losses in current displayed with MB (10% loss in current signal

over 15 cycles). The overall losses in current signal are given in Table 3.9.

Table 3.9 The final current loss after 10 cycles for each SAM. Each is the average of three replicate
measurements.

% Loss in
SAM Current after
10 cycles

STHHgR 22 (+35.1)

STHHs s 8 (+ 6.6)

S1TTrR) 12 (£ 3.7)

S1TTss  -31 (% 26.3)

It is clear from the graphs in Figure 3.22 and final loss of current given in Table 3.9,
that there is large variation and error in the data obtained for S1TT s s) and S1HH g r).
The currents obtained resulted in an increase in average current for S1TT s 5) and an
accompanying average error of 26% across all the cycles. For S1THH r r) the average
error was 35% across every cycle. Clearly, these values represent systems which
cannot provide consistent data on reuse.

However, SAMs formed from S1TTrgr and S1HHs) displayed a higher level of
consistency across each measurement, with average errors across the 10 cycles of 6
and 10%, respectively, suggesting the rigours of duplexing, denaturing and washing
the SAMs are not the cause of the degradation. The final percentage losses of
current of S1TTrr and STHH s s) are also very similar to the 10% shown by MB in
the literature.? It is not easy to explain the difference between these FcNA-based
SAMs and the less consistent systems (S1HH®rRr and S1TTs. However, the
molecular modelling showed that both S1TT g and S1HHs (Figure 3.9 and

section 3.1.4.1.1 respectively) orient themselves within the DNA duplex in a manner
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which reduces distortion. S1TTrRr) aligns closely with the natural helix shape,
allowing for hydrogen bonding, and S1HHss) is buried within the duplex structure,
allowing for base stacking interactions. The enhanced rigidity associated with these
orientations when duplexed, may reduce the degradation due to nucleophilic ions as
well as resulting in single stranded DNA of similar structure on denaturation. Further
repetition of these measurements could be carried out in order to ascertain whether

this is a true phenomenon.'®

3.2.5.3 Stability towards Electrochemical Interrogation

The stability of the SAMs to electrochemical interrogation was assessed by
subjecting the SAMs, with the probes in single stranded form, to 150 consecutive
SWV at 200 Hz and in 1 M NaClO4, 10 mM phosphate buffer. The acquired data for
the successive electrochemical interrogation studies, showing the current loss for
each scan, is shown in Figure 3.23.

Every FCNA-DNA conjugate probe tested showed a remarkable improvement on the
stability of 5 tagged Fc probes, which has previously been shown to lose 50%
current signal after 100 SWV scans.?> They were also all comparable with the
degradation shown with MB in the literature (2% over 100 scans) with very little error
in each measurement. The final % loss of current after 150 scans is given

Table 3.70. These systems appear to be highly stable to successive oxidation and

reduction cycles.?
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It should be noted that, although the error values are all less than 5%, the error for
the FcHH systems are marginally higher than those for the FcTT systems. This may
be due to the increased flexibility afforded the FcHH units since they do not have the
opportunity to stack with neighbouring bases. This could increase the range of
orientations a single stranded probe could adopt and, consequently, slightly broaden

the range of oxidation potentials at which the electron transfer occurs.
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Figure 3.23 Top: Percentage loss in current as measured from the peak maxima of the SWV for
S1HH s s) ana (rr) @nd ST1TT s s) ana R r) OVEr 150 consecutive SWV scans, calculated from a minimum of
3 experiments. Data are split into STHH s s) ana r gy Only (bottom left) and S1TT s sy ana rr) ONly (bottom
right) for ease of viewing. SWV measured at a frequency of 200 Hz, amplitude of 25 mV and a step of

1mVin 1 M NaCl, 10 mM phosphate buffer.
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Table 3.10 % Loss in Current after 150 SWV scans. Measurements are given as an average of at
least 3 replicate measurements.

SAM % Loss in Current after 150 scans
S1HH (g R) -1.2 (£ 1.5)
S1HHss) 2.7 (£1.8)
S1TT(rr) 1.0 (x 0.2)
S1TTss) 0.9 (£0.6)

3.2.5.4 Stability Conclusions

Overall, all the surface-bound FCNA:DNA conjugated systems investigated here are
a vast improvement on 5 tagged Fc DNA probes investigated by Plaxco and co-
workers.? All the systems are stable to successive electrochemical interrogation and
S1FcHH(iss) and S1TTrpr) in particular show high stability towards mechanical
degradation with low associated error. This suggests that it may be possible to
develop a reusable sensor with these systems, saving both time and expense.2

The longevity of these systems is also an improvement on the previous 5’ redox tags,
with the FcTT enantiomers showing the greatest resistance to degradation.2 It is
possible to attribute signal loss from these systems to the generalised loss of thiols
from the surface rather than of the FCTT units themselves.?

Whilst the FcHH based probes appear to degrade slightly more readily than the FcTT
probes over time, it could be argued that S1FcHH( s is the most promising
candidate for a reusable sensor in terms of stability. It displays consistently low error
and stability towards both consecutive SWV scans and the physical damage caused
by multiple uses and although S1FcHHss) is not as stable to long term storage as
either of the FcTT enantiomers, it is still shows 8% less current loss than the
FcHHr r) enantiomer and does not possess the high error associated with the FcTT

units.
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3.2.6 DNA Sensing

The improvement in stability afforded by all the FCNA systems led to an assessment
of the DNA sensing capability of all the FCNA-DNA conjugate SAMs. This was done
by exposing the SAMs to 100 nM target DNA (S2AA, GG, CC, TT, TA or a random
strand) for 20 min before washing away excess target with a stream of Millipore water
to prevent its adsorbing to the SAM surface. Non-specific adsorption of the target can

affect both the conformation of the duplexes and the ease with which they form. 2

3.2.6.1CVvs SWV

Initially, CVs of the S1TT s s) were recorded when the probes were single stranded
and when the probes were hybridised with S2AA. These were then compared.

Since previous solution based electrochemical experiments had shown both a
decrease in observed current and a negative shift in E4,; in the CVs, it was of interest
to discover whether there would also be an observable difference in the CVs for the
surface bound systems. However, as shown by the example overlay in Figure 3.24
here was no significant variation between the two CVs.

This can be explained by considering the differing behaviour of surface-bound
species compared with solution-based, redox-active molecules. The system is no
longer heavily reliant on diffusion of the electroactive species to the surface. As a
result, the extra mass, and thus resistance to movement in solution, afforded by the
formation of a duplex, is not a factor in the electron transfer, which takes place
between the surface and an Fc unit already in proximity to the surface. Therefore, a

decrease in current is not observed in CV.?%%

102



Chapter 3: Ferrocene Nucleic Acids for Surface Bound DNA sensing

] —S1TT S,S only
04 il e SI1TT S,S - S2AA
0.2
<C
=
~ 0.0+
-0.2
0.4+

-0.1 I 0.0 ' O.[1 I 0?2 ' 0.3 . 0.4
E vs (Ag|AgCl) / V

Figure 3.24 CV of S1TTss) only and S1TT ss): S2AA for comparison of the effect of duplexation on
the characteristics of the CV. 10 mM CVs recorded at 500 mV s™', between -100 and 400 mV in 1 M
NaClO, 10 mM phosphate buffer. Target was added by soaking the single stranded SAMs in 100 nM
target for 10 min.

Although a change in oxidation potential was expected (more so than a change in
current), it was not observed. This could be due to the probes being held in a more
constrained orientation on a surface (since the FcNA units are held relatively closely
to the surface, with only 7 nucleobases between it and the MCH layer) rather than
the flexibility it is afforded in solution. As such, the environment of the FCNA unit may
change very little on duplexation, preventing the further stabilisation of the
ferrocenium ion that is evidenced in solution-based studies by a decrease in the Eq,.
SWYV was next trialled since, as detailed previously, it has been shown to be a more
sensitive technique than CV and the ‘critical frequency’ effect, as highlighted by the
variation in currents displayed in Figure 3.20, could also play a role in the sensing

behaviour. The result for the S1TT (s 5) system is shown in Figure 3.25.
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Figure 3.25 SWV of S1TT(S,S) only and S1TT(S,S) : S2AA for comparison of the effect of duplexation
on the characteristics of the SWV. SWV measured at a frequency of 200 Hz, amplitude of 25 mV and
a step of 1 mVin 1 M NaCl, 10 mM phosphate buffer. Target was added by soaking the single
stranded SAMs in 100 nM target for 10 min.

Compared with the single stranded S1TT s s) there is a 65 + 11% current increase
upon binding S2AA . For the majority of ferrocene-based probes in the literature the
current decreases upon duplex formation, as a consequence of the probe’s rigidity
increasing. This results in the redox active site being held further from the electrode
surface which, in turn, slows the diffusion of the redox centre towards the surface and
so reduces electron transfer rate 210:12:31:37:38.47.53-55

However, as shown by Plaxco and co-workers, tuning the square wave frequency to
below ~20 Hz for strands with electrochemical tags attached to the 5’ end of the DNA

can reverse this effect, giving an enhanced signal on binding. The process is outlined

in Figure 3.26.%"
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Figure 3.26 Schematic reflecting the movement of surface bound FcNA:DNA conjugates as single
stranded and duplexed (1-4) and how that relates to the square wave form (centre)
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The faster rate of electron transfer, due to the decreased strand rigidity associated
with the single stranded DNA, means the current has largely been depleted when a
measurement is recorded, owing to the waiting step in the square wave form (steps 3
and 4 in Figure 3.26). In contrast, the slower rate produced by the less mobile duplex
due to the reduction in movement of the redox-active site towards the surface means
the electron transfer is at its peak at this point.

It has been suggested that, since the FCNA unit is placed centrally in the S1 strand, it
is very much closer to the electrode surface than a 5’ tagged Fc species, allowing the
signal enhancement to occur at higher frequencies. Both duplexed and single
stranded species are moving towards the surface readily but the single stranded
species remains more mobile.

The ability of SWV to distinguish between single stranded and duplexed probe FcNA-
DNA conjugates allowed for further study into whether it could also be used to

distinguish base mismatches.

3.2.6.2 (R,R) vs (S,S)

The ability of each system to distinguish between a target containing two base
mismatches and, in one case, one base mismatch, was assessed for each system
and the effect of the stereochemistry of the FCNA units and the base pairing ability
compared. The results for the FcHH and FcTT enantiomers are shown in Figure
3.28and Figure 3.29, respectively.

It is clear for both FcTT and FcHH systems that the inclusion of (S,S) chirality
produces a greater percentage increase in current compared with the (R,R)

enantiomers. This is particularly prominent for S1FcTT r r), where any percentage
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Figure 3.28 Percentage change in current on duplexation of both S1HH enantiomers with various
targets. The results are calculated from a minimum of three replicate measurements of SWV
measured at a frequency of 200 Hz, amplitude of 25 mV and a step of 1 mVin 1 M NaCl, 10 mM
phosphate buffer. Target was added by soaking the single stranded SAMs in 100 nM target for 10 min.
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Figure 3.29 Percentage change in current on duplexation of both S1TT enantiomers with various
targets. The results are calculated from a minimum of three replicate measurements of SWV
measured at a frequency of 200 Hz, amplitude of 25 mV and a step of 1 mVin 1 M NaCl, 10 mM
phosphate buffer. Target was added by soaking the single stranded SAMs in 100 nM target for 10 min.
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change (interestingly is it the only system where the current change is almost
consistently negative) is also accompanied by a large variation in error.

Since in the previous molecular modelling studies, described in section 3.1.4, it was
suggested that the FCNA units with (R,R) stereochemistry align more closely to the
structure of the natural DNA helix backbone, it could be expected that the orientation
of units with (R,R) stereochemistry is predisposed to duplex formation. Therefore, the
environment of the FCNA unit varies very little on hybridisation, which is reflected in
very little variation in electron transfer rate compared with for the S,S enantiomers
and less percentage change in current as a result.

The increased alignment with the natural DNA backbone can also explain why
S1FcTTrRr has the lowest percentage change out of all four systems. For this
stereochemistry, the FcTT moiety is capable of base stacking even in a single
stranded DNA sequence, predisposing it further to duplexation.

The data shown above (Figure 3.28 and Figure 3.29) indicated that S1TTrr and
S1HHr r) would not be suitable as DNA sensors because the percentage change in
current was too low and error was too high, making conclusive DNA sensing
impossible. As a result, further experiments were carried out with the (S,S)

enantiomers only.

3.2.6.3 FcHH vs FcTT
S1HHss) and S1TT s s) were compared to determine the effect of base pairing on the
DNA sensing ability of the FCNA units on a surface. The comparison is shown in

Figure 3.30. As expected, there is no variation in current on exposure of either SAM
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to a random sequence DNA target, suggesting there is no binding and ensuring that

the increase in current arises from duplexation and not non-specific binding.
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Figure 3.30 Percentage change in current on duplexation of S1TT sy and ST1HH,s s) with various
targets. The results are calculated from a minimum of three replicate measurements of SWV
measured at a frequency of 200 Hz, amplitude of 25 mV and a step of 1 mVin 1 M NaCl, 10 mM
phosphate buffer. Target was added by soaking the single stranded SAMs in 100 nM target for 10 min.

S1HHs s) produces the highest percentage increase in current on duplexation, more
than double the percentage for the S1TT s s) in nearly all cases.

There are two explanations for this observation. Firstly, as described previously, the
presence of the nucleobases allows for base stacking within the DNA strands thus
minimising the change in the environment of the FcTT unit on duplexation and having
a reduced effect on the ease of electron transfer.

However, these data were determined using the percentage change in current and

the raw SWV showed generally lower currents for STHH moieties. The increased
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percentage change in current may therefore be an artefact of the data treatment. To
confirm this is not the case, the raw currents of the single stranded SAMS were
normalised to 1 to give comparable data between the systems. These data are

shown in Table 3.11.

Table 3.11 Normalised Currents for S1TTss) and STHH s s) when duplexed with various targets,
where S1XX only = 1. Data reported are an average of at least three replicate measurements.

Normalised Current (Where S1XX =1)

SAM S2AA S2GG S2CC S2TT S2TA S2Random
S1TTs,s) 1.52 1.45 1.51 1.41 1.55 0.98
S1HHss) 1.80 2.07 2.39 215 273 1.10

As shown in Table 3.11, the greater increase in current for S1THH (s s) compared with
S1TTs,s), though not as marked in the normalised data, is still present, indicating that
S1HHSs s does indeed, give the more marked response to duplex formation

For the S1TT s s) system there is no significant variation in the current increase upon
changing the sequence of the target strand. For the S1HH s s) system there are less
even changes although the large errors associated with the data renders the system,
in its current state, unable to differentiate between different bases. However, when
the pattern of current increases is compared for both S1HH i s) and S1TT s 5) across
all the targets there appears to be similarities (i.e. S1IXX:S2TT gives the highest
percentage increase in current, S1IXX:S2TA gives the lowest percentage change in
both cases). To be sure that this is a real phenomenon, an in-depth, methodical
assessment of every aspect of SAM formation (DNA concentration and exposure
time, MCH concentration and exposure time, temperature etc.) would have to be

carried out to optimise the SAMs and reduce the errors in the data.
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3.2.6.4 Limit of Detection (LOD)

All experiments carried out so far were carried out using a target concentration of
100 nM. Preliminary data suggest that a percentage change in current is still
discernible with a target concentration of 10 nM. Further study is required to

determine whether detection of the target at sub-nanomolar levels is possible.

3.3 Conclusions

In a continuation of previous solution-based investigations and following optimisation
of the FcNA structures using thermal melting points, mixed monolayers of MCH and
FcHHs s), FcHHrrR), FcTT(ss) and FcTT rr) were explored. Each SAM was assessed
for longevity, resistance to mechanical degradation, sustained electrochemical
interrogations and its ability to detect DNA targets. In addition to this, each SAM
underwent surface characterisation with XPS and ellipsometry.

The surface characterisation will need to be repeated and STM carried out to confirm
the results. Ellipsometry suggested that all the systems were diffusely packed, in line
with previous literature.*”*® However, XPS data suggested that the distribution of SO
and S1HH based probes was more compact in comparison with the S1TT probes
and so an assessment of electrochemical stability was conducted.

All systems showed improvements on the 5 tagged Fc reporters previously
described by Plaxco and co-workers.? For 150 consecutive electrochemical scans, all
SAMs showed near-zero changes in current and low error. S1TT systems showed
~20% improvement on S1HH in terms of longevity over 8 days with S1TT systems
showing only a ~30% reduction in signal overall. However, the error associated with

the FcTT systems was much greater.
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Conversely, resistance to mechanical degradation seemed to depend more on the
orientation of the FCNA within the duplex environment. FcTT r ) and FcHH s s5)-based
SAMs showed levels of mechanical degradation consistent with that previously
shown for MB and had lower error across the measurements.?

Following these experiments, it was concluded that S1FcHH(s) represented,
marginally, the most promising candidate for DNA sensing. Whilst the displayed
longevity was not as great as for the FcTT units, FcHHs ) performed consistently
well in terms of low error, consecutive electrochemical interrogations and reduced
damage through reuse compared with the other variations.

The sensing ability of the FcHH( sy monomer was further corroborated during the
assessment of the different systems abilities to detect target DNA. While significant
differences were not obtained in CV, the additional sensitivity afforded by SWV
allowed for DNA target detection and the ‘frequency effect. Both FcNA units
containing the (R,R) chirality produced SAMs which resulted in percentage changes
in current on binding that were high in error and less applicable, since some targets
produced zero change in current.

On the other hand, mixed monolayers containing (S,S)-based FcNA units
consistently produced increases in current on binding. This is a very unusual
occurrence and a feature of the ability to tune the frequency of SWV. This is an
improvement on most electrochemical systems, which rely on a reduction in current
and run the risk of a ‘false positive’ result.?10:12:31:37.38.47.53-55

S1HHss) showed consistently higher percentage increases on binding for all the
targets. This was subsequently shown to be a real phenomenon rather than an

artefact of the way in which the data were analysed.
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Interestingly, a pattern began to emerge for both units containing the (S,S) chirality

on binding the different targets. However, due to the error in the systems, it was not

possible to determine whether this was a true result or an artefact. Further reduction

of the error in the systems, through optimisation of SAM formation, may enable

identification of the specific mismatches in a target if this pattern was confirmed.

3.4 Further Work

To further the investigations of the FCNA species as a potential commercial SNP

sensing device, the following work is suggested:

STM measurements to explain the differences between the different species
and to visualise the surface distribution of the probes.

Determine the LOD

Optimise every aspect of SAM formation and SWV frequency to attempt to
improve the LOD.

After improvement of the LOD, attempts should be made to detect DNA
targets that represent true SNPs and not double base mismatches.

Carry out a trial application of the best FCNA-DNA conjugate system on a
disposable electrochemical chip to begin to assess the efficacy of the FCNA

units as potential commercial/clinical sensing devices.
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4.1 Introduction

The ability of nucleic acids to bind various metal ions has prompted investigation into
a wide range of diverse applications for metallated DNA (M-DNA). From natural
phenomena, such as the catalysis of the hydrolysis of RNA and DNA by ribozymes1
and DNAzymesZ, to attempts to improve conductance through a DNA ‘wire’>™’, to the

development of nanoarchitectures®°

, many groups have explored and utilised the
incorporation of metal ions into DNA either to understand biological processes or to
encourage the development of nanomachines."’

DNA is an ideal building block due to its biological relevance, the ease with which it
can be synthesised and, as shown in Chapter 3, the variety of artificial nucleosides
which can be incorporated. Much previous research has focussed on the
incorporation of modified, chelating nucleosides (such as the N,N’bis salicylidene)
ethylenediamine ligand used to chelate Cu?, as discussed in section 1.4)9 in order to
enhance the electronic and structural properties of DNA.*>8191213 ynti| recently, the
use of direct interactions of metal ions with unmodified nucleic acids had been
limited. However, a growing need to sense metal ions for medical and environmental
applications, and the recognition that some metal-base pairing can be facilitated by
base mismatches, has led to a resurgence in research in this area.?’*'® The

detection of mercury ions through thymine-thymine mismatches has been particularly

prevalent and is the focus of this chapter.

4.1.1 Metals in DNA
A number of different metal ions have been shown to bind to natural DNA. Lee and
co-workers termed the phrase ‘M-DNA" after showing that some divalent metal

cations could form complexes with DNA in conditions above pH 8. The inclusion of
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these ions provided conductivity such that the DNA helices could act as wires.>""

The resulting systems have been shown to be usable as electrochemical sensors for
single nucleotide mismatches, with detection limits as low as 10 fM. '’

Titration of the metals in question, Zn?*, Co?" and Ni?*, into target duplexed DNA,
were shown, through NMR studies, to result in the loss of the T and G imino proton
signals. This and subsequent modelling studies, led Lee and co-workers to suggest
the binding mode given in Figure 4.1.>" However, elucidation of the true nature of
the metal binding has not yet been achieved. Mechanisms involving the binding of
the metal to the major and minor grooves, involving no deprotonation and

deprotonation, have also been suggested.??®

/ N:\
N NH -
/ -
_-H H H-
el \ \N/
| A
N N
/ \/
/ \N~~ 9
~~~~~ +
IZn\2+ \ C ,’Z“n
’ SN /
/ /‘O—H . \O/' ‘\b’/
H ~
H W~ H

Figure 4.1 Zn** mode of binding in DNA duplexes as suggested by Lee and co-workers.’

Whilst the examples given above require basic conditions in order to bind DNA, Cu?*
is known to bind to DNA under biological conditions, causing irreparable damage
through the facilitation of the formation of reactive oxygen species.?*?® Conditions
associated with high level of copper in the body include Wilson’s disease, where

accumulation in the brain and liver result in organ failure and neurological issues.?
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The interaction of Cu?* and nucleic acids is not well understood, although there is
some evidence for site-specific intercalation and a higher specificity for Cu® in
duplexed DNA compared to single-stranded DNA. This would suggest a need for
geometrically controlled intercalation with the major or minor grooves, or coordination
between opposite bases to be present, as is the case for Zn**.24%":28

The health implications of excess Cu?* display a need for the sensitive and accurate
detection of these, and similar, metal ions and raise the possibility that interactions

with nucleic acids could be used to detect and quantify their presence in a biological

setting.

4.1.1.1 Lanthanides

More recently, lanthanides have been shown to be able to bind to 5-hydroxyuracil
(U°").  The formation of U°" occurs naturally upon the oxidative deamination of
cytosine. U has been shown to form stable base pairs with A, G, C and T
nucleobases. Its introduction into natural DNA is often the precursor to point
mutations within the DNA strand, primarily through the conversion of C to U°™. U®H
has a very similar structure to A and thus results in a T base being inserted opposite
the UM rather than the required G base.'3°

The lanthanides, ytterbium, europium and gadolinium have all been shown to bind

between mismatched pairs of U

in their trivalent state. The duplex stability was
shown to increase when three neighbouring U° were centrally incorporated into one
15 base DNA strand within a complementary duplex. This was attributed to the

lanthanide ions coordinating to neighbouring bases as well as those directly adjacent

to them, in order to satisfy their coordination spheres. Subsequent NMR and CD
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studies also showed that natural B-DNA structure was retained. The proposed

binding mode is shown in Figure 4.2."

H H
O N o} 0 N 0
UOH ,:G,(\j3+ UOH
N J AN N
R (e) (@) R

Figure 4.2 Binding mode of Lanthanide ions between U®" mismatches

Since lanthanides have a wide range of applications, including catalysis, as part of
luminescent compounds and as MRI contrast agents, the structural control of the
positioning of the ions could have promise for the development of DNA based

products with industrial applications.®’

4.1.1.2 Silver

In 2008, Ono and co-workers unexpectedly discovered that addition of Ag* to DNA
duplexes with a cytosine-cytosine mismatch resulted in enhanced duplex stability, in
terms of varied temperature and pH. The T,, measurements showed an increase in
stability of 8 °C on addition of Ag” ions and the resultant metallated DNA duplexes
were more stable between pH 5 and 9. The C-C mismatch was also shown to be
highly specific for Ag* ions."®

'H NMR studies showed the formation of a new imino proton peak upon the titration
of Ag” and ESI MS studies suggested that one cation binds per mismatched C-C

pair. Currently, the binding mode is not fully understood, though "N NMR studies are
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being used to try to ascertain more structural information. Ono and co-workers

tentatively suggest the binding mode structure given in Figure 4.3.">3

NH, H,N
/ N_Ag+__N \
N N
/ \
R O R

Figure 4.3 Suggested binding mode for C-Ag(l)-C"

+

Ono and co-workers went on to show that this system could be used as a Ag
sensor. By attaching a fluorescent group to one end of a cytosine rich single strand of
DNA and a quencher group to the other, the reduction in fluorescent signal could be
monitored as the metal ions were titrated into the DNA containing solution. Although
this system did not prove highly specific, it was most sensitive to the addition of Ag”,
again suggesting that metal-binding DNA may be a route to sensitive metal

detection.™

4.1.2 Mercury
One of the best known and utilised incidences of metal-nucleic acid binding pairs is
thymine-mercury-thymine (T-Hg*-T). As this phenomenon is the focus of the

following chapter, it will now be discussed in more detail.
4.1.2.1 Importance of Mercury Sensing

The ecological impact of heavy metal contamination within the environment cannot

be underestimated. The ease with which toxic species such as mercury are
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conducted through the food chain, through bioaccumulation, renders them one of the
most deadly set of industrial by-products.®***> Mercury in particular, is a by-product of
many large scale industrial processes, including the burning of fossil fuels and gold
mining, and so is a common environmental pollutant.*®~*

All forms of mercury are known to be toxic, with organic methylmercury and mercuric
ions being the most potent. Both of these have been shown to bind to cysteine
residues in proteins and prevent the action of enzymes. Methylmercury is particularly
toxic since it is highly lipophilic and, as such, is able to cross the blood-brain barrier
as well as to pass into most other organs.39 Exposure to inorganic mercuric ions
(Hg*), which cannot so easily pass through the body’s barriers, results in
accumulation of Hg®* in the kidney and gut. This causes necrosis (the death of
almost all cells in a given region) of those organs.*

Current methods of detection, such as ICP-MS*'*?, emission spectroscopy*>*,

45,46 45,47,48

nanoparticles™ ™", and fluorescent sensors , suffer from expensive procedures
and equipment, poor sensitivity and inadequate selectivity.
Given the environmental and health impacts of mercuric ions, it is important to have a

fast, sensitive and affordable method of detection.*>°

4.1.2.2 Thymine-Mercury-Thymine

As early as 1963, Katz theorised that ng+ ions are able to bind to thymine-thymine
mismatches within a DNA duplex in a ratio of 1:2 (Hg*:T).™ In 1952, Katz had noted
that the viscosity of a solution of natural DNA molecules increased on addition of
ng+ and had attributed this to a change in the size of the molecule, with ng+ binding

to the negative phosphate backbone.®' After subsequent UV studies were carried out
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by Thomas®?, Katz proposed that slippage was occurring between the two DNA
strands in order for T bases to align and facilitate T-Hg**-T binding."

Later, Ono and co-workers confirmed that the incorporation of the Hg* ion was
facilitated by the loss of the thymine imino protons, through 'H NMR studies, and

theorised that the Hg®* is bound as shown in Figure 4.4.%

o o W
-
/: N—Hg—N //
jﬁi o) o

T-Hg-T

Figure 4.4 Thymine-Mercury-Thymine bonding motif®®

Thymine-mercury-thymine interactions are highly favourable, both entropically and
enthalpically. T, studies showed that addition of ng+ ions stabilised duplexes
containing T-T, as evidenced by an increase in thermal melting temperature of 10 °C.
Interestingly, the ng+ stabilised T-T mismatch duplexes had a 3 °C higher T, than
complementary A-T base pairs.53

Ono and co-workers used solution based NMR to develop a 3D structure of the
interactions which showed that the T-H92+-T pairing is accommodated within the B-
DNA structure. It also revealed that the ng+ releases water molecules in order to
position itself within the hydrophobic duplex centre, thus explaining the increase in
entropy on binding.>**® The enthalpic contribution is associated with the formation of

covalent bonds between the bases and the metal ion.’>%® In recent times, this
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knowledge has enabled the development of a range of DNA based mercury sensors,

as detailed in the following section.

4.1.2.3 Mercury Sensing with DNA Nanopatrticles

DNA modified gold nanoparticles (Au-NPs) have been used for a range of sensing

57,58 59,60 61,62

applications, including proteins®"”", oligonucleotides and small molecules.
The DNA is attached to the Au-NPs via thiol bonds as for SAMs on gold electrodes.
The optical properties of nanoparticles are distance-dependent and can, in some
cases, be tuned or changed by varying the interconnections between them, which
results in a colour change in solution. Consequently, nanoparticles have been used
as colorimetric sensors for a range of targets, including Hg?* ions.®

The first example of a Hg®* sensor based on DNA:AuNP was designed by Mirkin and
co-workers, in 2007. The system involved the use of two different AuNPs, one
functionalised with a polythymine strand and the other functionalised with a
polyadenine strand which had one thymine base inserted in a central position. At
47 °C, introduction of 1 uM of Hg?* ions resulted in the aggregation of the NPs and a
colour change in the solution, facilitated through T-Hg*-T between the thymine
bases on both sets of NPs. The methodology proved to be highly selective, with no
other tested metal ion causing a colorimetric change (Figure 4.5). However, the

temperature required careful control through expensive equipment. The sensitivity

was also poor, with 1 pM being the minimum amount of Hg?* detectable.®
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at RT

at47°C

-----------

blankHg™ Ni* Fe” Fe” Cr" Zn" Mg"Mn”Pb" Co" Cd”
Figure 4.5 Temperature dependency and colorimetric selectivity of DNA:AuNPs for 1uM Hg2+. Image
taken from Mirkin and co-workers. *

Subsequent uses of DNA:AuNPs for Hg?* detection have improved the sensitivity by

64-66 and fluorescent

introducing additional elements such as unbound DNA targets
tags®” which gave limits of detection of 0.5 uM and 0.05 pM, respectively. Another
method utilises the affinity of mercury for thiols, thus removing the DNA strands from
the AuNPs and resulting in a colorimetric change.®® However, AuNPs remain
expensive and require toxic or highly corrosive chemicals to synthesise.®® The
addition of supplementary species to enable the increase in sensitivity also adds a

level of complexity to the system and decreases the usability necessary for a simple

and fast reporter system.

4.1.2.4 Mercury Sensing with Fluorescent DNA Probes

Mercury detection using fluorescence usually incorporates both a quencher and a
fluorescent group at the terminals of single-stranded DNA, as for the Ag® detection
system described in section 4.1.1.1. The first example was again first reported by

Ono and co-workers, but has been taken further by other groups.’®® Yang and co-
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workers have applied it to a stem-loop molecular beacon. Molecular Beacons (MBs)
are oligonucleotides probes which, when bound to a target, fluoresce. When not
bound, a quencher comes into close contact with the fluorescing agent through the

formation of a hairpin loop and prevents emission by energy transfer®).””

Figure 4.6 MB utilised by Yang and co-workers to detect mercury ions. Image taken from Yang and
co-workers.””

Complementary targets were added to the free MB strand and the MB strand in the
presence of ng+ and the effect on their fluorescence compared. When mercury ions
were not present, the fluorescence changed very little, since the quencher was not
held close in either case. In the presence of H92+, a true MB was formed and the
quencher was held close to the fluorescing agent, thus reducing the emission.
Displacing the metal ions with a complementary target strand resulted in the
fluorescent group moving away from the quencher and so the fluorescence
increased. However, the hybridised DNA with SNP target fluorescence emission was
approximately 72% lower compared with a complementary target strand duplex after
initial addition of Hg2+ ions.”” While the amount of Hg2+ tested (1 uM) is much higher
than that required by some AuNP (see section 4.1.2.3) or other fluorescent

systems’®’®, this approach may show some promise for signal enhancement when
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combined with other labelling techniques, as well for producing dual-function systems

for the detection of Hg?* and SNPs.

4.1.2.5 Mercury Sensing with DNA Bound Redox Reporters

There has been little research in the area of electrochemical Hg®* detection despite
the potential advantages. Electrochemistry could offer a fast, non-toxic and portable
method for the assessment of mercury contamination. Additionally, prefabricated
electrode chips and their associated equipment, can be operated by non-specialists,
leading to the potential for commercially available devices.”®*

The issue with the systems which have already been investigated is that they rely

largely on structural change in the molecule and an associated loss in signal®'~®°

or
the need for a more complicated electrochemical technique, such as electrochemical
impedance spectroscopy (a technique which measures the impedance of a system to
the flow of current).®"8¢:87

Yu and co-workers attached a ferrocene reporter group to the 3’ terminal of a surface
bound DNA strand. When in the more flexible single stranded form, it was held
closely to the electrode surface, facilitating fast electron transfer. The sequence
contained regions with 8 adjacent thymine nucleosides. On the addition of ng+ and a
target sequence also containing 8 thymine nucleosides, a stable and more rigid
double stranded species was formed. The increased rigidity resulted in the ferrocene

group being held further from the electrode surface, resulting in an associated loss in

signal, as shown in Figure 4.7.8
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Figure 4.7 Overview of the mechanism of action of the electrochemical Hg** sensor designed by Yu
and co-workers. Image taken from Yu and co-workers.%

This system showed excellent selectivity for Hg?* over a range of other divalent
metals (except Cu?* which appeared to form complexes with the poly-T
oligonucleotides) and was reusable when washed with ascorbic acid. It also had a
detection limit of 0.5 nM, 10 times lower than the legal limit for Mercury contamination
in British drinking water (5 nM).%? However, the reliance of this system on a reduction
in current and ‘on-off’ signalling can lead to false positives during analysis.88

Kim and co-workers improved upon this system by utilising a 21-mer with thymine
rich regions at either end. The result was that the oligonucleotide folded back on itself
and formed a hairpin structure upon the addition of Hg2+ ions. Again the ferrocene
group was attached to the 3’-end of the DNA but a gain in signal strength was
exhibited upon the binding of mercury. This was due to the reporter group’s being
brought into closer proximity with the electrode surface, in reverse of the system
developed by Yu and co-workers and analogous to the molecular beacons described
in section 4.1.2.4. This has a two-fold advantage: a less complicated system with
fewer components and so lower associated error, and an ‘off-on’ signalling system
which prevents false positives. The system was specific for Hg®* ions and was

reusable when washed with 10 uM cysteine, which is a highly selective mercury
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binder.?® However, the sensitivity of this system was not as low as that of the system
described by Yu and co-workers and was not able to detect mercury at or below safe
levels in drinking water, with a detection limit of 0.1 uM.#%° The reason for this is not
given, but the system used by Yu and co-workers involves the movement of two
redox active centres on the formation of one mercury facilitated duplex whereas the
looped structure investigated by Kim and co-workers relies on the movement of only

one redox centre.

(B) o Fe
Au Au Au
wi@ T-Hg®-T 3-HS-(CH_ ) -ATTCTTTCTCCCCTGTTTGTT-ferrocene-5'
&= Cysteine Hs_——WFc

Figure 4.8 Overview of the mechanism of action of the electrochemical, Hg2+ sensor designed by Kim
and co-workers. Image taken from Kim and co-workers.*

While electrochemical methods show great promise for mercury detection, further

strides to achieve a reliable, accurate and sensitive system need to be made.

4.1.3 Previous Work

FcNA conjugated DNA has been shown to bind target DNA and induce an
electrochemical signal response on a surface with a greater degree of sensitivity than
in solution (Chapter 3). As described in section 4.1.2.5, current electrochemical

methods for Hg** detection show promise but are restricted by their reliance on large
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structural change to induce variations in current. Since the FCNA reporter is in the
centre of the probe strand and would be directly attached to the thymine in a T-
Hg®*-T binding motif, it was investigated as a possible alternative to the systems
described above. The hope was that sensitivity would increase and the need for
movement of the reporter group towards and away from the electrode would be
removed, thus eradicating ‘on-off’ signalling and its associated ambiguity. Initial work
was carried out to characterise the nature of the FcTT-Hg?* system in solution, as

detailed below.

4.1.3.1 Binding and Stability

The binding of the FcTT unit with Hg?* ions was first investigated by analysing the
thermal melting temperature (T,). 5 uM solutions of both the probe strand containing
the central FcTT unit and unmodified target strand with two thymines or two adenines
in the equivalent FcTT positions were hybridised in 10 mM sodium phosphate buffer
pH 7.0, 100 mM NaClO4. To the resulting duplex, 2 molar equivalents of HgCIO4

were added. The results are shown in Table 4.1.%"

Table 4.1 Ty, values of FcTT rryand FcTT ss) vs TT and AA targets, with and without the addition of 2
molar equivalents of Hg(ClO,),..5 uM of each strand, 10 mM sodium phosphate buffer pH 7.0, 100 mM
NaClO, Data taken form the thesis of Dr James Carr-Smith.”!

T../°C, TT Target T/ °C, AA Target

Modification Without Hg**  With Hg** Difference | Without Hg** With Hg**  Difference

FcTTgrr 40.5 43.5 +3.0 43.0 41.5 -1.5
FcTTss 39.5 45.5 +6.0 41.0 34.0 -7.0
T 41.5 53.0 +11.5 55.5 54.0 -1.5
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When hybridised with a target with thymine mismatches, both FcTT stereoisomers
showed an enhancement of duplex stability upon the addition of Hg?*. The values
were also greater than the duplexes when hybridised with a fully complementary
target both with and in the absence of Hg?*. This suggests that Hg?* binding is more
favourable than hydrogen bonding for FcTT systems. It should be noted, however,
that the stabilisations were not as significant as that observed with the unmodified
probe DNA and thus was attributed to the rigidity of the ferrocene units.®’

The stabilising effect was found to be greatest with the (S,S) sterecisomer. The
modelling studies shown in Chapter 3 (Figure 3.8) suggest that the (S,S)
stereoisomer is less aligned with the natural DNA backbone than the (R,R) version.
As such, the greater increase in T, could result from the FcTT-ng+-TT bonding
realigning the (S,S) stereoisomer closer to the structure of natural DNA, thus
stabilising it further. Due to this additional stability, subsequent experiments were
carried out with the FcTT s s) modified probe only.*’

Probe FcTT s s): Target AA duplexes were used to confirm that stabilisation was due
to T-H92+-T bonding rather than to stabilisation of the negatively charged backbone,
which would result in stabilisation regardless of the presence of TT mismatches.
While the T, data (Table 4.1) confirms the stabilisation observed is not due to
neutralisation of the backbone charge, interestingly, there was a reduction in stability
(-7°C) rather than the stability being unaltered. Circular Dichroism spectroscopy (CD),
a technique which monitor the absorption of circularly polarised light. was used to

determine the origin of this loss in stability and the result is shown in Figure 4.9
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Figure 4.9 Top: CD spectra of FcTT ss) duplexed with an AA target before and after the addition of 2
molar equivalents of Hg Bottom: CD spectra of FcTT s s) duplexed with an TT target before and after
the addition of 2 molar equivalents of Hg 5 uM of each strand, 10 mM sod/um phosphate biffer pH

7.0, 100 mM NaClO, Courtesy of Dr James Carr-Smith.°

Addition of Hg®" to duplexes of FcTT(s,s) modified probes bound to AA targets
resulted in a complete loss of B-DNA structure, which explains the loss in stability for
these duplexes. It was suggested that, due to the stabilising effect of the T-HgZ+-T

adduct, slippage occurs and the DNA rearranges to accommodate the formation of

this binding motif.**"
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The same CD experiments with FcTTss):TT duplexes (Figure 4.9) revealed that the
B-DNA structure was retained upon the addition of Hg?*. Additionally, mass
spectrometry experiments (Figure 4.10) showed masses equivalent to the duplex
alone and to the duplex with one and two Hg?* ions, the latter of which corresponded
to the total number of T-Hg-T bonds possible in the duplex. Together, these results
were further evidence for the formation of a FcTT-Hg?*-T binding motif rather than

enhanced duplex stability through backbone neutralisation.®!
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Figure 4.10 Deconvuluted ESI mass spectrum observed for FcTT s 5) probe:AA target when bound to
mercury showing the three main ions of the duplex alone and when bound to one and two mercury
atoms. Courtesy of Dr James Carr-Smith.®’

4.1.3.2 Sensitivity and Selectivity
The selectivity of the FcTT system towards Hg?* was assessed using T, and CD
studies. The FcTT s s) DNA probe: unmodified TT target duplex was incubated with a

range of different divalent ions. There was no significant change in T, observed for
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any the ions tested (Table 4.2), suggesting excellent selectivity with the FcTT

system.”’

Table 4.2 T,, values for FcTT probe : TT target duplexes after incubation in 2 molar equivalents of a
range of divalent cations and the difference compared to a non-incubated duplex. 5 uM of each strand,
10 mM sodium phosphate buffer pH 7.0, 100 mM NaClO,. Courtesy of Dr James Carr-Smith.”’

Metal T../°C Difference
No Metal 39.5

Hg** 46.5 +7.0
Zn* 41.0 +1.5
Pb** 40.5 +1.0
cd* 40.0 +0.5
Fe* 40.5 +1.0
cu® 415 +2.0
Ba* 40.0 +0.5
ca” 41.0 +1.5
Mg** 40.0 +0.5

The effect of the addition of Cd®*, Cu®** and Zn®* on the duplex structure was also
assessed using CD spectroscopy, as shown in Figure 4.11. The was no change in
the observed B-DNA structure for duplex incubated in Cd** or Zn** compared with a
duplex alone. There was a slight decrease and bathochromic shift in the 275 nm
band on the addition of Cu?*, which was attributed to the fact that Cu?* is known to
interact with nucleobases as discussed in section 4.1.1. These results again suggest

the FCTT — TT system has a high level of selectivity for HgZJ'.24'27’28'91
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Figure 4.11 CD spectra of FcTT-TT duplex after incubation in Cd** (dashed line), Cu**(dotted line) and
Zn“*(dash-dot line). The same experiments with Hg2+is given as a red line for comparison. Metals were
added at 2 molar equivalents, 5 uM of each strand, 10 mM sodium phosphate buffer pH 7.0, 100 mM
NaClO,. Courtesy of Dr James Carr-Smith.”’

UV titration studies were used to investigate the sensitivity of the FCTT-TT system
towards Hg?*. Additions of Hg®** ranged from 0.125 to 2 molar equivalents and
resulted in an increase in both the reduction in UV absorption and a red shift (shown
in Figure 4.12), which was attributed to the tightening of the duplex upon adduct
formation.>*®"%2 The focus of this work was to determine how many equivalents of
ng+ were required for the UV absorption decrease to plateau rather than to find the
limit of detection (2 equivalents, corresponding to the number of T-Hg-T bonding
positions available). However, a change in the UV absorption was observed from the
lowest concentration of mercury ions added, suggesting the system could be

investigated further to determine its sensitivity and the limit of detection.®’
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Figure 4.12 UV-vis spectra of FcTT s probe:TT target duplexes upon on the addition of Hg(ClO,4),. 5
uM of each strand, 10 mM sodium phosphate buffer pH 7.0, 100 mM NaClIO,.

4.1.3.3 Electrochemistry

For solution based electrochemical studies, it was necessary to use DNA and FcNA
conjugated DNA at concentrations of 50 uM. The use of mercury at this concentration
leads to its adsorption to the surface of gold electrodes, which interferes with the
current signal. As a result it was not possible to accurately determine any
electrochemical differences due to Hg®* binding to the freely diffusing FcTT

probes.?"%3

4.1.4 Conclusions and Project Aims

The pollution of the environment with heavy metals, in particular mercury, can have
devastating effects on the ecology of an area and on our health, either through direct
contact with or the consumption of affected animals, crops and water. Many
techniques have been used to detect mercury, but standard protocols currently utilise

expensive, specialist and time inefficient instrumentation. To attempt to improve this
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situation, and with the enhanced understanding of metal interactions with nucleic
acids in recent times, sensors based on fluorescence, AUNP and electrochemistry
have all been investigated. These have been shown to successfully detect Hg?* ions
at concentrations below the legal UK drinking water contamination limits. However,
many of these techniques are either expensive or rely on structure changes and ‘on-
off’ signalling, leading to the issue of potential false positive responses.

Chapter 3 has shown that electrode bound DNA-FcNA conjugates containing a
FcTTs,s) unit in a central position are capable of reproducibly detecting DNA targets,
including targets with a TT mismatch. This, and the previous work carried out in
solution, which strongly suggested that ng+ ions do bind to the FcTT s s5)—TT system,
has led to the following investigations which focus on detecting mercuric ions using
electrochemistry. The aim was to detect Hg2+ ions without the need to rely on
structural changes in the DNA strand as the mercury is bound directly to the redox

reporter group.

5 3
DNA 7-mer ———>» €—— DNA 16-mer
target
Hg®*
— @
FochA
monomer G R\
Thymine
nucleobasaes
DNA T-mer -
3 )

Figure 4.13 Representation of Hg2+ binding in an FcTTss) : TT duplex. Courtesy of Dr James Carr-
Smith.
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The use of mixed SAMS, where the reporter group is located close to the electrode
surface, increasing sensitivity, and the surface is Dbackfilled with
6-mercaptohexan-1-ol, preventing excessive Hg?* adsorption to the surface, would
allow for sensitive electrochemical detection which was not possible within a solution
based experiment. The SAMs would also be investigated for their reusability, which

again, is not possible with solution based experiments.

4.2 Results and Discussion

4.2.1 Oligonucleotides used

The DNA sequences used throughout this chapter are shown in Table 4.3. Due to the
evidence in Chapter 3 and the previous work carried out by the Tucker group, which
suggested that the FCNA units containing (S,S) chirality were more appropriate for
sensing DNA targets, only FcHH (s s) and FcTT s s) units were incorporated into DNA
for these experiments. The strands used were the same as those used in Chapter 3.
This ensured that it was possible to identify that target DNA has bound to the probe
prior to detection of the Hg (lI).

S1 is the FcNA conjugated DNA with a thiol group attached to the 3’ terminus. NT
denotes non-thiolated. S2 denotes the target strand which is fully complementary in
the case of S1TT. The FcHH(ss) unit was used for comparison purposes since it
would not be able to bind the ng+ through the same T-ng+—T binding motif as
FcTTs,s).

SAMs were prepared as outlined in sections 2.2 and 7.4.1. The concentration and
volume of both thiolated probe (200 pL of 1 uM DNA) and 6-mercapto-1-hexanol

(1.46 mL at 2 mM) used to form the SAMS were not varied throughout this work.
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Table 4.3 Oligonucleotide sequences used throughout Chapter 4

Oligonucleotide Sequence (5’ - 3’)

SI1TT TGG ACT C FeTT(ss) CTC AAT G -SH
S1HH TGG ACT C FcHHs5) CTC AAT G -SH
S1HH-(NT) TGG ACT C FcHH(ss) CTC AAT G

S2 CATTGAGTT GAG TCCA

4.2.2 Electrochemical Detection of Hg (ll)

4.2.2.1 Detection by CV

The electrochemical effect of Hg2+ introduction on the redox activity of the FcTT s s
unit was first assessed using cyclic voltammetry. The duplexes were prepared as
described in Chapter 3. Briefly the mixed SAMs were soaked in a 5 mL of 100 nM
target in 10 mM phosphate buffer, 1 M NaClO4. The subsequent duplexes were
soaked in 2 uM Hg(ClO4), for 10 mins. The resulting CVs and data are shown in
Figure 4.15 and Table 4.1, respectively.

The data indicate that there is little variation in the halfwave potential (Eq») of the
FcNA unit, which would suggest that the binding of the mercury ions to the ferrocene
bound thymine does not affect the electron withdrawing abilities of the nucleobase.*
This supports the proposed binding structure given in Figure 4.4 in that the
replacement of the imino proton with a ng+ ion, which is bound to two thymine
bases, would not result in a net change in charge and therefore any significant effect

on the electron density at the heterocycle.
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Figure 4.151) CVs of A: S1TT:S2 B: S1TT:S2 soaked in 2 uM Hg(CIO,),. Target strands were
used at a concentration of 100 nM. CVs recorded at varying scan rates, between -100 and 400
mVin 1 M NaClO,, 10 mM phosphate buffer. ij) Linear dependence of current on scan rate for

A and B.

Table 4.4 Electrochemical behaviour of S1TT:S2 SAMs with and without Hg®* added. Data derived
from Figure 4.14.

SAM Eiz/mV  AE,/mV I°/17
A: S1TT:S2 144 2 1.15
B: S1TT:S2 + Hg?** 148 17.25 1.07

Note: Due to the lack of material remaining from Chapter 3 and equipment malfunctions, this
experiment was carried out once.

The cathodic to anodic peak ratio (/,“/I,°) changed very little on the addition of Hg*,

which indicates that the binding of Hg* does not induce any underlying

electrochemical reactions.®>%®
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The only significant electrochemical difference observed was an increase in peak
separation (AE, = E,* - E,°). Further analysis revealed that AE, increased with
increasing scan rate on the addition of Hg2+ (shown in Table 4.5). This implies a loss

in the reversibility of the electrochemical behaviour. %%

Table 4.5 The AE, before and after addition of Hg2+ tfo the S1FcTTss : S2 duplex, where A and B refer
to Figure 4.14. Data derived from Figure 4.14.

AE, | mV
Scan Rate A: S1TT:S2 B: S1TT:S2 + Hg*

10 mVs™ -5 2
20mVs” 3 19
40mvs™ 5 13
60 mV s 2 15
80mvV s 3 20
100 mV s 4 20
250 mV s™ 2 23
500 mV s™ 2 30

The cause of the increase in AE, with scan rate is difficult to explain but is due to the

introduction of the mercury ion. This may reduce the facileness of electron transfer

through a greater resistance of the duplex movement towards the electrode surface.

4.2.2.2 Electrochemical Detection by SWV

As detailed above, detection of Hg?* using CV was not immediately obvious from the
CVs themselves. Since SWV had already proved more suitable for the detection of
DNA targets (Chapter 3) it was now trialled for the detection of Hg?* using the same

SAMs, as shown in Figure 4.16.

142



Chapter 4: FcNA for Electrochemical Mercury Detection

(A)  —sirs2 (B) *7—sitrs2
+ = S1TT-S2 + Hg (II) - — S1TT-S2 + Hg (Il)

0.1 0.0 o1 02 0.3 0.4 0.1 0.0 041 02 0.3 04
E vs (Ag|AgCl) / V E vs (Ag|AgCl)/ V

Figure 4.16 SWV of S1TT:S2 before and after soaking in 2 uM Hg(CIO,), recorded at 200 Hz, where
A: background subtracted and B: SWV before background subtraction. SWV were recorded at
amplitude of 256 mV and step of 1 mV. SWV recorded in 1 M NaCIlO,, 10 mM phosphate buffer.

Soaking the S1TT-S2 SAM modified electrode in 2 uM Hg(ClO4), for 20 min, resulted
in a 99.4% decrease in current at a frequency of 200 Hz. Clearly, such a dramatic
effect was not observed by CV. However, since mercury ions had previously been

83,90.97.98 there was

shown to produce large currents across a wide range of potentials,
a concern that an increase in background current may have been high enough to
obscure the FcTT related peak. Consequently, the reduction in signal may have
been an artefact of the process of background subtraction, which is carried out to
make peaks more comparable. To ensure that this was not the case, the non-
subtracted data were checked and are given in Figure 4.16 (B). The background
currents are comparable for both the SWVs recorded, suggesting that the current
issues associated with ng+ adsorption on bare Au electrodes are negated by the

reduced concentrations of mercuric ions required (compared with solution based

work) and the presence of a closely packed monolayer across the Au surface.
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The reason for the reduction in signal was then considered further. This type of ‘on-
off’ signalling is associated with the induction of structural change, as in previous
examples of DNA based electrochemical Hg®* sensors.®®> 8 The T-Hg-T binding
motifs are in a central position in the S1TT:S2 duplex and the previous CD
experiments carried out by the Tucker group suggested that the natural DNA duplex
structure is maintained on the binding of Hg?* ions; therefore, this system should not
induce a large conformational change. Furthermore, such a charge would be
expected to be mirrored in the CV data, which is clearly not the case. This suggests
that the ‘critical frequency’ of the molecule, to which SWYV is incredibly sensitive,* is
affected by the increased rigidity of the T-Hg?*-T binding motif. However, another,
less likely, possibility was that Hg?* was degrading the DNA probe rather than binding
to the thymines.'® The system was therefore explored further using S1FcHHs s,

mixed monolayers.

4.2.2.3 Control Studies with FcHH s s)

The use of S1FcHH s s) removed the possibility of Hg?* bonding in close proximity to
the ferrocene unit. Therefore it was expected that no reduction in current would be
observed unless degradation of the redox tag was occurring. The resulting SWVs are
given in Figure 4.17 and unexpectedly show a 90.7 + 0.57% reduction in current upon
the addition of Hg?* ions to the STHH:S2 duplex. This was coupled with a 48 + 4 mV
positive shift in potential, a difference which was not observed when investigating the
S1TT system. These values are averages determined from a minimum of three

experiments.
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Figure 4.17 SWV of STHH:S2 before and after soaking in 2 uM Hg(CIO4), recorded at 200 Hz, at
amplitude of 25 mV and step of 1 mV. SWV recorded in 1 M NaClO,, 10 mM phosphate buffer.

These results would imply that there is a significant change in the environment of the
redox reporter. FCTT-H92+-T had previously proved to be a highly favourable
interaction, stabilising the duplex to a greater extent than when the FcTT unit was
opposite complementary AA bases. In contrast, the FcHH unit cannot hydrogen bond
to bases and, which inherently reduces the structural stability of the duplex in this
region. Additionally, the FcHH monomer is not sterically hindered and so is capable
of rotating on its axis to some extent, acting as a ‘hinge’. Therefore, it was suggested
that the favourability of the T-Hg?*-T bonding, the additional flexibility afforded by the
FcHH unit compared with FcTT and the presence of a thymine as the final base at
the 5’ end and penultimate base at the 3’ end, could result in the displacement of the
target strand and folding of the probe to accommodate the mercury binding motif

(see Figure 4.18). The reduction in current could then be explained by the rigidity of
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such a structure and difficulty with which the FcHH unit can orient itself to allow for

facile electron transfer.

S1H:S82 Strand Displacement by Hg?*
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Figure 4.18 Schematic for the proposed displacement of S2 from an STHH:S2 duplex by Hg2+.

The possibility of this separate T-Hg-T interaction was investigated further using
mass spectrometry (MS). 50 uL of 25 pyM of FCHH(NT) in 2 uyM Hg(CIO,4) was
prepared and left for 1 hour at room temperature before mass spectrometric analysis.
The ratio of ng+ to DNA was 1:12.5. Although a 1:1 ratio or above would be
preferred in order to maximise the number of strands participating in the mercury
binding, there was a concern that the presence of excess Hg2+ may be hazardous to
the instrument operators and subsequent users.

Despite the use of a reduced mercury concentration, an additional peak at 4831.7

m/z, which equates to the mass of the oligonucleotide (4630.7 g mol”) and one
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additional mercury ion (200.6 g mol™”) can be seen in the MS (Figure 4.19). This and
the electrochemical data above support the proposal that the T-Hg-T motif is causing
the oligonucleotide to fold, In the case of FcTT, the presence of two of these motifs in
the centre of the duplex, allowing for base stacking, is more stabilising and so target
strand displacement does not occur. Accordingly, the redox reporter environment

changes very little and so no variation in potential is observed.
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Figure 4.19 Deconvuluted ESI mass spectrum observed for STHH in the presence of mercury showing
the peaks for STHH with no Hg** bound (with and without Na*) and with one Hg?" ion bound.

4.2.3 Sensor Reusability

Cysteine is known to competitively bind mercury and has been shown in the literature
to allow for the reusability of mercury sensors.®*%%"% To further ensure the signal
reduction was not due to degradation of the DNA probe or redox reporter, the SAM

was soaked in 10 yM cysteine for 10 min after exposure to Hg(ClO4),. This was then
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repeated multiple times in a cycle of Hg** and cysteine exposures to assess the
stability of the system to reuse. The resulting SWV and bar chart analysing the loss

in current are given in Figure 4.20.
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Figure 4.20 Top: SWV of S1TT:S2 before and during cycles of soaking in 2 uM Hg(ClO,4), and 10 uM
cysteine recorded at 200 Hz, at amplitude of 25 mV and step of 1 mV. SWV recorded in 1 M NaClO,, 10
mM phosphate buffer. Bottom: Bar chart of the % change in current vs S1TT:S2 (taken from the peak
maxima of the SWV above).
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On the addition of cysteine, the FCNA redox reporter signal recovers to 98 and 91%
of the original S1TT:S2 duplex current for the 1% and 2™ cycle respectively. This
further corroborates the suggestion that the reduction in current on the addition of
Hg®* observed in the SWV is due to the binding of mercuric ions. As can be seen
from the SWV, the oxidation potential does not vary from that of the initial duplex
(144 mV) and the current returns very close to that of the initial duplex. This implies
that the use of cysteine to remove the Hg®* ions allows for the retention of the
S1TT:S2 duplex. The high percentage signal recovery also indicates promise for the

development of a reusable system.

4.2.4 Limit of Detection (LOD)

Initial studies to this end were confounded by instrument issues and a lack of sample.

4.3 Conclusions

Initial studies have been carried out into the ability of the FcTT conjugated DNA
SAMs to detect mercuric ions when bound to a DNA target containing TT bases
opposite the Fc unit. This was a continuation of solution based work previously
carried out by the Tucker Group which had shown that mercury binding to bare
electrodes had made electrochemical detection impossible.

The complete surface coverage of the SAMs and the reduction in the concentration
of Hg2+ required compared with solution based studies prevented the high
background currents associated with Hg2+ detection and enabled the detection of

Hg?" by both CV and SWV.

149



Chapter 4: FcNA for Electrochemical Mercury Detection

SWYV proved to be the more sensitive detection technique, with a 99% decrease in
signal. This decrease could then be attributed directly to binding of the mercury ions
rather than the degradation of the FcNA probe through comparison with FcHH
probes. FcHH probes do not possess the appropriate binding motif next to the redox
reporter to facilitate mercury binding. However, a reduction in current was still
observed on the addition of Hg®>* accompanied by a shift in the observed oxidation
potential, not seen with FcTT. This and subsequent MS studies indicated that for the
FcHH system, the target strand is displaced and the single stranded probe orients to
facilitate the favourable T-Hg-T binding motif using thymines available at either end
of the strand.

It had been hoped that the presence of the binding motif close to the redox reporter
in a central position in the probe would prevent ‘on-off’ signalling, a prevalent issue
within the literature. '%° However, this system displayed ‘on-off’ signalling as well.
Nevertheless, it was shown to be reusable when using cysteine to competitively bind
the Hg?*, with an average 91.4% signal recovery over two cycles.

It was also not possible, in the time available, to determine the limit of detection for
this system, which should be a focus of future work to determine whether the
sensitivity of this system is comparable with those in the literature capable of

detecting mercury below the legal concentration in drinking water (5 nM).%>88:89
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4.4 Further Work

To further the investigations of the S1TT:S2 duplex as a potential commercial Hg?*

sensing device, the following could be investigated:

Repeat all of the experiments above where only one repetition has been
possible, with newly purified strands, to ensure the preliminary work is a true
reflection of the system’s behaviour.

Determine the limit of detection to assess the viability of the system as a
commercial sensor.

Determine the selectivity of the system by investigating the effect on the
electrochemistry in the presence of other metal ions.

Vary the SWV frequency in an attempt to tune it to the critical frequency of the
FcTT reporter when bound to the mercury ion, as described by Plaxco and co-
workers.*® This may prevent the system from being a ‘on-off sensor with
almost 100% loss in signal on binding.

Subsequent to the determination of the limit of detection, the system should be
applied to a disposable electrochemical chip and exposed to mercury to begin
to assess the efficacy of the S1TT:S2 duplex as potential commercial sensing

device.
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Chapter 5: Biferrocenylene vs Ferrocene Redox Tags

5.1 Introduction

Despite its wide use within the electrochemistry field, ferrocene (Fc) has some
disadvantages related to its stability, electrochemical reproducibility and sensing
capabilities. The fact that, even with these issues, ferrocene remains one of the most
popular redox tags for DNA biosensing is indicative of a lack of viable alternatives.
Within this chapter, some of the attempts to improve ferrocene redox tags via
synthetic modifications will be discussed as well as the advantages and

disadvantages of the major alternatives.
5.1.1 Alternative Redox Tags

There have been many redox reporter groups considered for DNA sensing purposes.
Indeed, natural nucleic acids themselves have been shown to be reduced at negative
potentials on mercury electrodes (-1.5 V for cytosine and adenosine, -2.4 V for
thymine and, in the case of guanine, at a potential so negative that the background
current masks it, when compared with a Ag|AgCl reference electrodes). However,
thus far, only guanine has been shown to exhibit reversible ele(:troc:hemistry.1’2 In
practice, using the bases of DNA as a reporter group results in a range of problems.
There is a lack of reproducibility as the nucleobase potentials are affected by their
position within the DNA strand. The slight differences in environment often result in
poorly resolved peaks and hybridisation of a target only acts to worsen this issue.?
Also, the need to use a mercury drop electrode prevents sensor miniaturisation in
addition to its being a potential health hazard and having a constantly varying

electrode surface area.* As a result it is more common to attach and use a redox-
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active tag, with well-defined and easily detectable electrochemistry, to the DNA probe
strand.

A number of redox-active species have been used as tags on probes for DNA
detection. Some of these are shown in Figure 5.1 and their characteristics are
discussed below.

& b

Fe Me X _Me
Sy s N*
C } | cr
Me Me
Ferrocene Methylene Blue
0]
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— \
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< /
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(0]
Anthraquinone Benzofurazane
R
N X
\
Azidophenyl

Figure 5.1 Examples of redox active tags used in DNA sensing.
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Osmium-based®™” complexes have been used for the indirect detection of DNA
targets by intercalating or binding to the duplex backbone or groove as a separate
compound. SNP detection has also been achieved with thymine mispairs due to
osmium complexes binding in a highly selective fashion to this nucleobase. The
mismatched thymines were free to bind covalently to the OsQ,4, 2,2’-bipyridine (see
Figure 5.2), which resulted in ~15% increase in current compared with a matching
complementary duplex.®® While SNP detection down to picomolar levels is possible
with these redox probes, their bulky nature, irreversible binding to the site of interest
and the limited range of nucleotides that can be targeted have led to osmium

compounds being rarely used for electrochemical SNP detection.®™
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Figure 5.2 The structure resulting from OsO4, 2,2"-bipyridine redox-active probe binding covalently to
a thymine nucleobase.

An alternative is an anthraquinone tag, which can be covalently attached to a nucleic

1113 It has been shown

acid and has been used to monitor electron transfer reactions.
to offer both stability and reversible electrochemistry with potentials around -200 mV

vs Ag|AgCI reference electrode. However, careful consideration of the tag linker is
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required to prevent intercalation and, as shown by Hocek and co-workers,
incorporation into a DNA strand can reduce the reversibility of the electrochemistry
and produce poorly resolved peaks in the CV."

1" and benzofurazane' groups.

Other examples include the use of azidopheny
However, these all suffer from similar issues, including poorly resolved peaks, high
cost and the limited scale on which these tags can be produced.’”® As a result the
most common alternatives to Fc redox tags are those based on methylene blue (MB).
MB was first discovered in 1876 and since then has found uses as a dye, a medicine
(most notably, until recently, as an antidote to cyanide poisoning) and a redox
reporter, being used in a very similar way to Fc."?* Although MB exhibits a two
electron redox process (Figure 5.3), Ferapontova and co-workers and Kelley and
Barton each reported single CV peak sets with reduction potentials of approximately -
250 mV vs Ag|AgCI?° and SCE'" reference electrodes. Fc and MB share many
advantages, including well understood and easily detectable electrochemistry, the
relative ease with which it can be incorporated into DNA and not very negative
reduction potentials. However, MB exists as a charged species (see Figure 5.1 and
Figure 5.3) and so must be used in the presence of a counter ion. This can create
difficulties for the manufacture of sensing devices since, in many cases, the system

.25 MB can also be

can only return to a fully discharged state when the SAM is neutra
more expensive and more difficult to functionalise. However, MB has an advantage in

terms of its stability vs Fc as will be discussed in section 5.1.2.19%
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Figure 5.3 Schematic representation of the electrochemistry of MB?®

5.1.2 Methylene Blue vs Ferrocene

Plaxco and co-workers?” carried out an in depth comparison of two identical 33
nucleobase DNA probes, tagged with a thiol for surface application at the 3’ terminus
but with either a methylene blue or ferrocene tag attached at the 5’ terminus. The
DNA sensing capability, long-term stability (180 hours), ability to withstand repeated
electrochemical interrogations and reusability were all investigated. The results were
striking; ferrocene offered the more sensitive target recognition (an on-off system was
used where Fc signal suppression was 87%, whereas MB afforded a change of 70%)
but MB was the much more stable of the two and outperformed Fc in all three
stability experiments. After 180 hours storage in electrolyte, 100 square wave
voltammetry scans and 16 hybridisation and regeneration cycles, the Fc signal had
reduced to 90, 50 and 50% of the original signal, respectively, compared with a MB
signal reduction of 35, 5 and 10%, respectively. MB was also more stable in complex

media (blood serum) with 85% signal recovery after 5 cycles compared with 50% for
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Fc. It was also noted that the error associated with electrochemical measurements
was consistently higher for Fc although no explanation for this was given.?’

Bradley and co-workers reported similar findings when comparing Fc and MB
attachments to a surface-bound peptide sequence used to monitor protease
activity.’® Both these authors suggested that any reduction in MB signal was more
likely to be due to the general loss of thiol from the gold surface as a result of
oxidation of the Au-S bond in air and ensuing loss of the labelled DNA from the
surface.??° Therefore, further reduction in Fc stability compared to MB was ascribed

to the Fc tag’s being more easily degraded.

5.1.2.1 Instability of the Ferrocenium lon

The greater extent of degradation of Fc compared with MB can be understood
through examining their charge when undergoing electrochemical interrogation. MB
exists as a charged species and can only be used as a redox tag in the presence of a

negative counter ion, and thus is reduced to a neutral molecule during the redox

+
proc:ess.21 Fc however is neutral and must be oxidised to a charged species, Fc ,
known as a ferrocenium ion.

It is known that the ferrocenium ion is particularly prone to degradation by

nucleophilic attack, especially under physiological conditions.?>**? Halide and OH’

ions are usually the most problematic since standard electrolytes are normally
aqueous and Cl based; buffers are required to maintain the neutrality of the solution

and to ensure that the pH does not become too alkaline, perchlorate (ClO4)

electrolytes are sometimes used instead.>*%*
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The reaction (shown in Equation 5.1%) has been found to occur with the following

stoichiometry:

Equation 5.1:  3Fe(Cp), + 4 X > 2Fe(Cp), + FeXs + 2Cp’

This would suggest the Cp rings are initially displaced by the nucleophiles present,
before the radicals are subsequently dimerised to C4oH42. Indeed, the reaction rate
was found to be dependent on the nucleophile.®*** This reaction results in the
irreversible loss of some of the redox active species and so reduces the current
available to monitor. This goes some way to explain the striking differences between
the stabilities of Fc and MB. An ideal redox compound would incorporate both the
sensitivity and versatility (due to its uncharged nature) of Fc-based tags with the

stability and reproducibility afforded by the MB-based tags.

5.1.3 Improved Ferrocene —Based Biosensing

There have been some attempts at improving the stability of ferrocene for
electrochemical biosensing; however, many of these involve the covalent binding of

%639 or carbon

ferrocene to large organic molecules,®® such as cyclodextrin
nanotubes®®, and require a complex synthesis. An alternative is to capture the
ferrocene unit in a polymer.*’*? None of these methods are conducive with DNA
sensing on a SAM due to the space constraints involved and the difficulties in
attaching these molecules to the DNA probe.

However, Schmittel and co-workers recently reported the formation of a SAM

containing a 1,1- biferrocenylene unit which may hold the key to unlocking the current

status quo. 1,1-Biferrocenylene (or bis(fulvalene)diiron = BFD) was first synthesised
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in 1969 and then electrochemically characterised in 1992.* It possesses mixed
valency on primary oxidation to the 1+ ion and has been shown to produce two
reversible redox waves corresponding to the available transitions (BFD%BFD' and
BFD'/BFD"). The availability of two analysable peaks (shown in Figure 5.4) raises the

possibility of enhanced sensitivity and versatility for DNA sensing.

+ 2+

E® = 553 mV (Peak 2)

129 somvs
—T75mV s-1
1.0 100 mV s-1
—200 mV s-1
400 mV s-1
— 600 mV s-1
— 800 mV s-1
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0.8
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0.4 4
0.2+
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Figure 5.4 Initial studies using DNA probes with BFD tags (attached to the DNA by an 11 carbon atom
linker attached at the 5’ end of the sequence, not shown in the structures above) which illustrate the
BFD oxidation states responsible for both redox waves. The CVs of mixed monolayers were recorded
at varying scan rates, between -400 and 700 mV in 1 M NaCIlO,, 10 mM phosphate buffer, vs Ag|AgCI
reference electrode and a platinum counter electrode.

As well as this, BFD monocations have been shown to be more stable than Fc
cations by one order of magnitude in solution.*® This is possibly because the charged
species is protected from potential nucleophilic attack by the close proximity of the

uncharged ferrocene attached to it.
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Schmittel and co-workers further studied BFD stability by comparing four different
SAMs attached to the gold surface through the use of an 11 carbon alkane thiol.
Two of these SAMS contained a carbonyl group directly next to the BFD group and
two contained alkyl chains only. For each of these variants, one had the surface
anchor chain attached to the 2’ position (a) and one was attached to the 3’ position

(B) on the Cp ring (see Figure 5.5).

—
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Figure 5.5 BFD variants synthesised and their electrochemical stabilities assessed by Schmittel and co-
workers. A: a alkane thiol, B: 13 alkane thiol, C: a carbonyl functionalised alkane thiol, D: 13 carbonyl
functionalised alkane thiol

The potential was held such that the BFD unit remained as a monocation for one
hour. Comparison of the current intensities before and after this experiment showed
near perfect stability between pH 0 and 7 for all the variants, with the alkane BFD
SAMs also showing between 85 and 100% SAM present between pH 7 and pH 10.

The carbonyl derivatives were less stable in the alkaline range (70-80% for pH 10
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and 10-20% for pH 12). The position of the anchor group on the Cp ring appeared to
make little difference. It is also interesting to note that changing to a mixed monolayer
by introducing a decanethiol molecule further increased the SAM stability (from 85 to
98% in the case of the (3 alkyl variant at pH 12), which is promising for DNA sensing
since layers with well dispersed probes tend to show increased sensitivity on target

25,46

binding.

5.1.4 Conclusions and Chapter Aims

A viable alternative to the commonly used MB and Fc redox active tags has not yet
been found. Both of these species have disadvantages. The former is a charged
species and less sensitive than Fc and the latter possesses inherently poor stability
in its oxidised state. Despite this less than perfect situation, little progress has been
made towards a new redox tag that possesses both sensitivity and stability which is
perhaps surprising considering the growth in electrochemical biosensing in recent
decades.

However, the recent results from Schmittel and co-workers have shown a remarkable
improvement in stability of the oxidised species compared with ferrocene alone
across a full pH range. The reported, improved method for functionalisation that they
reported also allows for simpler synthesis of a species capable of being tagged onto
a DNA probe strand. Therefore, the result is a promising candidate for a stable,
reusable and sensitive redox-active biosensor.?>*°

To date, BFD has been cumbersome to synthesise and difficult to functionalise.
However, the work by the Schmittel group in developing a relatively simple method

for functionalising BFD may lead to its being a viable alternative for electrochemical

biosensing.*®
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The following work aims compare the electrochemical stability of the BFD redox tag
with that of the Fc tag when incorporated for the first time into a DNA strand at the &’
position. This study will discuss longevity, stability towards sustained potential and
resilience towards multiple interrogations.

Also included below will be a comparison of the sensing capabilities of both probes
using anthrax-based DNA targets as a test subject. Not only will this lead to an
evaluation of the BFD tags’ properties but it will also lay the foundations for future

work towards the fast and sensitive detection of a potent, biological warfare agent.

5.2 Results and Discussion

5.2.1 Choice of Target

To study the sensing ability of the BFD unit, the DNA sequences used throughout
this chapter correspond to short regions (23mers) of anthrax genomic DNA known to
be indicative of a particular anthrax strain (full sequences are given in section
5.2.2).%7

Anthrax results from infection by a naturally occurring bacterium (Bacillus Anthracis,
Figure 5.6) and has received widespread attention as a result of its use as a
biological warfare agent. Research into this area goes back as far as 1916*® and
bioterrorism is still a real threat with infectious spores being delivered by post as

recently as 2001.%°
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Figure 5.6 Photomicrograph of Bacillus Anthracis®

The bacterium responsible produces a variety of toxins which cause the body’s
tissues to swell and break down. It can ultimately kill the host if treatment is not
sought.”’ The bacteria are very resilient and can condense to a spore-like form
capable of surviving for decades in the ground; livestock can become infected years
after an initial contamination, and the unintentional excavation of potential sources is
both a health and financial risk for the construction industry.>?>

Anthrax is treatable with antibiotics and antitoxins as long as aid is sought quickly.>*
For this reason it is important to have fast and accurate detection methods. Currently
such methods largely involve the detection of biomarkers (such as dipicolonic acid; a

55,56

major component of the anthrax spores, see Figure 5.7) using expensive surface

enhanced Raman spectroscopy (SERS)*’ or luminescent technology.>>*°
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Figure 5.7 Dipicolinic acid; a major component of Bacillus Anthracis spores and often used as a
biomarker

The detection of biomarkers, such as dipicolinic acid, make identifying a specific
strain difficult since all variants are known to produce this molecule. The specificity
allowed for through the detection of characteristic single nucleotide polymorphisms
(SNPs) using DNA based probes may allow for the identification of the strain and
determination of its geographical origin.*’ This, coupled with the speed of
electrochemical detection, may offer a faster route to patient treatment and isolation

of the infectious species.
5.2.2 Synthesis of the Biferrocenylene Tag

The biferrocenylene unit was provided to us by the Schmittel group as 11-
bromoundecanoyl) -1,1’-biferrocenylene and and was subsequently converted into a
5' redox tag suitable for incorporation by automated DNA synthesis by Dr James
Carr-Smith using the synthetic method given in Figure 5.8. The same method was
used to prepare the corresponding mono-ferrocene redox tag and this was carried

out by David Calder.*®
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Figure 5.8 Synthetic method for the formation of the ferrocene and biferrocenylene (in brackets)
phosphoramidite

5.2.3 Oligonucleotides used

The DNA strands used throughout this work are given in Table 5.1. S1 is
complementary to a short section of a sequence from anthrax genomic DNA which
has previously been identified as a specific strain. S2 is the complementary target

sequence and S3 is a non-complementary control sequence.

Table 5.1 Sequences- SO: non-tagged probe S1: probe, S2: target, S3: non-complementary sequence.
SH indicates presence of a C6 disulphide modification which is reduced to free thiol with TCEP before

SAM formation.
Oligonucleotide Sequence (5’ - 3’)
S1(Fc or BFD) (Fc or BFD) GT TTC TGG ATC TAC TAATGT TTC - SH
S2 GAA ACA TTA GTA GAT CCA GAAAC
S3 TCC GCT GCATGC TCC ATT CCA AG
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5.2.4 Electrochemical Characterisation of BFD-DNA and Fc-DNA Surfaces

To ensure that no interference peaks were produced by the MCH spacer or the
nucleobases themselves cyclic voltammetry (CV) of the unbound species was
performed before further investigation (by interrogating mixed SAMs formed with
thiolated natural DNA used in Chapter 3),. CVs of the bare Au electrode were also
recorded which showed large background currents and peaks, due to the adsorption
of ions in solution, which were similar to those seen in the literature.*® However, the
presence of a compact monolayer acts to block the surface of the gold and so
prevents these responses, as evidenced by the lack of peaks in both the mixed
monolayer and MCH only monolayer. The CVs are included in the appendix, section

8.3.

5.2.3.1 Electrochemistry of S1g;
The mixed monolayers were first characterised by CV at pH 7 in 1M NaClO4, 10 mM
phosphate buffer. The CVs of S1g; mixed monolayers and the resultant scan rate vs

current relationship are given in Figure 5.9.
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Figure 5.9 Top: CV of S1g. monolayer recorded at varying scan rates, between -100 and 400 mV'in 1 M
NaClO,4, 10 mM phosphate buffer. Bottom: linear dependence of current on scan rate.

Table 5.2 contains details of the electrochemical characteristics of S1g. derived from
Figure 5.9. Clearly they are surface waves but the peak separation (AE, = E,? - E,°),
6 mV, and the cathodic to anodic peak ratio (I, / I,°), 1.13, are slightly higher than

would be expected for a molecule with completely reversible Nernstian behaviour (0

mV and 1 respectively). It has been suggested that this is due to the relatively long
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single stranded DNA being flexible and not restricting the positioning of the redox tag
very close to the surface. However, these values, and the strongly linear dependence

of current on scan rate, still indicate highly reversible behaviour.®

Table 5.2 Electrochemical behaviour of S1Fc SAMs. CVs recorded at 100 mV s'. SWV recorded at
200 Hz frequency with a 1 mV step and 25 mV amplitude. Both were recorded in 1 M NaCIlO,4, 10 mM
phosphate buffer, pH 7. Potentials are reported vs Ag|AgCl reference electrode. All values are an
average of three replicate measurements.

cv
Probe Eij2 | mV AE, | mV 1,°/ 1,2 r/x 10" molecules cm™
STre  143(+15)  6(x17) 1.13(+0.04) 1.36 (+ 0.22)

5.2.4.2 Electrochemistry of S1gep

Cyclic voltammetry of mixed monolayers of S1ggp revealed, as was previously
reported by Schmittel and co-workers, two well separated redox processes

*2* as shown in Figure 5.10. The electrochemical

corresponding to BFDY* and BFD
data for each process is given in Table 5.3.% Interestingly, the characteristics of the

two redox waves are quite different, as will be discussed below.
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Figure 5.10 CV of S1grp mixed monolayers recorded at varying scan rates in 1 M NaClO,4, 10 mM
phosphate buffer. The oxidation states of BFD responsible for each redox wave (RW) are labelled.

Table 5.3 Electrochemical behaviour of S1gep SAMs. CVs recorded at 100 mV s'in1M NaClO4, 10
mM phosphate buffer. Potentials are reported vs a Ag|AgCl reference electrode. All values are an
average of three replicate measurements.

cv
RW Eil mV AE, | mV 1,°/ 1,2 r/x 10" molecules cm™
1 37 (+7.2) 22(+15.2) 0.58 (+0.04) 2.30 (+ 0.60)*
2 549 (+ 3.3) 6(+3.9) 2.60 (+0.10) 2.61 (+ 0.83)
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It should be noted that the I,° / I,® values are far from the ideal value of 1. This could
be due to several reasons. Often this can be explained by electrochemical reactions
of the redox reporter that result in its degradation. However, in this case, multiple
scans were recorded on the same S1grp (as shown in Figure 5.10 below as well as
Figure 5.4 and Figure 5.16) and no loss of current intensity for either peak was
observed. Neither can this result from underlying redox processes occurring on the
DNA or MCH SAMs since control experiments on the unfunctionalised systems (see
section 8.3.3) showed no additional peaks across this potential range. The most
likely cause is the difficulty in extrapolating a baseline. Owing to the distance of the
redox centre from the electrode, both RW currents are fairly small (hence the need
for increased scan rates compared with chapters 3 and 4) and the already large
potential window prevents expansion to improve the baseline. Indeed, extending the
potential range by 25 mV in a positive direction resulted in the appearance of
shoulder peaks on the left side of RW 2, resulting from an unidentified process (see
section 8.3.4 and Figure 5.4).6%

The determination of the current at each peak maximum allowed plots of current vs
scan rate to be produced (Figure 5.11). These showed good linear correlations,
indicating typical surface-bound behaviour.

However, the gradients of the lines corresponding to the cathodic and anodic
processes in each wave vary, in particular for RW 2. This means that the surface
coverages calculated from this data are unlikely to be an accurate reflection of the
SAM surface packing density. Characterisation using other methods such as XPS
and AFM would be required to allow for further conclusions to be drawn about the

nature of the SAM.
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Figure 5.11 Scan rate vs. Current plots for RW 1 and RW 2 where white circles and black
squares indicate data derived from anodic and cathodic peaks respectively.

5.2.4.2.1 AEyp of RW 1 and RW 2

The E4; values for RW 1 (-37 mV) and RW 2 (549 mV) are more negative and more
positive, respectively, than the value for the corresponding Fc SAMs (143 mV). The
potential difference between the E;, of RW 1 and 2 (AE45;) is 586 + 4 mV, which is
slightly higher than that obtained by Schmittel and co-workers with solution-based
BFD molecules under similar conditions (0.1 M NaClO4, KH,PO4/Na,HPO, buffer at
pH 7; CVs were recorded at a scan rate 0.1 V s™' using SAMS formed on a gold
working electrode, a platinum counter electrode and Ag wire pseudo reference).
However, Schmittel notes that AE,,, decreases on confining BFD thiol to a surface
from 590-600 mV to 550-570 mV, respectively.25 This phenomenon has been
reported previously in the literature and has been attributed to the constraints of
surface confinement.?*%? In the BFD unit, the Cp-Cp distance for the Fe'" portion of
the molecule must expand to allow for the formation of the Fe'" (separation increases

from 1.65 to 1.70 A from metal atom to Cp ring). The Cp-Cp distance on the Fe"
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portion of the molecule also contracts to accommodate the remaining Fe" and reduce

strain (Figure 5.12).527%

1.65A' @ ﬂ M 1.70A

I|=e” j— I|=e” Ilze”I - Fell

I | Iy |1

Figure 5.12 Expansion and contraction of the Cp-Cp distance for Fe" and Fe", respectively, in the
BFD' molecule

In solution, the Cp-Cp distances within the BFD molecule can easily expand and
contract without restriction, resulting in faster intramolecular electron transfer
between the Fc units. This results in a delocalisation of the charge, resulting in the
BFD being more resistant to further oxidation, requiring a more positive potential to
oxidise both Fe atoms. However, surface confined BFD units are less able to adjust
their geometries to support fast, intramolecular charge transfer and so oxidation
occurs at a more negative potential. The fact that AE4, for the S1gep SAMs are
between the two values previously obtained by Schmittel, but closer to that of the
freely diffusing BFD species, can be explained by its attachment to a DNA strand.
The BFD unit is afforded more freedom to rearrange when attached to the 5’ end of a
longer 23 base DNA strand than when anchored directly through a shorter alkyl
chain, so this more readily facilitates intramolecular electron transfer and therefore

results in a larger AE1,.%2
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The comproportionation constant, K;, which gives an indication of the level of
electronic coupling between two metals of different oxidation states in the same

compound, can be calculated from AE+,, using the following equation:65

Equation 5.2: K. = 102E/59mV

K. for this system is calculated to be 8.56 x 10°. This large value is indicative of
extensive electronic coupling common in mixed valence systems and the resultant

fast electron transfer between the Fe atoms.?°%°

5.2.4.2.2 Implications of the Variance in RW 1 and RW 2 Peak Shape

There is a stark contrast in the AE, values for RW 1 and RW 2 as shown in Table
5.3. For RW 2 the value is close to 0, as is expected for a surface confined species,
and there is little error in this value. However, the value for RW 1 is considerably
higher and has a large error associated with it. When the peak separations for every

scan rate are collated in order, two differing trends became more obvious.®*%°

As shown in Table 5.4, AE, increases with increasing scan rate for RW 1, which is
indicative of quasi-reversible electrochemical behaviour and slower electron transfer

kinetics than for the fully reversible RW 2.
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Table 5.4 Peak separation values for RW 1 and RW 2 at every scan rate. Average
data determined from a minimum of three experiments.

ScanRate/Vs' RW1/mV RW 2/ mV

0.1 2.5 (+ 3.5) 6 (+ 4.0)
0.2 4.5 (£ 0.5) 7 (£ 5.0)
0.4 14.5 (+ 2.5) -3.5 (¢ 2.5)
0.6 31.5 (£ 9.5) 5(x 1.0)
0.8 28 (+ 12.0) 3 (£ 2.0)
1 33 (+ 13.0) 4.5 (+ 2.5)
15 415 (+ 4.5) 4.5 (£ 0.5)
2 54 (+ 0.0) 7 (£ 2.0)

CV interrogations on SAMs formed with a shorter alkyl chain (Figure 5.5), as reported
by Schmittel and co-workers, did not produce similar results. Instead, RW 1 for this
system displayed fully reversible electrochemistry and low peak separation values.
This observation is therefore more likely to be due to the distance of the BFD unit

from the electrode surface rather than an inherent characteristic of the unit itself.?®

The results can be rationalised by considering the charge at the interface. For gold
electrodes the potential of zero charge (pzc) value lies between 0.3 and 0.4 V vs
Ag|AgClI reference electrode.®” This means that for RW 1 the electrode interface is
likely to be negatively charged whereas it is likely to be positively charged for RW 2.
The DNA strand possesses a negatively charged phosphate backbone. Therefore for
RW 1, the DNA backbone would be expected to be repelled from the surface due to
the negative charge of the surface interface, resulting in the &' redox tag’s being
farther from the electrode surface. By contrast, for RW 2 the interface is positively
charged and so attracts the backbone towards it, bringing the BFD unit into closer
proximity to the electrode surface for more facile electron transfer more indicative of a

surface-bound reporter (Figure 5.13).
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Figure 5.13 Schematic of the effect of electrode charge on the position of the DNA strand with

&' BFD redox tag. Black charge indicate charge due to DNA backbone, Blue charges indicate
charae at the electrode solvent interface.

5.2.5 Stability

It was decided to use square wave voltammetry (SWV) for examining SAM stability
since it had proved such a sensitive and useful technique in previous work (Chapters

3 and 4). The resultant SWVs are shown in Figure 5.14.The E;; values closely
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correspond with those determined using CV (Table 5.5) and the peak currents are

enhanced at least 3-fold compared to CVs recorded at 2000 mV s™'. The same

frequency was used in this work as for the work outlined in Chapters 3 and 4.

Comparisons of a range of frequencies were made using an S1gep monolayer and,

again, 200 Hz provided the largest signal response without the addition of artefacts.

These data are included in section 8.3.
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Figure 5.14 SWV of S1g (left) and S1gp (right), recorded at a frequency of 200 Hz, amplitude
of 25 mV and step of 1 mV. SWV recorded in 1 M NaCIlO,4, 10 mM phosphate buffer

Table 5.5 Comparison of E,» data from from CV and SWV. CVs recorded at 100 mV s-1. SWV
recorded at 200 Hz frequency with a 1 mV step and 25 mV amplitude. Both were recorded in 1 M
NaClO4, 10 mM phosphate buffer. All values are an average of three replicate measurements

Probe cv SWv
Eip [ mV Eip | mV
Sk 143 (+1.5) 143 (x1.9)
Slgp RW 1 37 (x7.2) -43(x7.7)
S1egrp RW 1 549 (£ 3.3) 547 (+ 3.8)
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5.2.5.1 Stability at a Sustained Potential

In order to obtain a direct comparison with work previously carried out by Schmittel
and co-workers®, SWV of both S1¢; and S1grp SAMs were recorded before and after
holding the potential at the peak maximum for 1 hour (143, -43 and 547 mV for S1g,
S1gep RW 1 and S1gep RW 2, respectively). The potential hold was carried out in 1 M
NaCl instead of 1 M NaClO,4 since this was more likely to cause damage to the
ferrocene unit and the BFD unit had previously been shown to be more resistant to
degradation than Fc in these conditions.?® The resulting percentage changes in

current (as determined from the peak maximum of the SWV) are shown in Figure

5.15.
100 -
o 50
-
£
3 .-
o 0
£
® .50
= 50
c
e
O -100 4
X
8 150
@
|
g
X -200 A
-250 -
1 I I I I
N N} N N A
:{5((\ &(b“\ Nb‘“ N o N o«
%0 o N VA N '],\‘3
st o © o o
a® o @ ®

Figure 5.15 The percentage change in current of the peak maximum (of base subtracted SWV) on
holding the potential at the peak maximum in 1 M NaCl for 1 hour. Potential hold performed at 143, -
43 and 547 mV for S1g,, S1gep RW 1 and S1gep RW 2 respectively (BFD peak were compared after

holding at both potentials). Potential hold was carried out in 1 M NaCl, 10 mM phosphate buffer. SWV

were recorded at a frequency of 200 Hz, amplitude of 26 mV and step of 1 mV in 1 M NaCl, 10 mM
phosphate buffer. The data is calculated as the average of three replicate measurements with error

bars indicating the standard deviation of the measurements.
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Unexpectedly, the S1g. current showed an increase of 23% but with a large error
which again highlights the issues of using Fc as a redox tag (as discussed in section
5.1.2). This observation is currently unexplained but may be a consequence of
degradation of the Fc unit, resulting in a loss of full-length probes present on the
surface and less competition for space at the electrode interface for electron transfer.
This could be probed by AFM to determine the packing density at the surface as well
as electrochemical impedance measurements to assess the resistivity of the surface

to electron transfer before and after a potential hold.

As previously shown in the literature, S1grp shows excellent stability and exhibits low
error when held at RW 1 potential with a loss in current of 5.9 + 2.4% and 5.3 + 1.3%
when measured using RW 1 and RW 2, respectively. Although very low and an
improvement on current Fc-based redox reporters in DNA, the current loss is not as
low as that reported by Schmittel for RW 1 only (0-2% loss in the same experiment,
carried out in KH,PO4/Na,HPO,4, 0.1 M NaClOy, scan rate 0.1 V s, using BFD units
attached to the gold surface through an alkyl chain and interrogated using CV rather
than SWV). Schmittel did not investigate the effect on RW 2 and so comparison is

not possible.?>%’

For both of the RWs, the percentage decrease in current is very large after holding at
547 mV (RW 2 potential) for 1 hour. This is to be expected, as the mechanism which
had previously protected the BFD, the mixed valency allowing for facile electronic
coupling, has now been removed and replaced with a di-cationic species, which

would be even more prone to degradation.
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The approximately 3-fold increase in current loss of RW 2 compared with RW 1 was
probed by CV, which revealed that the anodic background current had increased
dramatically (Figure 5.16). This could be due to the presence of degradation products
in the electrolyte or the removal of the thiols which would result in higher average
capacitance at the interface. It proved impossible to accurately distinguish the peaks

accurately above the baseline.

6 4 ——S1BFD
| = = 81 BFD after RW 2 Pot Hold

il uA

-0.4 ' -0.2 ' OTO | Of2 ' 0.I4 ' 0.6 | 0.8
E vs (Ag|AgCl) / V

Figure 5.16 CVs of S1grp recorded before and after RW 2 potential hold in 1 M NaCl. CV were recorded
at 2000 mV s in 1 M NaClO,, 10 mM phosphate buffer

It is known that SWV can result in negative peaks when the frequency used is far
from the ‘critical frequency’ for a specific molecule (i.e. the frequency which
corresponds closely to the rate of electron transfer and so gives highest signal
gain).®® The inability to determine a peak above the baseline and, possibly, the

sensitivity of the SWV frequency to degradation products in the electrolyte, which
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affected the electron transfer rate for the remaining redox tags, resulted in a peak
reversal at higher potentials with high error as demonstrated in Figure 5.17. This

explains why the signal loss exhibited in Figure 5.15 is greater than 100%.

RW 1
Non - Reversed

L

RW 2
Reversed

-04 -03 -02 -0.1 0.0 01 02 03 04 05 06 07 08
E vs (Ag|AgCl)/ V

Figure 5.17 SWV of S1gep recorded after potential hold at RW 2 in NaCl, exhibiting peak reversal
between 0.4 and 0.7 V. SWV recorded at a frequency of 200 Hz, amplitude of 25 mV and step of 1 mV in
1 M NaCl, 10 mM phosphate buffer.

5.2.5.2 Stability towards Electrochemical Interrogation

To determine the stability of the BFD unit towards multiple electrochemical
interrogations, SAMs of S1g; and S1grp Were subjected to 150 consecutive SWV
scans and the percentage change in current at the peak maxima recorded for

comparison. The resulting data is shown in Figure 5.18.
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Figure 5.18 Percentage change in current (determined from SWV peak maxima) for 150 consecutive
SWYV scans, determined from at least three experiments. Top: All SAMs for comparison, Middle Left:
S1r., Middle Right: S1gep RW 1, Bottom: S1gep RW 2. SWV recorded at a frequency of 200 Hz,
amplitude of 25 mV and step of 1T mVin 1 M NaCIO,, 10 mM phosphate buffer.
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S1gc appears to be the most stable SAM towards consecutive interrogations, with a
2% loss of current in 150 scans and consistently small error (maximum error was 3%
and the average error was 2.2%). This is not consistent with current literature (which
demonstrates a 50% reduction in signal with Fc redox tags). The buffer system in
these cases were 10 mM HEPES, 0.5 M NaClOy. It is possible that the reduced
NaClO,4 concentration or presence of the HEPES (which is known to photo-oxidise to
H,O, and which in turn can oxidise Fc), resulted in increased damage to the
ferrocene tag. However, neither of these theories can be confirmed without further
study.?"°

Both S1r. and S1grp RW 2 exhibit slight increases in current on increasing number of
consecutive scans. This is much more marked for S1grp RW 2 where the maximum
percentage current increase is 8.1% vs 2.3% for S1g.. This could be due to
degradation. However, both of these redox systems exhibit surface-bound behaviour
(as demonstrated in their CVs) than S1gep RW 1 and therefore are more sensitive to
surface structure and rearrangements. The need to interrogate thiol-based SAMs
until a stable current is reached and the ability of Au-thiol based SAMs to rearrange
under electrochemical potential (specifically during investigation using scanning
tunnelling microscopy (STM)) have been demonstrated previously.**%"? In this
case, it is proposed that the rearrangements due to electrochemical interrogation or
degradation (also due to electrochemical interrogation) of the probes, which causes
loss of redox probes from the electrode surface, may result in diffusion of the DNA
probes across the surface, allowing for more redox tags to reach the surface easily.

This would enable more facile electron transfer, resulting in an increase in current.
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However, this would not be the case for RW 1, which, as discussed previously, is
likely to be held away from the surface. There would be very little surface blockage
by the DNA strands due to repulsion of the phosphate backbone. As such there is
more space for the redox tag reach and to undergo electron transfer at the surface. It
can therefore be tentatively assumed that the reduction in current measured using
RW 1 is due to degradation of the BFD unit, whereas this effect is cancelled out due
to the increase in favourable positions for electron transfer for the surface-bound
systems.

The reduction in current as measured by RW 1 is impressively low with a maximum
decrease of 4.4 % over 150 scans. Fc tags have been previously shown to exhibit
losses of 50% after 100 SWV scans and so the BFD tag would represent an
improvement on the status quo, were it not for the corresponding Fc tag in the S1 Fc
also giving improved stability under these conditions.?” The improved stability of the
BFD tag is likely due to its mixed valency, as discussed previously, protecting the tag
across a large portion of the potential window as well as the presence of a second Fc
unit covalently bound to the first which can act to block nucleophilic attack. The BFD

tag is therefore a promising tag in terms of its stability towards multiple interrogations.

5.2.5.3 Long Term Stability

The stability of the BFD redox tag to long term storage in air and light was next
assessed by storing the SAMs in 1 M NaCl, 10 mM phosphate buffer and exposing
the probes to air, at room temperature, for a period of seven days. The sensors were

interrogated once a day and the data compared. The results are given in Figure 5.19.
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The Au-thiol bond is known to be susceptible to damage due to oxidation of the
sulphur and generalised desorption from the gold surface (which as yet, is not fully
understood).?®# This results in a loss of redox-active species in the monolayer and

so some decrease in signal is to be expected.?®%°
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Figure 5.19 Percentage loss in current as measured from the peak maxima of the SWYV for S1¢, and
S1grp over 7 days calculated from a minimum of 3 experiments. SWV measured at a frequency of
200 Hz, amplitude of 25 mV and a step of 1 mV in 1 M NaCIlO,, 10 mM phosphate buffer. Data was
calculated form three replicate measurements.

S1rc and S1gep RW 2 display similar losses in current (82 + 28% and 79 + 5%), which
suggests that the use of the BFD unit does not provide an improvement to longevity
in NaCl. Both S1¢; and S1gegp RW 2 lose more signal intensity when stored in NaCl
for 7 days than S1g; stored in NaClO,4 for 7 days (28 + 7%), which would suggest
these losses are due to instability of the neutral redox tags towards CI" ions rather
than large loss of thiol attachment. It should be noted that, due to a lack of material,

the same experiment but using NaClO, as a storage buffer was unable to be
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completed with S1gep. The loss of signal after seven days for S1g; in these latter
conditions was 28 + 7.5%. Further studies into whether the effect is the same in
NaClO,4 would be advantageous to determine whether this high loss of signal for the
BFD unit is due to the CI ions present or the storage conditions (i.e. under air, room
temperature, in light).

Interestingly RW 1 and RW 2 display very similar losses in current until day 3. After
this the current measured from RW 1 increases which results in 10 + 20 % overall
loss by day 7. The unexpected current increase for RW 1 is unexplained but could be
due to breakage of the Au-Thiol bonds and loss of some of the redox-active probes.
This would reduce the lateral repulsive interactions between the phosphate
backbones of the probes and allow for more facile electron transfer when the
potential is negative of the pzc, thus resulting in an increase in signal. When the BFD
unit is surface-bound (at potentials positive of the pzc and appropriate for RW 2),
there are no lateral repulsions due to the negation of the DNA backbone charge and

the tag is already in a position to facilitate electron transfer.

5.2.6 DNA target Sensing

The DNA sensing capability of the BFD redox tag was assessed and compared with
that of the Fc redox tag by exposing the probes to an excess (100 nM) of fully
complementary DNA target, S2 and a non-complementary sequence, S3, for 20
mins. Previous thermal melting studies (Ty) carried out by the Tucker group have
shown that the fully complementary target (S2) forms a strong duplex with the S1 Fc
and S1BFD probes. T, values were determined to be 71 °C and 70 °C, respectively.

The duplexes were then electrochemically probed to determine whether binding
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could be detected using redox-active tags. As discussed previously, SWV was used

due to its enhanced sensitivity. The comparison of the percentage changes in current

is given in Figure 5.20.

I Fo
2071 ]BFD RW 1

10 [ BFD RW 2

% Change in Current

Figure 5.20 Percentage change in current (as measured from the SWV peak maximum) on binding
100 nM complementary (S2) or 100 nM non-complementary (S3) DNA target. SWV recorded at a
frequency of 200 Hz, amplitude of 25 mV and step of 1 mV in 1 M NaCIlO,4 10 mM phosphate buffer.
Data is the average of three replicate measurements and the error reported is the standard deviation
of these three replicate measurements.

In terms of sensing fully complementary and non-complementary targets, the BFD
redox tag offers an improvement on the Fc tag. Both RW 1 and 2 show a marked

loss in current on binding with excellent reproducibility (27 + 4% and 70 + 5%,
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respectively) whereas, within error, there is essentially no change in the current for

the duplex utilising Fc (1.6 + 1.3%).
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Figure 5.21 Schematic of the suggested position of single and double stranded DNA for top: S1

BFD RW 1, middle: S1 Fc and bottom: S1 BFD RW 2 at oxidation.
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The cause of this will require further investigation but may be due to the extra
flexibility afforded to S1 Fc at its oxidation potential, resulting in a very small change
in environment on duplex formation compared with that of S1 BFD at either the RW 1
or RW 2 oxidation potential, as shown in Figure 5.21. The E;; values at which both
the RW 1 and RW 2 systems are probed are extreme (negative and positive,
respectively) on the rational potential scale and so the single stranded probe is either
repelled away from the surface or attracted closely to it. The increased rigidity of the
duplexes forces the probes away from their positions at their respective oxidation
potentials. However, the Fc redox tag is probed at a less negative potential than RW
1 and, as such, the repulsion of the oligonucleotide is not as strong as that of the
BFD RW systems. The Fc probe is afforded much more flexibility at the Eq, potential
in both single stranded and duplexed form and hence there is little difference in the
intensity of the current for both.

The 3-fold difference in current between RW 1 and RW 2 is likely to be due to the
more dramatic environmental change of the BFD unit when at higher potential. As
discussed previously, the backbone of the single stranded DNA is likely to be lying
close to the electrode surface for potentials appropriate for RW 2 due to electrostatic
reasons (Figure 5.13). However, hybridisation forms a more rigid species with a wider
molecular diameter.” This is likely to cause the redox tag to be held farther from the
surface and so reduces the ease of electron transfer. The BFD tag is held farther
from the surface at potentials appropriate for RW 1 and so the increase in distance

from the electrode surface on hybridisation is not as great.
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As expected, there was very little change in current when both S1g. and S1grp were
exposed to the non-complementary target strand, S3, implying no binding is

occurring, as expected.

5.3 Conclusions

The stability and sensing capabilities of a BFD unit attached by an alkyl linker to the
5 end of a DNA probe complementary to a short anthrax genetic sequence was
investigated. The long term stability in NaCl and ambient conditions, stability to
successive electrochemical interrogations and potential hold in NaCl were all
investigated and compared with those of the most common redox tags used, Fc.

The aim of this work was to assess whether the BFD unit could improve the current
status quo and be used as a redox tag with improved reproducibility and stability akin
to MB whilst retaining the sensitivity associated with Fc tags. For this system, while
the ability to sense a complementary target is improved when using the BFD unit, the
result of the degradation studies give mixed results.

The BFD unit shows no improvement in longevity compared to Fc in these studies
when assessing the data resulting from RW 2. However, the data from the BFD
system highlights the interesting differences in the behaviour of surface-bound redox-
active species and of those more reliant on diffusion, as exemplified by the significant
difference in current loss for RW 1 and RW 2 after standing for several days. RW 1
possessed lower error and a decrease in current when being successively
interrogated by SWV at 200 Hz compared to RW 2 (which actually increased in
current, similarly to the Fc tag), again due to the different sensitivities of surface-

bound and solution-based redox tags. It should however be noted that both increase
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(less than 10%) and decrease (less than 5%) in signal for RW 2 and 1 respectively
still display an excellent stability towards multiple interrogations, notwithstanding the
observation of greatly improved stability for the Fc system compared to previous
reports.*’

Degradation due to holding the potential at both RW 1 and RW 2 showed that the
BFD unit is extremely stable when in the BFD”* form for extended periods in NaCl
but not as stable when held at more positive potentials appropriate for RW 2.

In conclusion, the lower error generally afforded by the BFD unit in comparison with
Fc, enhanced target sensing, stability towards consecutive interrogations and stability
in the BFD®* form for extended periods make BFD an attractive alternative to both
MB and Fc on the condition that BFD SAMs are used as soon as possible after
assembly. It could also be used a test bed to investigate further the differences in
behaviour between surface-bound and solution-based redox tags.

However, further work needs to be done to improve the longevity of these SAMs to
allow for long term storage and use. Also, this author suggests that, due to the
instability of the BFD"?* species, using this tag at positive potentials would be
difficult.

It is worth noting that, for the BFD system, sensing can be performed at more
negative potentials (for RW 1) than those used for Fc, which may aid probe stability

and sensing suitability.

5.4 Further Work

To further the investigations of the BFD species as an improved redox reporter, the
SAMs described above should be fully characterised using AFM and XPS to

determine a more accurate surface coverage and probe distribution. More BFD tag
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should also be synthesised to compare with the longevity of the Fc tag in NaClO4 as

well as the NaCl data already acquired.
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6.1 Introduction

6.1.1 Enzymes

Enzymes are the catalysts of the natural world and have the same overall function as
any other catalytic species; the lowering of the activation barrier of a reaction to
increase the reaction rate. Enzymes are vitally important macromolecules. Without
them, biochemical reactions could not occur fast enough to support the large and
complex life forms which exist today. From the transport of CO, away from the
tissues to the production of DNA, enzymes are present in nearly every part of the

body."

6.1.1.1 The Structure of Enzymes

Enzymes are proteins, though a noticeable exception to this is the ribozymes which
are made from ribonucleic acid chains (RNA) and are fundamental in the translation
of RNA to proteins.? Proteins consist of a chain of amino acids, of which there are

twenty-two naturally incorporated variations, joined by peptide bonds (Figure 6.1).”

- n
R H R H 0
n ~y >y <
H 0 H o R
Amino Acid Peptide Bond

Figure 6.1 The formation of a peptide bond from a generic amino acid (where R is the side chain)
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Amino acids can interact with different parts of a polypeptide chain through non-
covalent interactions, such as hydrogen bonding. In addition, some amino acids
(phenylalanine, tryptophan and tyrosine) have side chains that contain aromatic
groups, allowing for n-nt stacking. Furthermore, the amino acid cysteine, whose side
chain contains a thiol, can form a S-S bond when in close proximity to another
cysteine and covalently link previously independent sections of the chain through a
‘disulphide bridge’.3 These interactions, in combination, result in folding alpha-helices

and beta-pleated sheets (Figure 6.2) which give a more rigid, secondary structure.

Alpha Helix

Hydrogen Bonding .
\

0O H @) H R 0

Beta Pleated Sheet

Disulphide Bridge

Figure 6.2 The secondary structure of polypeptide chains
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Further structural elements include turns and loops, which allow the chain to change
direction.” This allows the secondary-structure assemblies to interact with each other
to give more complicated tertiary structures. The overall shape of the resultant
protein is therefore completely dependent on the initial amino acid sequence. The
shape of the protein dictates its function and many enzymes are made up of a small
collection of proteins interacting. Recently, much research has focussed on the de

novo design of enzymes to perform specific roles in healthcare and industry.“‘6

6.1.1.2 Substrate Recognition

The structure of the protein dictates which compound can bind (known as the
substrate) to the reactive site (known as the active site). This usually means that
enzymes are highly specific biocatalysts.7 However, enzymes have some flexibility
and a number of different methods for substrate recognition have been suggested.
The simplest model, known as the “Lock and Key” model, was the earliest proposal
to explain enzyme specificity and relies purely on the premise that the enzyme and
substrate must have corresponding geometries in order to fit together, as shown in
Figure 6.3.% This was further advanced by Koshland in 1958 in an attempt to explain
the catalytic nature of the enzymes. It was suggested that preliminary interactions
between the substrate and amino acids in the enzyme caused a slight change in the
shape of the active site, inducing a better fit with the substrate. This idea also helped
to explain the very high specificity of some enzymes.®

Additionally, some enzymes require small molecules (known as cofactors) to bind at
a site located some distance from the active site (known as the allosteric site). This

again allows for a change in the shape of the active site and allows the substrate to
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bind. This ability to activate and inhibit the enzyme in the presence of particular

1,10,11

molecules is essential for successful regulation of the body.

Lock and Key Model

Induced Fit Model

Cofactors

Figure 6.3 A comparison of substrate recognition models where red represents the enzyme, blue the
substrate and green the cofactor.

6.1.1.3 Catalytic Behaviour
To be described as a catalyst, a species must lower the activation barrier of a

reaction and not be rendered inactive by the process. An enzyme achieves this in

several ways:

e Forming a charge-stabilising environment, and, in particular, making the

formation of a charged transition state more favourable.'?
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e Binding directly to the substrate, forming a complex which acts as an
intermediate and requires less energy to react.”
e Distorting the substrate in to a structure which is less reminiscent of the

reactants and closer to that of the transition state.

e Orientating reactants so they are in close proximity to each other.”

6.1.2 Enzymes and Disease

As enzymes are fundamental to biological function it is inevitable that any
malfunction could be potentially harmful. The resultant diseases can be caused by
poor regulation of the enzyme or a mistake in the genetic code such as a base
insertion or deletion, resulting in the production of a protein with the wrong sequence
or even no protein produced at all. These diseases are very often inherited, such as
Tay-Sachs disease, which is caused by either a 4 base insertion or a splice mutation
in different regions of the genetic code within chromosome 15.">'® Consequently,
the enzyme Hexosaminidase, which breaks down excess gangliosides (lipids which
act as cell surface markers), is not formed." The result is that the normally useful
gangliosides act as toxins which damage the nervous system and inevitably cause
premature death, normally in infancy.'®

For some diseases, it may be advantageous to modify the production of an enzyme
in an attempt to control or cure that illness. This is particularly relevant to diseases
which involve the replication of DNA, including cancer and Human Immunodeficiency
Virus (HIV). This area of research is also relevant to the emerging field of antisense

therapeutics, which relies on using a synthesized nucleic acid strand to block the
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replication of a gene. In order to understand this area, the fundamentals of DNA

transcription and translation will now be described.

6.1.2.1 RNA

DNA provides the code for every component of the body. In order for these
components to be formed, the code must be ‘read’ by an organelle present in cells
called the ribosome. Ribozymes present in the ribosome translate the genetic code
into a polypeptide chain by bringing together amino acids which correspond to the
initial DNA sequence. However, the ribosome requires a single stranded species to
transcribe the information which must also be easily digested by enzymes in order to
prevent over expression of a particular gene sequence. The carrier of choice is a
messenger ribose nucleic acid (mMRNA) strand.

RNA differs from DNA in several key aspects. The sugar unit consists of a ribose
group which causes RNA to more readily adopt an A form rather than the B form
normally associated with DNA." This and the common occurrence of short, self-
complementary sequences within the RNA strand results in it being primarily single
stranded. ’

Another key difference from DNA is the use of uracil (U) instead of thymine (T)
(compared in Figure 6.4). Uracil is produced spontaneously through the deamination
of cytosine.’® Since RNA is short lived, the presence of U is not problematic.
However, the increased longevity of DNA allows more time for U to be produced
spontaneously from C. This would result in genetic mutations of both the initial strand

and the complementary strand formed by DNA polymerases, since the corresponding
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base for U is A not G. The presence of T in DNA prevents this confusion and allows

for the excision of U by DNA repair enzymes.?'

HO

Figure 6.4 A comparison of the structures of thymine and uracil in DNA and RNA respectively. The
methyl group of the thymine is highlighted in green and the additional alcohol group on the ribose
sugar is highlighted in red.

6.1.2.2 Transcription

Transcription, the method by which mRNA is produced, occurs in the cell nucleus. An
RNA polymerase enzyme (Figure 6.5) is used to unwind the DNA double helix
structure, exposing the sequence to be used to code for the RNA (the sense strand)
as well as its complement (the antisense strand). The RNA polymerase attaches to
the sense strand and uses complementary bases, previously free within the cell, to
form a new RNA strand (thus the RNA sequence is equivalent to that of the DNA
antisense strand). When the polymerase reaches a stop sequence coded in the DNA
it releases the three strands, the DNA rewinds into the favourable double helix
structure and the resultant RNA strand (known as messenger RNA or mRNA) is

transported to the ribosome.?
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Figure 6.5 Use of RNA polymerase enzymes to form mRNA, the basis of the transcription process

6.1.2.3 Translation
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Figure 6.6 An mRNA strand being used by tRNA molecules to code for protein sequences

The ribosomes contain further folded strands of RNA known as transfer RNA (tRNA).
Each of these have an amino acid attached at the 3’ terminus and a 3 base section

known as the codon. These three bases correspond to three bases on the mRNA.
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The ribosomes ensure binding occurs in the correct order, which results in a chain of
tRNA molecules containing amino acids. These amino acids are in close proximity to
each other and the ribosome facilitates a condensation reaction, resulting in the
formation of a polypeptide chain. The amino acids are attached to the tRNA through
an ester and so the polymerisation process also acts to cleave the peptide chain from

the tRNA molecules.??

6.1.3 Antisense Therapeutics

Since several difficult to treat and deadly retroviruses, as well as some genetically
inherited diseases, utilise the DNA replication pathways already present in the host
system, research has started to focus on blocking these routes through the use of
antisense therapeutics.

Antisense therapeutics is the design and synthesis of single stranded, antisense
modified nucleic sequences (or small interfering RNA sequences (siRNA)) which can
bind to the target mRNA to prevent the translation of that sequence into a protein. It
is important that the antisense sequences are not recognised by enzymes to prevent
their destruction before blocking the mRNA. Recently, Tabrizi and co-workers have
been able to show that the use of siRNA can slow the onset of a neurodegenerative
disease called Huntington’s Disease (HD). HD occurs due to the production of a
mutant Huntingtin protein which accumulates in the brain, gradually causing cell
death. Tabrizi and co-workers were able to demonstrate that injections of targeted
siRNAs directly into the patients spinal fluid, was able to slow the accumulation of the
mutant protein by binding to and preventing the translation of the gene responsible

for its production.?*28
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One issue with using natural DNA is that unmodified oligonucleotides are very
unstable in biological systems and are broken down by nucleases.?® In order to
stabilise the antisense strands a number of different artificial oligonucleotides have

been synthesised and are outlined below.

6.1.3.1 Modified Nucleic Acids for Enzyme Inhibition

The most widely reported modification is the use of a phosphorothioate (PS)
backbone in place of the natural phosphate group. These species have the
advantages of increased nuclease resistance, being readily taken up by the cell and
ability to activate the enzyme RNase H, which speeds up the RNA degradation
process, rendering it useless before translation can occur.?® However, the alterations
in the backbone have resulted in increased toxicity of these compounds and studies
have shown it to cause liver damage, stimulation of the immune system and reduced
platelet counts.?® As a result, some research groups are focussing on nucleic acids
with more complicated modifications. The structures of each of the discussed
variations are given in Figure 6.7.

Studies have been carried out with a variety of backbone alterations, including
replacing the ribose sugar with a six-membered ring (phosphorodiamidate
morpholino oligomers (PMO)) and a number of different 2° groups on the ribose
moiety. None of these systems have been shown to stimulate RNase H, unless in a
mixed oligonucleotide and some have displayed toxic side effects in animal

studies.?*
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Figure 6.7 Structure of DNA,RNA, phosphorothioate (PS), peptide nucleic acid (PNA),locked nucleic
acid (LNA) and morpholino (PMO) nucleic acid modifications

Peptide nucleic acid (PNA), a very flexible alternative to natural DNA, binds strongly

and with high specificity to both DNA and RNA. It has also been shown to have
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excellent resistance to the action of nucleases.* Nielsen and co-workers. found that
hybridisation of PNA to the target DNA in duplex form (in a triple helix) prevented
transcription as the RNA polymerase enzyme could not ‘unzip’ the duplex (as in
Figure 6.5).%

The lack of charge associated with the backbone may also help to reduce the side
effects associated with phosphorothioate moieties, rendering PNA non-toxic.>®
However, PNA is poorly soluble and not readily accepted by cells, limiting its use as
an antisense agent.36 However, very recently, Vilaivan and co-workers. demonstrated
that the cellular uptake could be vastly improved by post-synthetic addition of
pyrrolidinyl groups. This may be a route forward for PNA as an antisense therapy.*’
Locked nucleic acids (LNA) are a more restricted form of DNA. LNA oligomers form
very stable duplexes with RNA, more so than PNA, and are highly resistant to
enzymatic degradation.®®*° LNA, like PNA, does not stimulate the RNase H enzyme
but has been shown to be more biologically active than PNA by acting as an
antisense strand for telomerases. These are proteins with an attached RNA strand
which adds sequences to the ends of chromosomes. Unregulated telomerase activity
can prevent cell death, resulting in the formation of cancerous cells. By blocking

these, LNA moieties have the potential to be potent anti-cancer agents.38

6.1.4 Conclusions and Project Aims
As discussed above, the ability of some modified nucleic acids to inhibit the action of
enzymes on a DNA strand opens the way to a new branch of medicine: antisense

therapeutics.
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However, it is clear that the ideal drug candidates have not yet been found. Some
species (PNA, LNA and PMO) lack the ability to increase the action of RNase H, a
vital enzyme which would destroy infectious mMRNA before it reached the translation
stage. Those moieties that do induce RNase H action currently have undesirable side
effects.
In conclusion, the ideal species would:
e Not be degraded by species within the cell before reaching the mRNA of
interest
e Activate the RNase H enzymatic behaviour
¢ Block the action of polymerases or nucleases to prevent the diseased mRNA
from being translated.
o Be readily taken into the cell
Since the ferrocene nucleic acid (FCNA) species have been shown to be robust
under experimental conditions, are easily incorporated into DNA and possess a
backbone modification which still allows for hydrogen bonding to natural DNA targets,
they would appear to be a viable candidate for antisense therapeutics.
The initial studies, which will now be discussed, focussed on the ability of FCNA
modified DNA to survive the action of nucleases and so indicate whether this species
would be degraded in the cell. Without this ability, FCNA would be redundant as a

potential antisense drug.
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6.2 Results and Discussion

6.2.1 Sample Preparation

6.2.1.1 Oligonucleotides Used

Both the abasic and thymine modified FCNA species were used to determine whether
the presence of the bases had any effect upon the action of the enzymes. The DNA
sequences used are shown in Table 6.1. SO is the natural DNA probe control and S1
is the FCNA probe. S3 is a strand of half-length and was synthesized to use as s
comparison for degradation products visualised within the gel. It should be noted that
FcNA units with (S,S) pRpR chirality (the notation (S,S) will be used for convenience)

were used due to constraints on the amount of the (R,R) pSpS derivative.

Table 6.1 Oligonucleotide sequences used throughout Chapter 6

Oligonucleotide Sequence (5’ - 3’)

SO TGG ACT CTT CTC AAT G

SA(rT or ) TGG ACT C (FeTTs,s) or FcHH s s)) CTC AAT G
S2 CAT TGA GAAGAG TCC A

S3 TGG ACT CTT

6.2.1.2 Optimising the visualisation of PAGE Gels

Polyacrylamide gel electrophoresis (PAGE) is technique whereby a current is applied
such that one end of the gel is positively charged, attracting negatively charged DNA
towards that end. The theory and uses of this technique have been covered in more

depth in section 2.5. Briefly, the highly charged and smaller sized strands can travel
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more quickly through the gel allowing the user to separate DNA samples based on
size and charge. This makes it ideal for monitoring DNA degradation.

Both denaturing and native gels were used during the investigation into enzymatic
degradation. Denaturing gels ensure that the samples are in their single stranded
forms, with no secondary structure. This is achieved by the addition of high
concentrations of urea to the basic acrylamide gel solution before setting. The urea
disrupts the hydrogen bonding interactions between bases. Conversely, NaCl is
added to a native gel solution to promote and retain structures such as the double
helix or DNA rearrangement. Exact experimental conditions are given in section
7.7.2.

It was not possible to visualise any of the FCNA conjugated DNA samples captured in
the gel solutions through dye staining. This was believed to be because the
Diamond™ nucleic acid dye (Promega Corp.), whose chemical structure and method
of action have not been reported, is not capable of binding to short chain
oligonucleotides. This became apparent in previous work with DNA strands that were
less than 7 bases long. In the case of the 15-mer containing the FCNA in a central
position, the dye does not bind to or recognise the FCNA unit and hence not to the 7
base sequences either side of it. Consequently, the method of UV shadow was used
to visualise the resultant gels.

UV shadow, described in more detail in section 2.5, has the advantage of preserving
the fragments within the gel, allowing for their excision and further study. However, a
higher concentration of DNA is required in order for the sample to absorb sufficient

amounts of UV light.
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In order to try to preserve sample, gels were run using DNA samples equating to 0.5
and 0.1 absorption units (AU). As shown in Figure 6.8, bands using 0.5 AU can
clearly be seen in all lanes whereas the bands are very pale or non-existent for 0.1
AU. Hence all experiments were carried out with a sample concentration equating to

0.5 AU. Details of the calculations for this are given in section 7.7.1.

Figure 6.8 0.5 AU (blue lanes) and 0.1 AU (red lanes) of SO run in a denaturing gel and visualised by
UV shadow

6.2.1.3 Enzymes Used

For the initial studies, three enzymes were used to assess the efficacy of the FCNA
conjugated DNA. An endonuclease called DNase | and two exonucleases called Exo
I and Exo Ill. Exonucleases will digest from either the 3’ or the 5’ end of the strand.
However, endonucleases are indiscriminate and so will commence the degradation
at any point along the DNA chain. Exo | and Exo /Il are both active in the 3’ to &
direction but Exo [ is active on single stranded DNA and Exo /Il on double stranded

DNA.?2
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6.2.1.4 Enzymatic Digestion Reaction Conditions

The enzymes were supplied with a reaction buffer (67 mM Glycine-KOH, 6.7 mM
MgCl,, 10 mM B-ME, pH 9.5 @ 25°C) and the effects of the buffer contents and
increased pH on the FCNA units were unknown. Consequently, controls were run of
S0 and S1yy (due to material constraints, it was not possible to complete control with
S1+17). The samples were incubated under standard conditions in reaction buffer and
0.15 M NaCl (as a possible alternative buffer for diluting the enzyme solution) and
compared to non-incubated strands in ultrapure water. These were all carried out
with and without the Exo / present to determine the effect of altering or removing the
buffer on enzyme activity.

The resulting gel is shown in Figure 6.9. The presence of single bands in lanes 2 and
6, at equivalent positions to the corresponding control strands in lanes 1 and 5,
confirm both natural DNA and the FcNA modified DNA are stable in the reaction
buffer at 37°C for at least 24 hours.

In addition to this, the use of 0.15 M NaCl instead of the supplied reaction buffer has
a detrimental effect on nuclease activity. In NaCl, SO shows partial digestion to a
shorter strand as evidenced by a single band positioned lower than the control strand
in lane 3 and no equivalent band present in lane 4, where the supplied reaction buffer
was used, implying complete digestion. There is a pale, diffuse band present near
the bottom of lane 4 which could be attributed to the presence of single nucleotides
after complete digestion.

Lanes 7 and 8 are of particular interest. Again, use of the 0.15 M NaCl incubation
solution appears to show retardation of the enzyme with S1y4. However, it clearly

results in 2 bands in lane 7, rather than 1 and instead of complete digestion of the
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strand, as is seen with the natural DNA equivalent, a second band is seen at a lower
point. This could indicate that enzymatic action on the entire strand is being
prevented, an early indication that the FCNA moiety may be capable of enzyme

inhibition.*°

Figure 6.9 Comparison of different sample incubation solutions on Exo I nuclease activity and
sample stability carried out using denaturing PAGE, gels run in 1 x TBE Buffer at 200 V for 2 hours,
10 uL sample loaded. Lane 1: SO in ultrapure water. Lane 2: SO incubated in reaction buffer. Lane 3:
S0 and 0.5 u Exo I incubated in 0.15 M NaCl. Lane 4: S0 and 0.5 u Exo | incubated in reaction buffer

Lane 5: S1yy in ultrapure water Lane 6: S1y incubated in reaction buffer. Lane 7: S1yyand 0.5 u
Exo I incubated in 0.15 M NaCl. Lane 8: S14y and 0.5 u Exo | incubated in reaction buffer

6.2.2 DNase | Digestion Studies
DNase | is an endonuclease present throughout the animal kingdom and is

responsible for the breakdown of excess DNA. Although this enzyme shows
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increased specificity for bonds between purines and pyrimidines, it can begin
digestion at any point along the DNA backbone and can cleave both single and
double stranded DNA. ?** |t is critical that an antisense strand is impervious to this
species and would show promise for stability in biological serum.

However, resistance to this enzyme (shown in Figure 6.10) has been mixed among
the modified nucleic acids (the structures and function of which are discussed in

greater detail in Section 6.1.3.1).

Figure 6.10 Protein structure of Human DNase | with comp/exing phosphate groups and magnesium
ions. PDB Structure: 4AWN™

Lee and co-workers. demonstrated that varying the position of the phosphorothioate
modified backbone (PS) (the structure of which is shown in Figure 6.11) within a
sequence had a huge effect on its enzymatic resistance, more so than the
percentage of P-S bonds present. For example, strands of poly(A-PS-T) were DNase

I resistant whereas poly(PS-A-T) were not, being digested in 30 mins.*
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Figure 6.11 The structures of the phosphate backbone found in natural DNA and the modified
phosphorothioate backbone for comparison.

Capping DNA at both or either of the 3’ and 5’ termini with LNA*** and MO* units
have been shown to greatly increase the stability of the DNA sequence towards
DNase | degradation. Whole sequences of PNA are extremely stable in biological
conditions but, not suitable for antisense therapeutics as discussed above.*
Conversely, PNA-DNA chimeras (with a 1:1 DNA: PNA ratio), which possess
increased aqueous solubility whilst maintaining duplex stability, are stable for at least
three hours but not overnight.*’

Since these examples involve strand capping or entire sequences of modified
structures it would appear unlikely that the presence of only one FcNA unit in a
central position would greatly retard the enzymes action. However, a previously
investigated octamer, consisting purely of FcTTss or FcTTrr showed no

propensity to forming duplexes with natural DNA.*® Consequently, a completely

altered backbone is not a viable option for antisense therapeutics with this system.
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Despite the quandary raised by the points above, both S11r and S1y4 were subjected

to DNase | digestion and compared to the digestion of SO.

6.2.2.1 Digestion Studies

SO0 S1TT

Figure 6.12 Monitoring DNase activity on SO, S1yy and S1rr using denaturing PAGE, gels run in 1 x
TBE Buffer at 200 V for 2 hours, 10 uL sample loaded. SO = Red, S1,y =Green, S1;r= Blue. Lane 1:
SO0 in ultrapure water. Lane 2: SO incubated in ultrapure water at 37°C for 48 hrs. Lane 3: S0 and 0.5
u DNase incubated in reaction buffer for 1 hr. Lane 4: S0 and 0.5 u DNase incubated in reaction
buffer for 48 hr. Lane 5: S1 in ultrapure water. Lane 6: S1. incubated in ultrapure water at 37°C for
48 hrs. Lane 7: S14y and 0.5 u DNase incubated in reaction buffer for 1 hr. Lane 8: STy and 0.5 u
DNase incubated in reaction buffer for 48 hr. Lane 9: S1+rin ultrapure water (pale due to a damaged
well). Lane 10: S1rr incubated in ultrapure water at 37°C for 48 hrs. Lane 11: S1;rand 0.5 u DNase
incubated in reaction buffer for 1 hr. Lane 12: S1+r and 0.5 u DNase incubated in reaction buffer for
48 hr

The resulting gel (Figure 6.12) yielded interesting results. SO was degraded
completely after 48 hours (lane 4) but was still largely intact after 1 hour (lane 3).

Although DNase | is capable of degrading both ds and ss DNA, it has much
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decreased activity (500 times less) with ss DNA, which affects the time required for
full degradation.*’*°

Interestingly, S1q4 is almost completely degraded after 1 hour and seems to be able
to activate the DNase | and increase its activity. Studies have shown that this can
result from the increased flexibility of a DNA duplex.*®*® The enhanced flexibility of
S1yn (due to reduced steric hindrances and neighbouring base interactions) may
allow for the DNA to obtain a structure more complimentary to the enzymes active
site and so increase its activity. This is an area which requires further investigation,
possibly with the incorporation of varying lengths of spacer phosphoramidites into the
DNA backbone to increase strand flexibility.

By contrast, S1¢1 appeared to increase the resistance of the entire strand to the
action of the nuclease. After 1 hour, the whole strand appears to be essentially intact
(lane 11) with only a very faint degradation band lower down. Even after 48 hours,
some non- degraded oligomer appears to be present as a faint band. There are two
degradation bands, close to the complete sequence band, that are more
concentrated and not split into many faint bands as for SO and S1y4. This would
imply that only partial degradation has occurred, leaving a considerable portion of the
sequence intact. Multiple attempts at obtaining a mass spectrum of these two bands
were unsuccessful, possibly due to the low concentration and difficulty in separating
the bands.

The enhanced stability of S1¢t towards DNase | compared to SO offered further early
indications that this system may indeed be able to withstand biological conditions.
The tests were then repeated with enzymes relevant to the transcription and

translation processes involved in diseases such as HIV, as outlined below.
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6.2.3 Exonuclease I (Exo 1)

Exonucleases are a class of enzymes which hydrolyse the phosphodiester bonds
between nucleotides. This is done sequentially, either 3’ to 5’ or 5’ to 3’ rather than
the non-specific action associated with DNases. Exonuclease | in particular travels
3-5’ and is specifically active on single stranded DNA.®" In this way nucleotides can
be recycled and over expression of proteins is prevented.®?

It is essential that an antisense strand must be stable towards single stranded
exonucleases in order that they are not destroyed before being able to bind
successfully with RNA target. Capping strands with just one LNA has been shown to
reduce the exonuclease activity of some enzymes and an additional LNA unit
resulted in the inhibition of all enzymes with exonuclease behaviours.’®> PNA and
morpholino nucleic acids have also been shown to be seemingly completely resistant

to the action of exonucleases while phosphorothioates are less resistant.34%°

Figure 6.13 Protein structure of Exo | isolated from E.Coli. PDB Structure: 3C95°°
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6.2.3.1 Time Dependency Studies — 0 - 30 minutes

The length of time allowed for enzyme incubation had a very obvious effect with the
use of DNase | and demonstrated that some enzymes require more time to
completely degrade a sample. Therefore, for Exo | nuclease it was decided to
undertake a thorough investigation of the level of degradation over short and long
time frames. This section deals with the results collected in the first 0-30 minutes of
enzyme incubation as shown in Figure 6.14.

It is clear from Figure 6.14 that the SO, S1yy and S1yt samples are not damaged by
the extended heating used in these experiments since the band produced in Lane 2
corresponds exactly with the control strand in Lane 1 for each DNA type. Any
significant degradation must therefore be due to the enzymatic action of the Exo /.
For SO it is clear that all examples of a full strand have been consumed within 10
minutes leaving shorter degradation products. The bands of the degradation products
increase in intensity throughout the experiment as would be expected since the
concentration of these species are increasing. There appear to be several
degradation bans present, in close proximity to each other, with the top region being
most intense between 1 and 5 mins and the bottom region increasing in intensity
throughout the time frame. This indicates that the degradation is a gradual process

and that the shortening of the strands can be monitored over time.
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Figure 6.14 Time dependent Exo | degradation of SO (top), S14y (middle) and S1+r (bottom) over
30 mins using denaturing PAGE, gels run in 1 x TBE Buffer at 200 V for 2 hours, 10 uL sample
loaded. ‘Control’ indicates SO, S1, or S177 respectively, stored in ultrapure water, ‘Control + heat’
indicates SO, S1,4 or S117 respectively, stored in ultrapure water and heated at 37°C for 72 hours.
S3, a strand of half the length of SO and S1, was also used for comparison.
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S1yn and Sy react very differently to Exo | compared with SO. Whilst some
degradation is evident, both have a significantly intense band still present after 30
mins which corresponds to a full oligonucleotide. It is clear the presence of even a
single FcNA unit in a central position is able to inhibit Exo / to a certain extent and
implies that the addition of the ferrocene containing unit has a long range structural
effect, rather than just affecting those nucleotides in the immediate vicinity. The
increased rigidity of the FcNA unit may prevent the remaining nucleotides from
orientating so as to allow for the enzyme to digest the strand efficiently. The
degradation band increases in intensity much quicker for S1yy than for S1rr. As
noted for the variation in DNase | activity (section 6.2.2.1), this may be due to the
reduce steric hindrance of the FcHHss) unit compared to the FcTTss), enabling the

DNA backbone to obtain a better fit for the active site.

6.2.3.2 Time Dependency Studies — 45 minutes — 72 hours

The longer time frame studies were intended to determine whether the FCcNA units
were able to resist enzyme degradation indefinitely and to produce enough of the
degraded species so further analysis could be performed. The results are shown in
Figure 6.15. SO still showed some partially degraded DNA present at 1 hour’s
incubation but this is not evident after 24 hours, implying that all strands have been
completely digested to the monomeric nucleotides.

Conversely, and concordant with the short time scale experiment, both S144 and
S1tt had some undigested strand present after incubation up to one hour and a
consistent band of degradation product up to 72 hours. Initially (up to 30 mins), S1pyy
degrades faster than S1;t (Figure 6.14). However, the level of digestion is

comparable after 1 hour for both strands. The Exo I enzyme seems unable to digest
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Figure 6.15 Time dependent Exo | degradation of SO (top), STHH (middle) and S1TT (bottom)
from 45 mins to 72 hrs using denaturing PAGE, gels run in 1 x TBE Buffer at 200 V for 2 hours,
10 uL sample loaded. ‘Control’ indicates SO, S1,, or S17 respectively, stored in ultrapure water,
‘Control + heat’ indicates SO, S1yy or S177 respectively, stored in ultrapure water and heated at

37°C for 72 hours. S3, a strand of half the length of SO and S1, was also used for comparison.
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past the FCNA unit regardless of whether bases are present or not. To investigate
this phenomenon further, the degradation products were excised (see section 7.7.3
for experimental details) and subjected to mass spectrometric analysis.

The band corresponding to the half strand, S3, appears slightly lower than the
digested fragments of S1+t and S1yy. This may be suggestive of the presence of the
FcNA unit remaining attached to the fragment. As well as the mass difference
between an FcNA containing strand and its unmodified equivalent, the ferrocene
molecule replaces a phosphate backbone group. The strand contains one less
negative charge than the equivalent unmodified DNA sequence and as such is
attracted less strongly towards the anode. To confirm the identity of the strand

fragments, the bands were excised for mass spectrometric analysis.

6.2.3.3 Mass Spectrometric Data

For S144 and S1+7, the observed mass of the degradation band is 2779 and 3081 g
mol ™’ respectively (see section 8.4.3). A structural proposal for the resulting species
containing FcHH is given in Figure 6.16. This structure would satisfy the observed
masses and the enzyme’s mechanism of action since Exo I is known to cleave at the
phosphodiester bond.*’

The enzyme would proceed in the 3’-5’ direction and it is interesting that the enzyme
cannot digest passed the base preceding the FcNA unit rather than stopping at the
FcNA itself. It is possible that the increased rigidity of FCNA backbone structure and
the presence of the two additional methyl groups result in the phosphodiester bond
between the FCNA and the preceding base (cytosine) being distorted from a natural

configuration. C would then be held in a non-natural position and the enzyme would
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be unable to recognise this bond. Exo I has an extremely narrow active site and so is

sensitive to minor structural changes.®’

O-—4-0->-0-0-+4—

Figure 6.16 Proposed degradation product of S1 after incubation with Exo I (As for S1yy without
brackets and S1:r with brackets)

6.2.4 Exonuclease Il (Exo Ill)

Exo Il belongs to the same family of enzymes as Exo I. However, it only recognises
double stranded DNA and acts to digest one of the complementary strands in the
3> 5 direction producing mononucleotides (as with Exo /).°" Interestingly, and of
great significance to the end goals of this work, Exo /Il also possesses RNase H

behaviour.”® Although RNA:FcNA-DNA duplexes have not been assessed with Exo
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Il in this work, which concentrates just on DNA duplexes, it would be a logical next
step.

As discussed above (section 6.2.2), morpholino species, PNA and LNA have shown
resistance to all exonuclease activity. Indeed, PNA has been used as a protective
species to produce short ss DNA directly from genomic ds DNA, thus allowing for
simplified genotyping of SNPs by mass spectrometry.59 Unlike Exo |,
phosphorothioates have also been shown to be resistant to Exo /Il and can be used
to block one of the duplex DNA strands to induce digestion of a specific strand and
allow for replication of a target in vivo. Interestingly, only one capping
phosphorothioate group was required for the prevention of digestion, suggesting that

Exo Il is more sensitive to a structural change of a substrate than Exo 1.5

Figure 6.17 Protein structure of Exo Il isolated from E. Coli. PDB Structure: 1AKO®"
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6.2.4.1 Digestion Studies

In order to maximise the amounts of sample for mass spectrometric analysis, all
samples were incubated in Exo /Il for 72 hours rather than carrying out a time trial
study. The resulting gels are given in Figure 6.18.

Interestingly the results correspond more closely with the action of DNase on FCNA
than of Exo I. After 72 hours incubation, both unmodified DNA and the FcTT s s-DNA
have bands remaining which correspond to the control band, implying that some ds
DNA remains. This is much more prominent for the FcTT sy DNA, where the lower
degradation band is much less intense than the ds DNA bands. For S0:S2 there is a
ladder of degradation bands (suggesting the presence of DNA strands of different
masses) rather than the single band seen for S11:S2. It is not clear as to why this
may be the case. It could be that the first target bases are removed from S1+7:S2 but
that any further degradation was prevented by the presence of the FcTT ss). Also, for
S0:S2, there is no unnatural structural arrangement in either of the backbones of the
double helix. As such, enzyme attack can occur on either strand, giving rise to a
larger range of masses possible through degradation.

The presence of the FcTTss) in S111:S2 may prevent Exo /Il from attacking the S1rr
strand at all. Mass spectrometry was attempted with the degradation products of
S0:S2 and S1¢71:S2 but the data was inconclusive, possibly due to low concentration.
After incubation, there was no full S144:S2 duplex remaining. As with DNase, it
appears that the presence of the FcHHs s) unit is able to enhance the enzymatic
digestion. This was completely unexpected since, as discussed in section 6.2.4, Exo
Il would appear to be the more structurally sensitive enzyme when compared to Exo

I. Literature precedence for modified nucleic acids enhancing enzyme activity
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Figure 6.18 Degradation by Exo Il of S0:S2 (top), S14+4:S2 (middle) and S1+7:S2(bottom)duplexes,
run on native PAGE gels, in 1 x TBE Buffer at 200 V for 2 hours, 10 uL sample loaded. Control- SO,
S1HH or S1TT respectively, stored in ultrapure water. Samples were incubated for 72 hrs at 37°C.
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previously has not yet been found making FcHHis) a compelling candidate for
further study.
The bands of the upper most digestion product of S1y4:S2 were concentrated

enough to enable recovery for mass spectrometry.

6.2.4.2 Mass Spectrometric Data

The observed mass of the most intense digestion product of S144:S2 was 4865 g
mol™”. This does not correspond to the individual masses of either S1uy (4630 g
mol ™) or S3 (4914 g mol™") and no suggested fragment has yet been proposed which
corresponds to the correct mass (see section 8.4.3). The identity of this species is, as

yet, unknown and subiject to further investigation.

6.3 Conclusions

DNA containing one of two ferrocene nucleic acid derivatives (FcHH(ss and
FcTTs,s) have been exposed to enzymatic digestion by a sporadic DNase and
unidirectional ss strand-specific and ds-specific exonucleases. These results have
been compared to the same experiments with natural DNA.

The presence of one FcTT s ) in a central backbone position was enough to partially
inhibit DNase and Exo /ll. It was also enough to prevent Exo | from digesting past i,
leaving a partial strand fragment, which was identifiable by mass spectrometry. This
behaviour is comparable to species such as LNA and PNA who have also been
shown to be exonuclease resistant.*®>® This shows early promise for the ability of

this system to survive cell conditions.
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FcHH(s s) gave very unexpected results. Whilst behaviour with Exo | was similar to
FcTTs,s), there was an increase in the activity of both DNase and Exo /Il compared
to natural DNA. Exo /Il is known to exhibit RNase H behaviour and these results raise
the possibility that FcHH( s s) may be able to promote this in other enzymes in vivo.
Since the other modified nucleic acids (not including the backbone modification
phosphorothioate) have so far been wunable to encourage this behaviour,
investigation for antisense therapeutics is greatly warranted. A strand containing
FcHH could be used to form a duplex with target mMRNA and encourage its digestion,
prior to translation, through the promotion of RNase H behaviour, thus regulating

protein production.

6.4 Further Work

To further the investigations of the FcNA species as a potential antisense

therapeutic, the following work is suggested:

e Assess whether either FCNA conjugated DNA can be readily accepted by cells
with fluorescence-labelled oligonucleotides.

e Assess the ability of FcHH(ss to encourage RNase H behaviour by
synthesising RNA targets and subjected the resulting FcNA:DNA/RNA
duplexes to an enzyme possessing RNase H activity. This would represent a
great step forward for antisense therapeutics.

e Determine whether the incorporation of FCNA units at different points along
the DNA strand further affect enzyme activity in an attempt to control digestion

rate and the length of the resultant nucleotides. This may have further uses for
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the production of oligonucleotides of specific length using Exo /I, particularly
from circular DNA.

Determine the degradation species of the DNA:FcHH( s duplex when
subjected to Exo /Il by further mass spectrometric studies (fragmentation) and
NMR to gain further insight into the causes of the differences in enzyme

behaviour with these species.
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7.1 Ferrocene Nucleic Acid Monomer Synthesis'™

7.1.1 Materials and Equipment

Unless otherwise stated, solvents and reagents were obtained from commercial
suppliers and used without further purification. Anhydrous solvents were obtained
from solvent purification systems, SPS (Innovative Technology). Flash column
chromatography was performed using silica gel (Merck, grade 60)."H, *C and *'P
NMR spectra were recorded on Bruker AV 300 or AV 500 spectrometer. Electro-
spray mass spectra were measured with a Waters micromass LCT Electro-spray
Time-of-Flight (ES-TOF) mass spectrometer. Chiral HPLC enantiomer determination
was carried out on a Waters system with Summit P580 pump and 996 Photo Array
Detector UV/Vis Multi- Channel Detector using a Phenomenex Lux 5y Amylose 2.
HPLC solvent conditions: an isocratic method of 20% isopropyl alcohol in hexane.
Water purified with a Millipore Elix-Gradient A10 system (resistivity > 18 uyQ cm toc <
5 ppb, Millipore, France) was used during DNA/FcNA sample preparation and
electrochemical experiments.

The tetra-substituted ferrocene monomer with two thymine base attachments (FcTT
(S,S) and FcTT (R,R)) were synthesized by Dr Van-Huy Nguyen as previously
reported.’

The synthesis for the FcHH (S,S) nucleic acid is given below. The synthesis of the
(R,R) enantiomer was carried out identically, with the exception of the initial
stereochemistry being introduced using the (R) -2-Methyl-CBS-oxazaborolidine
(where CBS stands for Corey Bakshi Shibata). All characterisation data was the

same.
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Scheme 7.1 Synthesis route of the FcHH (S,S) ferrocenyl phosphoramidite (for FcHH (R,R) ferrocenyl
phosphoramidite the same scheme is used but the S-CBS catalyst is replaced with the R-CBS
catalyst). The equivalent two sugar units and a phosphate linker of natural B-D

7.1.2 (R,R)-1,1-Bis(a-methylmethanol)ferrocene (2)

oH  The (S)-2-Methyl-CBS-oxazaborolidine (330.00 mg, 1.20 mmol)
@A (where CBS stands for Corey Bakshi Shibata) was dissolved in THF
-

2

OH

(12.00 mL) and cooled to 0°C under argon. From a syringe charged

with BH3.SMe;, (1.00 M in THF, 4.00 mL) 20% of the final amount
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(0.80 mL) was added to the catalyst solution. After 5 min stirring the remaining
BH;.SMe, and a solution of the 1 (2.00 mmol) in THF (5 mL) were added
simultaneously within 20 min. The red colour of the ketone turned to yellow on
reduction. After 15 min at 0°C the excess BH3;.SMe, was quenched by drop-wise
addition of methanol (2 mL). After the hydrolysis had ceased the mixture was poured
into saturated aqueous NH4CI (150 mL) and extracted with ether (200 mL). The
organic layer was washed with water (2 x 100 mL) and brine (100 mL), dried, and
then concentrated to an oil which was purified by column chromatography (30% ethyl
acetate in hexane, 1% TEA) to give a yellow crystalline solid (4.72 g, 17.23 mmol,
88%).

Rr.0.44 in 1:1 ethyl acetate: hexane. "H NMR (CDCls, 300MHz): & = 4.7 (q, 2H, J =
6.4 Hz, CH), 4.1-4.3 (m, 8H, FcCH), 1.4 (d, 6H, J = 6.4 Hz, CHs). ">*C NMR (CDCls,
101MHz) & = 95.1 (Cp-ipso), 67.7 (CH-OH), 67.6 (CH-OH), 66.1 (Cp-CH), 65.7 (Cp-
CH), 25.5 (CH3). Vmacm™ = 3347 (OH), 2971 (CH), 2929 (CH). MS (ES) (m/z) calcd
for C14H140, *°FeNa 274.1, found 274.1. MS (ES) (m/z) calcd for C4H1g0,>°Fe (+

Na*) 297.05, found 297.0557 [M+Na]".

7.1.3 (R,R)-1,1’-Bis(a-methylmethoxy)ferrocene (3)
ove 7.1.3.1 Method 1
@/:\ 2.01g (7.33mmol) of 2 was stirred with 10% acetic acid (4 mL) in
|
Fe methanol at room temperature for 48 hours. The reaction mixture was

QY diluted with H,O and extracted with DCM. This was dried over MgSO,4
3 OMe

and dried in vacuo. The resulting oil was purified by column
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chromatography (5% ethyl acetate in hexane, 1% TEA) to give a yellow oil (1.61g,
5.38 mmol, 73%).
7.1.3.2 Method 2

0.10g (0.37mmol) of 2 was dissolved in 0.6 mL methanol under argon then 0.009g of
Al(OTf)3 (0.02mmol) was added. The mixture was stirred for 1.5 hours. This was then
dried over MgSQO,4. Hexane was added and this was dried in vacuo to 2 mL. Resulting
mixture was purified by column chromatography (5% ethyl acetate in hexane, 1%
TEA) to give a yellow oil (0.09g, 0.32 mmol, 86.9%).

R 0.21 in 1:9 ethyl acetate: hexan. 'H NMR (CDCl3, 300MHz): 6 = 4.1-4.3 (m, 8H,
FcCH), 3.3 (s, 6H, OCHs), 1.5 (d, 6H, J = 6.4 Hz, CHs). '*C NMR (CDCl;, 101MHz) &
= 89.5 (Cp-ipso), 74.9 (CH-OCHgs), 69.4 (Cp-CH), 68.8 (Cp-CH), 68.6 (Cp-CH), 66.3
(Cp-CH), 55.7 (OCH3), 20.1 (CHs). Vmacm™ = 2974 (CH), 2926 (CH), 2815 (CH). MS

(ES+) (m/z) calcd for C1sH220,Fe*® (+Na*) 325.09, found 325.0868 [M+Na]*

7.1.4 ((1-ethoxyvinyl)oxy)trimethylsilane

6 mL of diisopropylamine (44 mmol) in 40 mL of THF was cooled to 0°C under argon.
28 mL (44 mmol) of "BuLi was added and stirred for 20 min. The mixture was cooled
to -78°C and 4 mL (40 mmol) of ethyl acetate was added and stirred for a further
30min. 6 mL (48 mmol) of TMS-CI was added dropwise and stirred for a further
30min. Mixture was warmed to room temperature and stirred for 1 hour. The resultant
mixture was diluted with water (80 mL), extracted with hexane (160 mL) and washed
with brine. This was then dried over MgSQ,, filtered and dried in vacuo then distilled

at 45°C. This gave a clear solution (3.66 g).
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"H NMR (CDCls, 300MHz): & = 4.0 (q, J = 7.2 Hz), 3.6 (g, J = 0.2 Hz), 3.1 (s, H, CH),

2.9 (s, H, CH), 1.8 (s), 1.15 (dt, 5H, J = 20.1, 7.1 Hz, CHs, CH,), 0.0 (m, 9H, TMS)

7.1.5 (S,S)-1,1’-Bis((a-methyl)methylpropanoate)ferrocene (4)

CoEt 3 (0.50 mmol) and ((1-ethoxyvinyl)oxy)trimethylsilane (1.00

-IIIII\

@/\ mmol) were dissolved in dry CH,Cl, (5 mL) and cooled to -78 °C
Fe under an atmosphere of nitrogen. To the resulting solution was
©\( added drop-wise BF3.0Et; (0.55 mmol) and the reaction mixture
) co.,et stirred at -78°C for 15 min. The reaction was warmed to room
temperature and quenched with saturated NaHCO3; (aq) (10 mL). The product was
extracted with CH,Cl, (10 mL), dried over Na,SO4 and in vacuo. The residue was
purified by column chromatography (10% ethyl acetate in hexane, 1% TEA) to give a
yellow oil (0.75g, 1.81 mmol, 77%).
'H NMR (CDCls, 300MHz): & = 4.2 (q, J = 14.7, 7.1 Hz) CH,), 4.1 (m, FcCH), 3.1 (m,
CH), 2.58 (dd, J = 14.9, 5.3 Hz, CH,0, (diastereotopic)), 2.32 (dd, J = 14.9, 9.2 Hz,
CH,O, (diastereotopic)), 1.3 (m, 2xCH3). *C NMR (CDCl;, 101MHz) & = 172.7
(COOC;Hs), 94.2 (Cp), 68.1 (Cp), 67.9 (Cp), 67.2 (Cp), 66.3 (Cp), 60.3 (CH,), 43.6
(CH, (diastereotopic)), 30.2 (CH), 20.8 (CH,CHs), 14.1 (CHCH3). Vmaycm™ = 2976

(CH), 1729 (CO). MS (ES) (m/z) calcd for CasHasO4Fe®® 415.11, found 415.1075 [M]".

7.1.6 (S,S)-1,1’-Bis(a-methylpropanol)ferrocene (5)

" on 0.50g (1.21 mmol) of 4 was dissolved in 20 mL of dry THF. 0.18

@/\ g (4.83 mmol) LiAlH4, was added in small portions. The mixture

Fe was left stirring under argon overnight. The reaction was
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quenched with sodium potassium tartrate and the solution removed from the
resultant gel. The solution was washed with diethyl ether, dried over Na,SO4 and in
vacuo. It was then purified by column chromatography (3:1 diethyl ether: hexane).

A yellow oil was produced (0.33 g, 1.01 mmol, 83.5%). Rs: 0.16 in 3:1 diethyl ether:
hexane. '"H NMR (CDCls, 300MHz): & = 4.03 (m, FcCH), 3.66 (m, CHy), 2.6 (m, CH),
1.72 (m, CH, (diastereotopic)), 1.3 (d, J = 6.9 Hz, 2xCH3). *C NMR (CDCls, 101MHz)
0 =95.3 (Cp), 67.9 (Cp), 67.8 (Cp), 61.1 (CH,OH), 41.5 (CH, (diastereotopic)), 29.5
(CH), 20.7 (CH3). Vimad/cm™ = 3311 (OH), 3089 (Fc CH), 2959 (CH), 2929 (CH), 2872
(CH). MS (El) (m/z) calcd for C1gHa60,Fe®® 330.13 found 330.1283 [M]*. HPLC Ret.
Time: 65.53 min, >99% enantiomeric purity. [«]2,(deg cm® g™' dm™) = 311.6 (S,S)

and -342.8 (R,R) (c =0.01 gin 1 mL DCM).

7.1.7 (S,S)-1-(a-methylpropanol)-1’-(a-methylpropanoxy-4,4’-O-dimethoxytrityl)

ferrocene (6)

0.33 g (1.01 mmol) of 5 and 0.03 g (0.24 mmol) DMAP was

dissolved in 5 mL anhydrous THF under argon. 0.34 g (1.00

mmol) DMT-CI and 0.13 g (1.01 mmol) DIPEA were added to

@\(/ the reaction mixture and stirred under argon overnight at room
® OH temperature. The reaction mixture was then quenched with

methanol and reduced in vacuo. This was then purified by column chromatography

(1:1 ethyl acetate: hexane) to give a yellow oil (0.72 g, 1.73 mmol, 75%).

Rr: 0.64 in 1:1 ethyl acetate: hexane. '"H NMR (CDCls, 300MHz): & = 7.2-7.5 (m, 9H,

Ar-CH), 6.8 (m, 4H, Ar-CH), 4.0 (m, 8H, FcCH), 3.8 (s, 6H, OCH3), 3.7 (m, 4H,

CH,OH), 3.1 (t, 4H, J = 6.4 Hz, CH,0), 2.6-2.8 (m, 4H, CH (diastereotopic)), 1.6-1.9
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(m, 6H, CHj3; (diastereotopic)), 1.3 (d, 3H, J = 4.1 Hz, CHs), 1.1 (d,3H, J = 6.8 Hz,
CHs). *C NMR (CDCls, 101MHz) & = 158.3 (ipso-DMT), 145.4 (ipso-Ar), 136.7 (Ar-
CH), 130.0 (Ar-CH), 128.2 (Ar-CH), 127.7 (Ar-CH), 126.6 (Ar-CH), 113.0 (Ar-CH),
95.7 (ipso-Cp), 95.1 (ipso-Cp), 67.8 (CH-Cp), 67.7 (CH-Cp), 67.6 (CH-Cp), 66.1 (CH-
Cp), 65.8 (CH-Cp), 61.5 (CH), 61.1 (CH), 55.2 (OMe), 41.6 (CH), 38.6 (CH>), 29.6
(CH), 20.9 (CHs), 20.7 (CHs). Vmadcm™ = 3357 (OH), 2930 (CH). MS (El) (m/z) calcd

for C4gHa404Fe®® 632.26, found 632.2590 [M]".

7.1.8 (S,S)-1-[(a-methylpropanoxyl)-( B -cyanoethyl)(N,N’- diisopropylamino)
phosphine]-1’-(a-methylpropanoxy-4,4’-O-dimethoxytrityl) ferrocene (7)

0.44 g of 6 (0.70 mmol) was azeotroped with 2 x 10 mL
and then redissolved in 10 mL anhydrous acetonitrile. 3
mL of DIPEA (17.41 mmol) and 0.2 mL - cyanoethyl
(N,N-diisopropylamino) chlorophosphine (1.05 mmol)
were added to this and stirred at room temperature,
under argon, for 2.5 hours. The reaction mixture was
then reduced in vacuo, extracted with degassed 1 x 10
mL ethyl acetate and washed with degassed NaHCO3
(1 x 10 mL) and degassed brine (1 x 10 mL). This was

dried over Na,SOy4, reduced in vacuo and purified by

flash column chromatography (2:1 hexane: ethyl

acetate).

The product was a yellow oil (107.70 mg, 0.13 mmol, 65%). Rs: 0.08 in 2:1 ethyl

acetate: hexane , '"H NMR (300MHz, CDCI3), & = 7.2-7.5 (m, 9H, DMT), 6.8 (m, 4H,
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DMT), 3.8-4.1 (m, 10H, 8Cp, CH,OP), 3.8 (s, 6H, OCHj;), 3.5-3.7 (m, 4H,
NCCH,CH,OP, NCHMey), 3.1 (t, 2H, J = 6.5 Hz, CH,ODMT), 2.60-2.70(m, 4H,
CNCH,, CHMe;), 1.6-2.0 (m, 4H, CH,CH,0), 1.1-1.3 (m, 18H, 6xCHs). *'P NMR
(121MHz, CDCl;) & = 147.2 ppm. MS (ES) (m/z), calcd for CgoH77NgOgFe®PNa
1159.4734, found 1159.4737 (M").

The phosphoramidite was then dissolved in anhydrous acetonitrile (1 mL per 100 mg
phosphoramidite) and filtered through a 0.2 micron PTFE syringe filter into DNA
synthesizer compatible vials. The solvent was then removed under high vacuum and
the phosphoramidite was redissolved in anhydrous DCM (1 mL per 100mg). The
solvent was once again removed under high vacuum and the final phosphoramidite

was stored under argon at -20 °C until required.

7.1.9 Chiral Purity

To ensure the enantiomers were chirally pure, analytical HPLC was performed using
a Phenomenex Lux 5um Amylose-1 (250 x 4.6 mm) chiral column on both 1,1’-Bis(a-
methylpropanol)ferrocene compounds (5). An isocratic method of 50:50 water and
acetonitrile was used over 30 mins. The resulting chromatograms are shown in
Figure 7.1. The (R,R) and (S,S) enantiomers were determined to be 83 and 90%

enantiomerically pure, respectively.
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Figure 7.1 Chromatograms showing the chiral purity of Top: (S,S)-1,1™-Bis(a-methylpropanol)ferrocene
and Bottom: (R,R)-1,1’-Bis(a-methylpropanol)ferrocene

7.2 Oligonucleotide Synthesis

All DNA and FcNA/DNA conjugates were synthesised using an Applied Biosystems
ABI 394 (Foster city, CA, 30 USA) on a 1 ymol scale using solid phase synthesis.
Strands intended for attachment onto gold electrodes were modified with 3’ Thiol
Modifier C6 S-S disulphide. For activation of nucleosides before coupling 0.25 M

ethylthiotetrazole in acetonitrile was used. Capping of unreacted material was carried
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out using acetic anhydride and methylimidazole. To protect the oligonucleotide
backbone 0.02 M iodine in water was used as an oxidising agent. Standard
phosphoramidites of Bz-dA, iBu-dG, Ac-dC 25 and T were used for synthesis. The
modified and unmodified phosphoramidites were dissolved in anhydrous acetonitrile
to the concentration of 0.1 M prior to the synthesis. For addition of ferrocene modified
nucleotides an extended coupling time of 10 min was used, while for standard bases
a coupling time of 25 s was used. Oligonucleotides were treated with concentrated
ammonia solution for 1 hour to cleave from the resin. DNA/FCNA samples were then
deprotected by incubation at 55 °C for 6 hours. Solvent was then removed on a
Thermo Scientific speed vac in preparation for purification.

HPLC purification was carried out on a Waters system with Summit P580 pump and
996 Photo Array Detector UV/Vis Multi- Channel Detector using a Phenomenex
Clarity 5y Oligo RP 150 x 10 mm C18 column. For FcNA/ DNA conjugates the
solvent system was a gradient from 95 to 75% 0.1M triethylammonium acetate
(TEAA) in acetonitrile followed by an acetonitrile wash (known as ThiolFerro). For
DNA the solvent system was a gradient of 30-100% 0.1M TEAA in 15% acetonitrile
with a 70-0% gradient of 0.1M TEAA in 5% acetonitrile (known as Oligo60). For the
BFD/Fc conjugates and their equivalent DNA strands, the solvent system was 100%
0.1M TEAA in 15% acetonitrile for 10 min followed by an 100-70 % gradient (known
as DMT-on). Collected fractions were dried in vacuo, diluted to 1 mL in MilliQ water
and desalted using a NAP-10 column (GE Healthcare) whilst eluting to 1.5 mL.

Purity of oligonucleotides was determined using Phenomenex Clarity 5y Oligo RP

150 x 4.6 mm C18 column on the same system as purification.
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Mass spectrometry was kindly carried out by staff from the analytical facility in the
Chemistry Department at the University of Birmingham. Samples were prepared in
1:1 H,O:CH3CN. Spectra were obtained on a Waters Synapt G-2S with a Waters
Alliance 2695 pump attached. Data was collected using Mass Lynx 4.1 software

and processed using the Maxent programme.

7.3 Electrochemistry

7.3.1 Equipment and Electrolyte Preparation

Electrochemistry was carried out with a 3 electrode system using a BioAnalytical
Systems (BASi, USA) Inc. EC epsilon potentiostat with a gold disc, 1.6 mm diameter,
working electrode, an Ag/AgCl reference electrode and platinum counter electrode
(all provided by BASI, USA). Small glass containers, washed with 1:1 15% ammonia :
12-15% hydrogen peroxide solution for 4 hours and then generously rinsed with and
soaked overnight in copious amounts of MilliQ water, were used to hold electrolyte or
cleaning solutions. Water purified with a Millipore Elix-Gradient A10 system
(resistivity > 18 yQ cm toc < 5 ppb, Millipore, France) was used throughout.
Electrolyte was prepared by mixing 6 mL of 2.5 M NaClO4 and 1.5 mL of 100 mM
phosphate buffer and then diluting to 15 mL to with MilliQ water to obtain a 1 M

NaClO4, 10 mM phosphate buffer, pH 7.0 solution.

7.3.2 Electrode Preparation
The working electrodes were polished in a figure of eight fashion using 3 and 1 um
diamond suspensions on a polishing pad (BASi, USA) and 1, 0.3 and 0.05 um

gamma alumina on a microcloth pad (Buehler, UK) before being subjected to
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electrochemical cleaning in 0.5 M NaCl (scan rate 2 V s™, -0.35-1.35 V, 750 cycles)
and 0.5 HySO4 (two oxidation steps: 2 V for 5 s followed by -350 mV for 10 s and
then a series of scans between -350 and 1500 mV (20 scans at 4 V s, 4 scans at
0.1 V s™)). The electrodes were then sonicated in 1:1 ethanol/water for 5 min before
being finally washed in stream of MilliQ water for 1 min.

The counter electrode was a platinum wire which was cleaned by annealing with a
Bunsen burner before quenching with MilliQ water and was then used immediately.
Ag|AgCl Reference electrodes were stored in 3 M KCI| and washed thoroughly in a

stream of MilliQ water for 1 min before use.

7.3.3 Cyclic Voltammetry

Cyclic voltammograms were recorded at scan rates of 10, 20, 40, 60, 80, 100, 250
and 500 mV s over -100-400 mV for ferrocene nucleic acids and 100, 200, 400,
600, 800, 1000, 1500 and 2000 mV s over -350-725 mV for biferrocenylene tag

experiments.

7.3.3.1 Determining Working Electrode Surface Area

The electroactive surface area was determined for each electrochemistry experiment
by performing a CV scan from -350-1500 mV (at a scan rate of 500 mV s™) in 0.5
H,SO, and determining the charge by integrating the oxide reduction peak as
described in section 2.3.3.The literature value used to determine surface area was

482 uC cm2°
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7.3.4 Square Wave Voltammetry

Square wave voltammograms (SWV) were recorded between -100 and 400 mV for

ferrocene nucleic acids or -350-725 mV for biferrocenylene tag experiments at a

frequency of 200 Hz (unless otherwise stated) with a potential step of 4 mV and

amplitude of 25 mV.

7.4 SAM Preparation and Application

7.4.1 SAM Preparation

SAMS were prepared as follows:

1)

2)

3)

4)

2 uL of 100 uM disulphide protected probe oligonucleotide was centrifuged for
30 s with 2 pyL of 10 mM TCEP in a 200 uL microcentrifuge tube and
incubated for 60 mins to reduce the disulphide bonds. This was then diluted
to 200 pL with 1 M NaClOg4, 10 mM phosphate buffer, pH 7.0 which had then
been degassed for 15 minutes, to give a final DNA concentration of 1 uM.

The cleaned electrode was dried with an argon gun and left to incubate for 2
hours in the degassed FCNA/ DNA conjugate solution. (The cleaned electrode
was placed in the microcentrifuge tube firmly, parafiim was placed round the
electrode and tube to secure it and then the setup was turned upside down so
the solution sat on top of the electrode surface).

The modified electrode was then washed with copious amounts of water and
dried again using an argon gun.

The dried electrode was immediately placed into a degassed (15 mins) a 1.46
mL solution of 2 mM 6-mercaptohexan -1-ol in 1 M NaClO4 10mM phosphate

buffer, pH 7.0 (electrolyte buffer) overnight.
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5) The excess 6-mercaptohexanol was then washed off with copious amounts of

water, dried with an argon gun and then subjected to electrochemistry.

7.4.2 DNA Target Binding Studies

Unless otherwise stated, the prepared working electrode was immersed in 5 mL of
100 nM target DNA dissolved in electrolyte buffer for 20 mins before electrochemical
interrogation.

To recover the unhybridised SAM after target detection the electrode was soaked in
a solution of 8 M Urea for 10 min before being washed with a stream of MilliQ water
for 1 min. The electrode was then interrogated again to ensure the target had been

removed.

7.4.3 Data Analysis
OriginPro 9.1 (Massachusetts, USA) was used to analyse all electrochemical data.

Square wave voltammetry plots were subjected to background subtraction.

7.5. Mercury Binding Studies

Electrodes with SAMs were prepared as described in 7.4.1 and then soaked in
100 nM target DNA in electrolyte buffer for 20 mins. Unless otherwise stated, 8.8 mg
of Hg(ClO4), (CAUTION: TOXIC) was dissolved in 10 mL 1M NaClO4, 10 mM
phosphate buffer to give a final concentration of 2 uM Hg(CIlO,), solution. Prepared
electrodes were then soaked in this solution for 1 hour. The subsequent SAMs were
then washed in MilliQ water for 1 min and interrogated in electrolyte buffer using CV

or SWV.
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7.6 Surface Characterisation

7.6.1 Surface Preparation

For surface characterisation SAMS were prepared on 1 cm? 100 nm thick
polycrystalline gold on silicon wafer pre-coated with titanium (for ellipsometry and
contact angle measurements) or 1 cm? 50 nm thick gold on 1 nm chromium coated
glass (XPS measurements) both provided by Georg Albert PVD —Beschichtungen,
Germany.

SAMs were prepared as for electrochemistry but with increased volumes to ensure

comparable coverages. 2 mL of 1 uM DNA or modified DNA was used for the DNA

exposure and 2 mL of 2 mM 6-mercaptohexan-1-ol was used for the overnight soak.

7.6.2 Ellipsometry

Ellipsometry measurements were obtained on a Jobin-Yvon UVISEL ellipsometer
with a xenon light source. Data was acquired between 250 and 800 nm with a 70°
angle of incidence.

The data was analysed with a three-phase ambient/SAM/Au model using DeltaPsi
(Horiba Ltd, Japan). The SAM was assumed to be uniform and assigned a refractive
index of 2.3. The thickness reported is the average and standard deviation was
determined from three separate chips prepared with mixed monolayers and three

measurements taken on each individual SAM (i.e. 9 measurements in total).

7.6.3 X-Ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectra were obtained at the National EPSRC XPS Users'

Service (NEXUS) at Newcastle University, an EPSRC Mid-Range Facility.
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Data was analysed with CasaXPS (Casa Software Ltd., UK) and access was kindly

provided by NEXUS.

7.7 Enzyme Digestion Studies

7.7.1 Enzymatic Digestion

DNase I, Exonuclease | and Exonuclease Ill were all derived from E.coli and were
provided by New England BioLabs Inc. For each experiment 0.5 AU DNA or modified
DNA was used (in both double stranded and single stranded) as calculated using the

following equation:

Initial Volume of Stock

Volume of stock required for 1 AU = Equation 7.1

Initial Absorbance of Stock

The DNA was incubated at 37 °C with the reaction buffer (67 mM Glycine-KOH, 6.7
mM MgCl,, 10 mM B-ME, pH 9.5 @ 25°C) for 1 hour before the addition of the
enzymes. 5 pL of a solution of 100 u mL™" (therefore 0.5 u) of enzyme was used for
each experiment.” Unless otherwise stated, the enzyme-containing DNA solutions
were incubated in a water bath at 37°C for 24 hours before being inhibited by both
the addition of 20 pL formamide and heating (80 °C for 20 mins). The resulting

samples were either used immediately or frozen at -20°C until required.

7.7.2 Polyacrylamide Gel Electrophoresis (PAGE)

Gels were run on Hoefer SE400 or Bio-Rad Mini-PROTEAN Tetra Cell System gel
kits with a Biorad PowerPac (HV 5000V/500mA/400W). Denaturing gels (for single
stranded DNA/FcNA work) were run vertically in a gel consisting of 8 M Urea

(14.4 g), 20% acrylamide (15 mL of a 40% stock solution), 1 x Tris Borate EDTA

258



Chapter 7: Experimental

(TBE) buffer (3 mL of 10 x TBE stock solution) and 1 mL water. Native gels (for all
duplex DNA/FcNA work) were run vertically in a gel consisting of 20% acrylamide (15
mL of a 40% stock solution), 150 uL of 5 M NaCl solution, 1 x TBE buffer (3 mL of 10
x TBE stock solution) and 12 mL water. Both gel mixtures were polymerised using 20
ML TEMED and 200 yL 10% APS and then immediately placed in a 1 mm gel rack
with a 20 yL well comb and allowed to set for 30 minutes.

5 yL of the appropriate sample was applied to the well and a 5 yL mixture of
Bromophenol Blue (BPB) and Xylenecyanol FF (XCFF) dyes was run alongside the
samples to determine electrophoresis progress (BPB tends to move with the solvent
front whereas XCFF moves at a similar speed to 25 base pairs single strand of DNA).
Gels were pre-run for 30 mins at 100 mV in 1 x TBE electrophoresis buffer. After
loading the samples, gels were run for 5.25 hours at 100 mV in the same buffer. The
gels were then visualised by UV shadow by placing on a silica plate and exposing to

UV light.

7.7.3 Sample Excision from Gel

Samples were excised after completing the gel analysis by cutting out the UV active
bands with a scalpel. The gel pieces were crushed in a microcentrifuge tube using a
melted pipette tip with a pestle and mortar action. 500 pL of 1 x TBE solution was
added for every 200 mg of gel pellets and the resultant suspension incubated at 37
overnight. This was then centrifuged at 13,000 g for 1 min before removing the
supernatant and placing it in isopropanol at a ratio of 1:2 supernatent:isopropanol.
The supernatant solution was dried in vacuo, diluted to 1 mL in MilliQ water and
desalted using a NAP-10 column (GE Healthcare) whilst eluting to 1.5 mL. The

sample was then used for mass spectrometric analysis as described in section 7.2
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8.1 Ferrocene Nucleic Acids: Surface Stability and Sensing

8.1.1 Oligonucleotide Characterisation

Table 8.1 Characterisation of oligonucleotides used in Chapter 3

Code Se(;:jgr(:ce Sequence (5’ — 3') Predicted Observed HPLC R_etentio_n
Number Mass / Da Mass / Da Method Time / min
S0 1254 TGG ACT CTT CTC AAT G -SH 5179.4 5179 Oligo60 391
S1TTs s 1162-1 TGG ACT C FcTT(s,5 CTC AAT G -SH 5268.53 5268 ThiolFerro 37.0
S1TTrR 1160 TGG ACT C FcTT(grr) CTC AAT G -SH 5268.53 5268 ThiolFerro 34.5
S1HHs s 1158-1 TGG ACT C FcHH(s5) CTC AAT G -SH 4964.41 4964 ThiolFerro 35.6
S1HHg R 1156-1 TGG ACT C FcHH(gr) CTC AAT G -SH 4964 .41 4694 ThiolFerro 35.4
S2AA 1173 CAT TGA GAA GAG TCC A 4914.3 4914 Oligo60 25.2
S2GG 1251 CAT TGA GGG GAG TCC A 4946.3 4945 Oligo60 30.4
S2CC 1195 CAT TGA GCC GAG TCC A 4866.2 4866 Oligo60 34.5
S2TT 1174 CATTGAGTTGAG TCC A 4847.2 4847 See Section 8.4.1
S2TA 1187 CAT TGA GTAGAGTCCA 4905.2 4905 Oligo 60 31.6
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8.1.2 HPLC Traces

For S2TT see section 8.4.2
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Figure 8.2 Analytical HPLCs of a) SO b) S1TTssc) S1TTrr d) STHHss e) STHHrrT) S2AA g) S2GG h) S2CC i) S2TA (Those marked with * are photographic
copies taken from lab book copies of the HPLC traces due to loss of data from the main computer).
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8.2 Ferrocene Nucleic Acids for Electrochemical Mercury Detection

8.2.1 Oligonucleotide Characterisation

Table 8.2 Characterisation of oligonucleotides used in Chapter 4

Code SeO:Jiggce Se n 5 _3 For Mass and HPLC For HPLC Trace See
q quence (5’ - 3) Data See Section: Section:
Number
S1TT 1162-1 TGG ACT C FcTTs,s) CTC AAT G -SH 8.1.1 8.2.1
S1HH 1158-1 TGG ACT C FcHHis5) CTC AAT G -SH 8.1.1 8.2.1
(S,\H*)H 1157 TGG ACT C FcHH(ss) CTC AAT G 8.4.1 8.4.2
S2 1173 CATTGAGTT GAGTCCA 8.1.1 8.2.1
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8.3 Biferrocenylene Tagged DNA: Surface Stability and Sensing

8.3.1 Oligonucleotide Characterisation

Table 8.3 Characterisation of oligonucleotides used in Chapter 5

Chapter 8: Appendices

Cod s Oligg s n 5 _ 3 Predicted Observed HPLC Retention

ode equence equence (5 - 3’) Mass / Da Mass / Da Method Time / min
Number

S1grp 1253 BFD GT TTC TGG ATC TAC TAATGT TTC - SH 7943 7941 DMT-on 18.9

S1kc 1588-1 Fc GTTTC TGG ATC TAC TAATGT TTC - SH 7762 7762 DMT-on 19.6

S2 811 GAA ACA TTA GTA GAT CCA GAAAC 7074 7074 DMT-on 19.4

S3 814 TCC GCT GCATGC TCC ATT CCA AG 6935 6933 DMT-on 24.0

Purification of 1588-1 was carried out on an Agilent 1260 Infinity system with 1260 Quat pump rather than the Waters system

described in Chapter 7. This was due to a change in standard instrumentation but only affected this particular oligonucleotide.
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Figure 8.3 Analytical HPLC of a) S1grp b) S1¢. ¢) S2 d) S3. (Those marked with * are photographic copies taken from lab book
copies of the HPLC traces due to loss of data from the main computer).
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8.3.3 Controls experiments for BFD and Fc tagged DNA SAMS
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Figure 8.4 Cyclic voltammograms of A: Bare gold, MCH monolayers, natural DNA mixed monolayers
and S1g. mixed monolayers (B: without Bare Au to allow for ease of comparison). CV recorded at 100
mVs'in 1mM NaClO, 10 mM phosphate buffer
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Figure 8.5 Cyclic voltammograms of A: Bare gold, MCH monolayers, natural DNA mixed monolayers
and S1gep mixed monolayers (B: without Bare Au to allow for ease of comparison). CV recorded at
100 mV s-1in 1TmM NaClO4, 10 mM phosphate buffer
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8.3.4 Variance of S1gep with SW frequency
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Figure 8.6 SWV of S1grp mixed monolayers recorded at varying frequencies, a step of 1 mV and
amplitude of 25 mV in 1 M NaClO,, 10 mM phosphate buffer
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8.3.5 Initial CV of S1grp
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Figure 8.7 Initial CV of S1gep used to determine most appropriate scan rate range. Shoulder peak
(denoted by an arrow) due to extended potential window highlighted. CVs recorded in 1 M NaClO,, 10
mM phosphate buffer.
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8.4 Enzymatic Digestion of Ferrocene Nucleic Acids

8.4.1. Oligonucleotides Characterisation

Table 8.4 Characterisation of oligonucleotides used in Chapter 6

Oligo Predicted Observed HPLC Retention
Code Sequence Sequence (5’ - 3’) Mass / Mass/ Da Method Time /
Number Da min
SO 1174 TGG ACT CTT CTC AAT G 4847 4847 Oligo60 25.7
Sy 1157 TGG ACT C FcHH CTC AAT G 4631 4630 ThiolFerro 30.1
S1t 1161 TGG ACT C FcTT CTC AAT G 4936 4934 ThiolFerro 30.0
S2 1239 CAT TGA GAAGAG TCC A 4914 4914 Oligo60 253
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8.4.2. Analytical HPLC Traces
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Figure 8.8 Analytical HPLC traces of a) SO, b) S1y4, ¢) S1rrand d) S2
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8.4.3. Mass Spectrometric Data for Exo | Digestion Products
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Figure 8.9 Deconvoluted ESI mass spectrum of degradation product when S1. is digested by Exo |
for 72 hours at 37°C
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Figure 8.10 Deconvoluted ESI mass spectrum of degradation product when S1+ris digested by Exo |
for 72 hours at 37°C
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8.4.4. Mass Spectrometric Data for Exo lll Digestion Products

100- 4864.80

4865.80

4566.80

%

4887.80
4863.80

4889.80

4908.72

4910.76

4611.04
4521 16 4581.16 4660.84 4801.00 4921.086 5016.56 5161.56 5196.40

4751.3 5280.36
4552.76 296.36

0 . v F mass
4500 4600 4700 4800 4900 5000 5100 5200

Figure 8.11 Deconvoluted ESI mass spectrum of degradation product when S14y is digested by Exo Il
for 72 hours at 37°C
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