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1. List of Abbreviations and Symbols

DNA Deoxyribose nucleic acid
ssDNA Single stranded DNA
dsDNA Double stranded DNA
PCR Polymerase chain reaction
SLP Stem and Loop Probe

LP Linear Probe

Ccv Cyclic Voltammetry

CVs Cyclic Voltammograms

Boc tert-butyloxycarbonyl

74 Potential
ip Peak Current
r Surface Density

GC Glassy Carbon

NBD Nitrobenzene Diazonium Tetrafluoroborate
BBD Bromobenzene Diazonium Tetrafluoroborate
WE Working Electrode

SCE Saturated Calomel Electrode

RE Reference Electrode



2. Abstract

Carboxylic-acid functionalized molecules can be immobilized into the surface of a glassy
carbon electrode through a multi-step surface modification procedure in which nitrobenzene
diazonium tetrafluoroborate is electrochemically grafted to the electrode surface and the NO»
terminus subsequently converted to an NH2 group that can readily be coupled via
carbodiimide crosslinking. This surface modification has potential applications in the
development of new electrochemical DNA biosensors when modification attest to be

attainable and readily managed.

The aim of this study was to investigate the effects of changing the concentration of
nitrobenzene diazonium tetrafluoroborate for the duration of the initial electrochemical
grafting step on the surface density of the surface modification. To achieve aim, the
diazonium modified glassy carbon surface was exposed to carboxylic-acid functionalized
anthraquinone, the presence of which at the electrode is established by cyclic voltammetry
and the magnitude of the signal record employed for the estimation the surface density of
grafted molecules. Results from the study revealed that diazonium reduction can be used to
prepare surface densities of anthraquinone on a glassy carbon electrode at circa 1x10"
molecules per cm?, a value that is comparable to the surface densities of DNA probes used

in current state-of the art electrochemical DNA biosensors on gold electrodes.



3. Introduction

3.1. Biosensors

Electrochemical Biosensors have developed rapidly in the last two decades. Some existing
biosensors are commercial viable and used readily in clinical chemistry such as in health
monitoring and diagnostics or industrial settings such as for agricultural and environmental
monitoring."?  The distinctive characteristics of electrochemical biosensors are the
combination of sensitivity provided by an electroanalytical approach with the specific bio-
selectivity of biological recognition sites. In particular, electrochemical DNA Biosensors for
short nucleotides or nucleosides detection have progressed notably in recent years. The
DNA sensing starts with formation of a self-assembled monolayer (SAM) of a probe single
strand DNA (ssDNA) on the surface of a modified working electrode that only binds to the
specific sites target of the DNA strand ssDNA to form a double dsDNA3. In clinical or
biological samples, the DNA target which is available binds or hybridised to the probe DNA
immobilised on the electrode. The electrochemical parameters are measured before and
after the hybridisation process. Such measurements include changes in double layers
capacitance, charge transfer through the DNA film via a solution based redox mediators, or
electron transfer currents from a redox label that is bound to the probe sequence or target
DNA.*

3.2. Biosensors Construction

The basic form of a biosensor consists of biorecognition sites, transducers and a signal
processing device. The biorecognition sites works as a biochemical receptor or a component
that utilises a biological interaction or selective binding to ascertain the presence of an
analyte of interest, which can either be antibodies, enzymes and DNA.° The transducer
works to transform the result of a biological interaction into a measurable output, such as a
colour change or fluorescence or electrical current, which can be easily quantified. Figure
3.1 shows the fundamental principles of a biosensor®. In an electrochemical biosensor, the
working electrode (WE) operates as a transducer and it can be made from a variety of

conductive materials, such as gold,” platinum,® glassy carbon® and boron-doped diamond®.
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Figure 3.1. Diagram showing the basic functioning of a biosensor.

3.3. DNA Amplification and Bio-recognition sites

DNA structure consists of complimentary base pairing that has the ability to combine to form
a double helix through annealing and dissociate through thermal de-annealing under specific
conditions, Figure 3.2.'° These natural characteristics have been employed as bio-

recognition sites in biosensors.
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Figure 3.2. Diagram presenting the specific base-pairing in DNA, with the bases labelled (A
= adenine, T = thymine, G = guanine and C = cytosine) and hydrogen bonding between the

base pairs shown.°

DNA is a double helix of deoxyribonucleic acid made of two strands, bound together by
hydrogen bonds between the two strands. Each strand contains mixed nitrogenous bases of
adenine, thymine, guanine, and cytosine. Also, it contains a backbone comprising of

phosphates and the sugar deoxyribose.

In most real-world applications, DNA must be extracted before it can be analysed with an
electrochemical biosensor.”® For example, in a medical setting, this may mean that a saliva
or blood sample is to be taken. In such samples, it is usually the case the DNA is of too low
concentration and in double-stranded form. To provide sufficient target molecules of single-
stranded DNA for detection they first have to be generated by a Polymerase Chain Reaction
(PCR) process. While PCR does not fall into the scope of the work carried out, in this
project, it is briefly mentioned here due to its importance as the step immediately prior to that
which has been investigated in this thesis, namely the detection of DNA targets that are the

products of a PCR amplification reaction.

3.4. Electrochemistry

Electrochemistry involves electron transfer which leads to a chemical change. Cyclic

voltammetry (CV) is one of the most important measuring and manipulation tools in



electrochemical DNA biosensors. Depending on of the information desired, various
parameters can be applied. CV measurements require a working electrode (WE), reference
and counter electrode (or CE). The Reference (Ag /AgCl) electrode maintains a desirable
and stable potential. The CE works to complete the circuit with the electrolytic solution for
the current that passes through WE, and the WE itself is the transducer element in

biosensors where the biochemical reaction (in this case DNA hybridization) takes place.

When applying a potential in solution, the electron transfer may occur from the analyte to the
electrode, or from the electrode to the analyte. The direction of the electrons (and hence
current) can be controlled by applying an electrical potential (voltage) to the WE.
Electrochemical biosensors measure the current produced by the oxidation and reduction
reactions. The relationship between the concentrations of the oxidised and redox products at

the surface of the electrode are linked to the potential is described by the Nernst equation:

o_RT | (Red)
zF (Ox)

cell —

Where the cell potential, Ecei, is dependent on the standard half-cell reduction potential, E®,
at the temperature of interest, T, and the ratio of the concentrations of the oxidized (Ox) and
reduced (Red) forms of the analyte in the system. The additional terms are, z, the number of
the electrons transferred, Faraday’s constant, F, and the universal gas constant, R.

The Nernst equation can provide a powerful measurement how the system reacts to change

of the concentration of species in solution or a change in the electrode potential."

While the potential of the peaks is dependent of the nature of the analyte, the measured
current is dependent on the concentration (or specifically, for an immobilized species the
surface density. The surface density, I, is related to the measured peak current, /,, through
the following equation:

. n’*F?

i = vATT
P ART

Where n is the number of electrons transferred, F is the faraday constant, R is the gas

constant, T is the temperature, v is the scan rate and A is the area of the electrode.



3.5 Nucleic Acids Probe Biosensors

The architecture of DNA electrochemical biosensors has developed significantly over the
past 20 years. The first generation of these types of sensor is the linear loop (LP) and stem
and loop linear (SLP) , as shown in Figure 3.3.2 In a LP sensor, the presence and binding of
a target is indicated through a reduction in observed signal where the formation of a rigid
DNA duplex holds the methylene blue probe far from the surface preventing electron
transfer. This is unfavourable for electron transfer due to inflexibility of the probe-target and
leads to significant reduction in redox current.” In the absence of the target, the methylene
blue label is able to approach the surface through the flexibility of the single-stranded DNA

probe.

In the SLP sensor, the methylene blue is rigidly held at the surface of the electrode in the
absence of the target. When the target binds, the stem section, which is weakly bound, is
displaced by the strongly-binding target, the methylene blue is held away from the surface
and there is a significant attenuation in the measured signal. These sensors have been
found to be susceptible to false-positive results and reduction in the redox signal. This could

be due to monolayer degradation or non-specific adsorption of matrix contaminant.
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Figure 3.3. Diagram showing both SPL and LP signalling mechnisim in the absence and

|

presence of a target.'
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Figure 3.4. lllustration of the CV data produced by the first generation sensors stem linear
loop (SLP) and linear probe and showing the decrease in the sensor response upon
hybridization of a fully complentary target DNA."

This limitations of these hybirdized probe sensors led to the developedment of second
generation of “signal on” surface based electrochemical DNA biosensors. For these sensors,
in the presence of the target the signal reponse also increases. These types of sensor

employ more complex architectures,' as shown in Figure 3.5.
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3.6 Surface Immobilisation at Carbon Electrodes

Careful control of the surface density of the DNA probe in a biosensor is critical for optimal
function. In cases where the surface density is too low, the concentration of the probe can be
too low to generate the signal upon a binding event. Whereas if the surface density is too
high, efficient binding to probe does not occur to produce the desired signal, Figure 3.6.

Typically, a surface coverage of circa 1x 10" molecules per cm? is desired for optimal
sensor performance.’®™

d e

- SO {4444

: 9SS
Figure 3.6. An optimal surface density is required for efficient hybridization of target to probe
DNA in an electrochemical biosensor. 1'%

N\
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While methods to control surface density of DNA probes (such as for the architectures
shown in Figures 3.4 and 3.5 on gold electrodes has been extensively explored, little is
known about how to control surface density at carbon electrodes. As this thesis focuses on
the use of diazonium salts to modify carbon electrodes, some recent approaches taken in

this area from the recent literature are summarized below.

Formation of mixed layers of aryldiazonium salt: This is accomplished directly by electro-
grafting by a one-step reduction. For example, a GC electrode was functionalised by both 4-
carboxyphenyl and phenyl (1:1) mix in acetonitrile. However, it was found that the
occurrence of multilayers could not be completely prevented, and this paper does not

discuss the factors that influenced the surface ratio is addressed.'®

Control over surface composition (binary-in-situ): The electro-composition of mixed
monolayers of aryldiazonium salts of 4-NBD and 4-BBD on glassy carbon was explored for
the first time by the Belanger group.' The 4-NBD is reduced more easily than 4-BBD at 0.2
V vs Ag/AgCl, regardless the ratio of the compounds in the solution."”” The group precisely
represented control of the composition of the electro-grafted layer by applying different

reduction potentials at GC surface.®

Control over Spatial distribution:_Thin films were created to attain different hybrid surfaces of
binary aryl layers with control over the spatial distribution. Downard et al. created thin films
of aryldiazonium salts that covalently attached to carbon electrode by the electrochemical
reduction. Then part of the layer was removed with an AFM tip and a second component

was attached on the uncovered surface are by the electro-grafting technique'®.

Control over structure of mixed layers: A few approaches for multi-layer growth prevention
have been described. For example, controlling the experimental conditions such as viscosity
of the solvent (replacing the organic solvents by ionic liquid, aryldiazonium salt
concentration), applied potential or electrolysis time to allow mixed near-monolayer structure
formation.?>?" A mixed thin layer of 4-carboxyphenyl and phenyl moieties was functionalised
on the GC electrode surfaces by Lui et al., this was achieved by reducing the
electrodeposition times to only two cycling scans.® Furthermore, mixed monolayers
prepared on gold and glassy carbon by reduction grafting when applying positive potential
(approximately +2 V) have also been described. This was followed by oxidative electro-
grafting at a negative potential®? (approximately —1 V) for a second aryldiazonium, or by

|22

spontaneous grafting at open circuit potential®>. Adding a chemical radical scavenger®® has

also proven successful in reducing the building up of branching layers effectively.

11



4. Aim and Objectives

The aim of this research is to modify and measure the surface density of a redox active
anthraquinonoid (AQ) when bound to the surface a glassy carbon electrode by cyclic
voltammetry. In this thesis, the anthraquinone acts as a cost-efficient stand-in to DNA, with

the results expected to inform subsequent work on carboxylic-acid modified DNA probes.

Modification of glassy carbon electrodes with AQ is achieved by immobilising a nitro group
onto the electrode surface using the salt 4-nitrbenzene diazonium tetrafluoroborate (NBD).
Part of the research is to determine how the surface density of the immobilized
anthraquinone molecules are affected by the concentration of NBD used during the grafting
process. The objective is to produce surface densities of AQ-NH-benzene at circa 1x10'2

molecules per cm?, analogous of desirable surface density of DNA probe biosensors.

12



5. Experimental
5.1 Chemical and Equipment.

Table 5.1 Equipment used and source

Equipment Source
Glassy Carbon [Working Electrode] Biologic Inc
[Working Electrode]
Saturated Calomel Electrode (SCE) IJ Cambria
[Reference Electrode]
0.5 mm Platinum Wire Alfa Aesar
[Counter Electrode]
EmStat® Potentiostat PalmSensBV
MicroCloth Polishing Cloth Buehler
CabriMet S Silicon Carbide Abrasive Paper Buehler
Table 5.2 Software used and developers
Software Developer
PSTrace 5 PalmSensBV
[EmStat® Potentiostat]
Excel Microsoft
Origin 2017 OriginLab

13



Table 5.3 Chemicals, abbreviated name and suppliers

Chemical Abbreviation Supplier
Alumina Powder (1um) - Buehler
Acetonitrile Acetonitrile MERCK
Tetrabutylammonium TBATF MERCK
tetrafluoroborate.
4-Nitrobenzenediazonium NBD MERCK
tetrafluoroborate
N-Hydroxysuccinimide NHS Alfa Aesar
N-(3- EDC MERCK
Dimethlaminopropyl)-N’-
ethyl carbodiimide
Hydrochloride.
N,N-Dimethylformamide DMF MERCK
Potassium Nitrate - MERCK
N-Ethyldiisopropylamine DIPEA, DIEA Alfa Aesar
Anthraquinonoid AQ Alfa Aesar

14



5.2. Electrochemistry Experiment preparation

All three electrodes the glassy carbon, reference and the platinum wire counter mentioned in
Table 3, are used in each stage of the electrochemical experiments. This was after each
electrode was cleaned appropriately according to the protocols followed in section 5.3.
Subsequently, 5 -10 ml of the electrolyte sample of interest was placed into a 25 ml beaker.
The three electrodes were dipped inside the solution by about 2 -3 cm, as shown in Figure

51.
Reference
Electrode
Counter Working
Electrode Electrode

Potentiostat

Figure 5.1 Diagram showing the setup of an electrochemical experiment.
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5.3. Cleaning and Polishing Electrodes Procedures

Electrodes to be utilised were cleaned before commencing with each experiment. The
reference electrode was washed with distilled water. Whereas the platinum counter
electrode was rinsed first with water and then sterilised by a blowtorch flame for
approximately a minute. The working Glassy Carbon (GC) electrode was cleaned using
mechanical methods. This mechanical cleaning was carried out by polishing the GC
electrode on the silicon carbide paper of grain size 200 mm. This step was followed by
washing with distilled water before another polishing process in which a small amount (1g) of
1 um alumina powder and 1 ml of water which was used to form a slurry on Microcloth on
which the electrode is polished to consistent finish. Immediately prior to use, the GC

electrode was washed with water to remove any excess of the alumina powder.

5.4. Data Analysis

PSTrace5 (Alvatech Ltd) software was used to analyse the recorded data produced by the
Cyclic Voltammetry. The current and peak were defined by using the fixed baseline function.
The appropriate scan rate and current peaks for the calculation process were selected from
the four scans of each experiments, with reading of the first sweep was excluded due to

double-layer charging effects.

The software Origin was used to calculate the gradients and R2 values for each collected
voltammograms data for all experiments. Also, Origin was used to compare data produced
by cyclic voltammetry. EXCEL programme was used to calculate GC surface coverages and

error values.

5.5. Immobilisation and Reduction of the Nitrobenzene Diazonium

A solution containing nitrobenzene diazonium tetrafluoroborate was dissolved in 10 ml of
acetonitrile containing 0.1 M TBATF. The selected voltage of the NBD immobilisation
procedure was 0.6V to -1 V at scan rate of 0.05 V s~ for 5 scans. This study was carried
out for five various concentrations of 1.0, 2.5, 5.0, 10, 20, 40 mmol of NBD samples.
Following the immobilisation step, the working electrode was washed with acetonitrile
followed by distilled water and the electrode was placed in a 25 ml beaker containing 0.1 M
KNOs solution. The applied voltage was swept from 0.2to - 1.5ata 0.5V S~1 scan rate, to

facilitate the reduction process of the immobilised NBD.

16



5.6. Evaluation of the GC Surface Density

5.6.1 GC Anthraquinone Modification Process

A mix of 0.00575 EDC, N-hydroxysuccinimide 0.2 M solution, 150 yl AQ-COOH 0.1 M
solution, 30 ul of 0.1 N-ethyldiisopropylamine and 30 ul of DMF were allocated into
Eppendorf tube. The working electrode was placed inside the tube with the mixture above
after washing with DMF. These were sealed with a rubber tape and left overnight for circa

=16 hours.

5.6.2 GC Modified Anthraquinone Data Collection.

In this experiment the anthraquinone was prepared in 0.1 M TBAF solution and added to five
different concentrations of NBD as mentioned in the Experimental section. The Figures 6.5,
6.8, 6.9, 6.10. 6.11, 6.12 are graphs that produced by the addition of the Anthraquinone to 1,
2.5, 5, 20, 40 mmol of NBD. Electrochemical CVs of SR; 01, 0.25, 05, 0.75, 1.0, 2.5 Vs

have been performed for each of the above concentrations.

17



6. Results and Discussion

6.1. Immobilisation of the 4-NBD to the GC surfaces

4-Nitrobenzene diazonium tetra fluoroborate salt (NBD), prepared in various concentrations
were immobilised as shown in Figure 6.1 and attached to GC electrode surface using cyclic
voltammetry. This step is achieved by applying a negative potential from 0.6 to — 0.1 V at

scan rate 0.05 V s for 5 scans, shows of the cyclic voltammogram Figure 6.2.

Under these electrochemical conditions the diazonium loses two nitrogen atoms and forms a
radical aryl cation, and subsequently a C-C covalently bond can be created, as illustrated in
Figure 6.1. The typical characteristic NBD diagram is represented by the first scan that
significantly shows the largest peak compared to the later scans that follow. This proves that

the NBD salt reduction process has taken place.

These peaks are not observed on the 2" and later scans, suggesting that the electron
transferred has been inhibited from the electrode to the nitrophenyl groups. This is due to the
complete reduction of NBD at the surface of electrode, which prevents the diffusion of further

NBD molecules to the carbon electrode surface®.

18
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Figure 6.1 Diagram shows the electrochemical — initiated of the NBD attached to the GC

surfaces and possible monolayer and multilayers branching formation.
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Figure 6.2 Graph shows the 1% scan of GC immobilisation BND curves produced by (2.5, 5,
10, 20) mM, SR 0.05 V" and the applying potential is (0.6 -).

The present voltammogram graph recorded is shifted slightly towards more negative than -1
for the lower concentration peaks, respectively. The graphs shows a larger dip reduction
peaks at higher concentration correspondingly, verified between less 0.6 and more than -1.2

for the all tested concentrations.
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During the grafting of NBD to the glassy carbon surface when lower concentration solutions
of NBD are used (e.g. 1 mmol, Figure 6.3), a dissimilar shape cyclic voltammogram is
detected. This because the potential is scanned negative, the conforming increases in
reductive current is smaller than expected. In addition, the return cycle the voltage-current
trace overlaps itself. This suggests the surface area is changing during the grafting
reaction.?® We speculate that the ACN solvent used for the reaction contains impurities that
compete with the NBD for sites of the GC electrode surface. Thus, at lower NBD
concentrations like that in Figure 6.3, the impurities begin to affect the observed current-

voltage response®.
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Figure 6.3 Graph shows the 1% scan of GC immobilisation BND (1mM), SR 0.05 V"

Note: the curve shape is unlike the higher concentration curves produced by (2.5, 5, 10, 20,
40) mM.

6.2. Electrochemical Reduction of Nitrobenzene NBD to an Amine

Upon establishing the immobilisation of the nitrobenzene on the GC surfaces, the following
stage was electrochemically reduce the nitro group of NBD to an amine. This was
accomplished by applying additional negative potential of (-1.5V — 0.2) at the surface of an
electrode, dipped in KNO3 solution. This demonstrates the cyclic voltammogram in Figure
6.4.
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There are evident severe peaks observed in the first reduction cycle, sweep for the all
diverse concentration studies, in all circumstances the disappearance of the main peak on
subsequent cycles was observed due to the complete reduction reactions of NO- to the
targeted NH2 amine groups.

-100

-200

Current (UA)

-300 -

-400 -

-500 T T T T T T T T T T T T T T T T T T T T 1
-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

Potential (V)

Figure 6.4 CVs of (scan rate 0.05 Vs™, 5 scans) produced sharp peaks as a result of
converting the nitro group of the immobilised NBD on the GC electrode surface to an amine
group.

As the potential is scanned negative, 2 peaks are detected. The first peak was attributed to
the reduction of oxyen-contaning groups present on the electrode surface, that are known to
form when the glassy carbon is exposed to the atmopshere?’. The second peak which is
between -1 and -1.2, was owing to the reduction of the NBD and the preceding formation of
the grafted surface layer. The nitro nitrobenzene multi-layers fuctionlized and reduced to
analines. However, it may take longer for the process to be completed, because they are

alocated away from the elctrode surface., thus the electron transfer would take longer to
28
occur.
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6.3. Electrochemistry of Coupling Modified Reaction of GC Electrodes and the Redox-

active Anthraquinonoid

Following the NBD immmoblisation and the NO- reduction facilitating step, anthaquione was
bound to the surface immoblised aryl-diamzoum as descrbed in the epexerimental section
5.3. The reaction occurs on multi steps as illustrated in Figure 6.5. Cyclic voltametry of the
surface-bound anthraquione was then recorded, the AQ voltammogram shows two peaks,?
one for the anodic reduction and one for the cathodic oxidation process on the surfaces,
Figure 6.6. The existence of the oxidation and reduction peaks demonstrates that the
reaction is reversible. The reaction was studied before and evidenced to be a reversible

oxidation and reduction reaction involving 2 protons and 2 electrons.

O

EDC
H’j \R—> AQ —> O

Anthraquinone-2-carboxylic acid

By-

0]
/“\ product
HNT SaQ L 0 R

N
/ I H
By-product: kT
O (0]
Benzenediazonium tethered to
NHS HN— OH electrode surface

Figure 6.5 Reaction diagram illustrates the steps mechanisim of amide bond formation
between the immoblised alanine and anthraquinone carboxylic acid, facilitated by 1-(3-
dimethlaminopropyl)-3 - ethyl carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS).%0-31
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Figure 6.6 CV voltammgram obtained from Glassy carbon Electrodes fuctionlized 20 mM
NBD - AQ mM NBD at Scan Rates 1.0 Vs™ (V vs SCE). Shows the charging current,
baseline of the both oxidation and reduction peaks.?

The peak at -0.6 ~ -0.7 in AQ component produced as a result of the solvated oxygen in the
solution which maybe the peroxl and hydroxyl radicals however more tests are needed to
confirm these species.* * This is in agreement with hydrodynamic studies of oxgen
reduction rection (ORR) on modified monohydroxy anthraquinone (MHAQ) MHAQ/GC and
MWCNTSs/GC occurance on more negative than -0.4 or at -0.5.3* The third peak could be
due to any species compounds products since it occurs before or more negative potential

value of the oxygen activitiey of these electrodes.*®

The results match well with previous research with deposition of AQ with grafted diazonium
salt in ACN.*, in addition, to the expasion of the peak potential height and their magnitudes
by increasing the aggregate concentration of NBD. The magnitudes or the width of peak
increases when the concentration increase due to excess presence of anions and cations
counterions near the electrodes.®” Afterward, an increase in seperation capacitance
background charging current. Whereas at the highest scan rate (2.5 and 5) Vs the

magnitude of both oxidation and reduction increases appears very short or undistinguished
height.

Nevertheless, the wide magnitudes and smaller peak height that appear with higher scan

rates suggests either poor coupling or indication of a dissimilar chemical reaction. This can
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be explained by the multilayers formed during the primary immobilisation reaction explained
in section 6.1. The branches of the multilayers prevent the AQ to reach the GC electrode
surface or can be buried away from the surface and not easily bind to the AQ.>® For that
reason, multi graphs of the peaks height verse the SC as in Figure 6.7 was used to produce
the estimated values of the surfaces coverage concentrations (I'sur) for the oxidation and the
reduction process. The mathematical methods have been applied for all NBD concentration
(1, 2.5, 5.0, 10, 20, 40 mM), as showing in Figures 6.8 — 6.12.
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Figure 6.7 CVs obtained from GC modified 10 mM NBD electrodes, at scan rate 1.0 Vs™ for

5 scan cycles to show changes in peak current that occur with each scan.
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Figure 6.8 Stacked plots of CV Obtained from Glassy carbon Electrodes modiefied with (1,
2.5, 5,10, 20 and 40) mM NBD at Scan Rates 0.1 Vs™.
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Figure 6.9 Stacked plots of CV Obtained from Glassy carbon Electrodes modiefied with (1,
2.5, 5,10, 20 and 40) mM NBD at Scan Rates 0.25 Vs™. Note: The data 2.5 mM at scan
rate 0.5 Vs™ is missing.
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Figure 6.10 Stacked plots of CV Obtained from Glassy carbon Electrodes modiefied with (1,
2.5, 5,10,, 20 and 40) mM NBD at Scan Rates 0.5 Vs™.
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Figure (6.11) Stacked plots of CV Obtained from Glassy carbon Electrodes modiefied with
(1, 2.5, 5,10,, 20 and 40) mM NBD at Scan Rates 0.75 Vs™.
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Figure 6.12 Stacked plots of CV Obtained from Glassy carbon Electrodes modiefied with (1,
2.5, 5,10,20 and 40) mM NBD at Scan Rates 1.0 Vs™.

Note: At scan rate 2.5 Vs™, there are no significant peaks found of most concetration.

6.4. The Surface Covarage and the Surface Density.

The establishment of the anthraquinoniod attached to GC via the analine group displays a
linear relationship between scan rates and the applied faradaric current, which is presented
by the‘peak height’, Figure 6.13 make available successful results confirmation for this
modification®®. The oxidation and reduction survace coverage (SC) concentration I'conc iS
calculated from the Pheight vS SR plots for each experiment. This produces strong linearity
relationship between scan rates and peaks hights. Thus the slope of the line can be

substituted in equation (1) to establish the survace coverages I'conc Values in mole.cm-2.

Surface Coverage lcone. = M4RT /e”2FA2Ar 2 Tr > equation 1

R is the universal gas constant, n is the number of electrons, and T is the temperature.

After the SC have been calculated, additional measurement of the amount of the deposite

reducted NBD on the GC surface can be calculed in molecular cm™ (I'zea) @as shown in Table

28



6.1. Based on equation (2). These values signify the exisitng AQ molecules binding to the

targeted NH, function group in one cm? on the GC surfaces.

Surface Coverage [area

Peak Current (uA)

14 -

SC (I'conc.) X 6.022%102°

—

equation 2

0.0

0.4 0.6 0.8

Scan Rate (V s™)

0.2

1.0

Figure 6.13 Graph explaining linear correlation between scan rate and peak hight on GC

electrode modified with 20 mM NBD. The error for the peak current, taken from the noise in

the CV signal was calculated to be negligible and considered no error in scan rate

Table 6.1 Surface coverage area evaluation

Nitrobenzene I' Oxidation Peak I' Reduction Peak
Concentration (mM) (x 10213 molecules cm?) (x 10213 molecules cm?)
40 25+0.25 1.3+.02

20 24+0.26 25+ .07

10 1.79 £ 0.07 1.1+ 3.3

5 0.04 £ 0.012 0.04 +0.01

25 0.008 + 0.002 0.011 £ 0.0011

1 0.013 £ 0.000 0.02 £ 0.006

Acording to Table 6.1 an intensification in SC with further increase in concentration of NBD

was observed. However, this is not the case in all the comparison CV graphs diagram for

each SR values for the 1 mM NBD concentration due to the impurity as discussed previously
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in section 6.2. Adam et al have composed that the species concentration and the peak
current that is transported electrochemically to the electrode in votammetry, are proportional
to its concentration in the solution.®® While the established SC data are dependent on the
geometrical area of the GC electrode. While, the established of SC data are dependent on
the geometrical area of the GC electrode, a surface coverage needs other methods to
confirm the thickness of the layer, such as Raman spectroscopy, X-ray photoelectron

spectroscopy (XPS) or atomic force microscopy (AFM).

Comparing the result in Table 6.1 with other studies, the electrode surface roughness factor
with layer thickness electrochemical deposit in GC for the same modifier NBD salt. The
roughness factor between 1.5 to 2.5 was discovered for a polished GC produce monolayer

of (18 — 30) x 107" mol cm™ of the geometrical surface.**

This is well matched to the SC result produced by 2.5 and 5 mM of NBD concertration Table
6.1.

1.5

1.0 H

0.5

T T T T T T T
(o] 5 10 15 20 25 30 35 40

NBD concentration (mMol)

Modified GC Survace Coverage, I' (molecular/cm?)

Figure 6.14 Oxidation correlation curve; between GC surface coverage of immobilised
nitrobenzene diazonium tetrafluoroborate (NBD) modified anthraquinone, in pH 7 of KNO3

and the concentration of nitrobenzene diazonium tetrafluoroborate (NBD).
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Figure 6.15 Reduction correlation curve; between GC surface coverage of immobilised
nitrobenzene diazonium tetrafluoroborate (NBD) modified anthraquinone, in pH7 of KNO3
and the concentration of nitrobenzene diazonium tetrafluoroborate (NBD). Where X and Y

axis are the concentration of (NBD) and surface coverage.

The outlier: As result of interferance from peaks produced by the species reaching the
anode (CE) from the solvent and interacting with AQ reduction peaks*'. It is noticeable that
increasing the rerponse in the reduction peak does not appear nor is it equivalent to the
oxidation peak, this prove it is a result of irreversible reaction.®® Hence, it can be as result of
unstable components that are produce as a result of the oxygen activities such as AQ"or AQ
Oz~ or O2"". Theion O2" ~ions are more likely to produce this high intensity of the reduction
peak or H20,.%

6.5. The Effect of the Multi-layers progression and the aryl Radicals.

The aryl radical, 4-aminonophenyl formation, mentioned in section (6.1), would cause
branching growth progress*? because they are bind to the benzene ring of oxidized ortho
aryldiazonium on the monolayer surfaces, nonetheless they attack the aryl grafting groups.
Consequently, these binding layers form multi layers which is crucial for the coupling

reactions stage and causing multilayers formation.*?

Therefore, basic rules are apply on the cyclic voltammetry when apply less current or voltage

less diffusion of the redox active through the bulk or less deposition on GC electrodeieved.
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Controling the multi or monolayer thickness could therefore be attained by adjusting the
charge that consumed to produce the electro-grafted diazonium. The charge determination
depends on the potential and the time applied in the potentsiostat. In practice applying to the
cathode a potential equal to the voltammetry peaks (capacitance and faraday current) at the
same time, reducing the charge that passing through the cell.** Additionally, the
electrochemical signal measurment does not reflect the real NO2 pheny groups that attach to
the GC surface*

Interestingly, the reaction rate of the reduction of NO, was found to be limited by the charge
transfer and not by the protons obtainability into the organic layer. A research was performed
for the grafted NBD film reduction behaviour, combined with data collected by (FSG)
spectroscopy.“® Although, the potential was high enough to -1.0, with -0.1 more negative
than this experiment, to convert all the NO- to NH>, the closer NO- groups closer to the
electrode surfaces would be reduced first to NH., followed by NHOH then another NO.. In
conclusion, the film produced exhibits a stratified structure. In addition, the peaks represents
the NHOH and NH2 were not quantitative as the SFG posed for long electrolysis time, this
suggested that some of the nitro groups allocated far from the electrode surface.
Successively, the electron tunnelling decline gradually away from the film thickness. At-0.8
V the NO- groups were reduced with the most quantitative generated NH,. According to
these findings, the occurrence of the stratified layer was explained by the unlimited H*

cations diffusion in the organic film."®

Reducing the NBD on gold with the electro grafting process with 64% loss of the amount
established by electroscopy, stretched by IRRAS and sonication in acetonitrile. This
difference resembles un-grafted aryl cations that deposit physically and attached to the
electrode surface.*’ These cations reduction occur by eliciting hydrogens from the solvent to
produce dimerization according to the Gomberg Bachmann reaction law.*® This problem can
be resolved by rinsing the electrode with distilled water. Though, bonding of the organic
layer is found to be very stable and can last for 6 months.*® Therefore, more investigation
about the stability of this layers and their interaction bond with GC surfaces need to be

established for these modified concentrations.
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Moreover, decreasing the aryl scavenger 2,2-diphenyl-1-picrylhydrazl concentration has
found to cause decrease in the thickness, morphology and chemical composition of the
grafted film. The radicals reduced before reaching the electrode. Consequently, the
nitrophenyl would be grafted via the azo binding®. While the AFM and X-ray both
established that the monolayer can be reach by radical trapping, not all nitrophenyl groups
are electroactive in the film thicker than 2 nm®'. Accordingly, other possible experiments can
be established to study the effect of N, N-diisopropylethylamine (DIPEA or DIEA)
concentration on the thickness of the layers under these experimental condition. Also, in this
project the GC functionalised NBD-AQ carried out using the coupling agent EDC, as show in
Figure 6.1. Although, the monolayer ranges has been achieved in these results.*? In higher
concentration which shows higher values for the surface coverages. Both possible layers of
4-nitrophenyl or 4-aminonopheyl progress rapidly on the GC electrode®® which mostly occurs
during the first step of grafted NBD*3, as shown in Figure 6.2. The solvent ACN causes the
multilayers to swell and it has been explained as connected to the solvent and ions ingress

and egress through association of the layer arrangement®.

This study achieves the GC modification targets, eluding the complicated methodologies that
aim to protect the NBD para position to reduce the multilayers formation. Such techniques
are Boc-protected linker®" or the mixture of BND and NBD, the strategies purposes are to
create steric hindrance to prevent the aryl radical binding on the ortho-position of the NBD
cyclic ring. Nevertheless, we found previously, that in para substitutions the reduction of the

diazonium salts occurs within similar potential values.*®

Furthermore, the multi-layer which are undesirable in DNA biosensors, are usually poorly
conductor, hence, pose and cause barriers to electron transfer between electrode and the
reduction species. In addition, the pausing of the signal of the distinguished reduction
process after the first circle designates the inhibition of electron transfer to the NBD ions in
solution, due to the formation of non-conducting grafted layer®®. Subsequently, a slower
electron transfer rate then blocks or deactivates the electrode. The structure of the reduced
products has to be stable and of known density on the three dimensions structure in later

stages for the probe and the DNA recognition stage®’.
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7. Conclusion & Further Work

In this study, the electrochemical grafted NBD on GC surface electrode revealed successful
surface coverage result when modified with redox active anthraquinone. Similarity, the GC
surface NBD is controlled by the range of level optimum for the probe-target DNA detection,
(1.6 — 6.6) x107"? molecules per cm? produced by 5, 2.5 mM of the diazonuim. However, the
1 mM NBD concentration also produced reliable result, the impurity need to be investigated
by repeating the experiment with a fresh NBD samples or to increase the concentration by
0.2 mM to produce the appropriate signed grafted NBD voltammogram. The concentrations
10, 20 and 40 mM surface concentration results along with SC produced by 1, 2.5 and 5 mM
produced very good oxidation and reduction correlations graphs with scan rate (SR), agree

with the previous research in literature.

This experiment performed in this study offers a threshold of the NBD concentration that is
required to produce electro-activities, under these condition,*® saving time and cost by way
of avoiding the use of blocking agents or BBD in previous studies. In addition, the precise
concentration has to be optimised to produce adequate potential that do not destroy DNA.®
The structure of multi or monolayers is measured by the grafted concentration of NBD at the
GC surface I'sur I'voumme , the layer thickness, the density and model of the film and whether
they contains pinholes.®® However, it is challenging to deduce the structure of the compact
layer and its behaviour in the aprotic solvent ACN during the electrochemical diffusion
process®’. For these reasons there is a need for other techniques to confirm these
measurements. Therefore, these electrochemical surface coverages results and its
calculations, need to be accompanied by AFM or the XPS for the analysis of the chemical
composition to measure actual thickness or depth of the attached layer. Also, the correlation
of AFM or PPF measurements with the surface density (I'/cm ") would provide the numbers

of the mole binding to the surface.®?

To this end, the basal plane electrode model has achieved successful modification.
However, recently studies recognised a problem with the immobilisation on a bare surface of
carbon as it tends to cause mutable interactions of transducer with phosphate backbone or
hydrophobic nitrogenous bases of the investigated DNA or the snp’s.®® More research is
required to test the effects of hydrogen bonds between the surface coverages and the
solution to conform the agreement of the result with Density Functional Theory (DFT) and
the functional modern available software.®* Despite the fact that the electrodes modified
diazonium salt increase electrode surface binding and stability, more explorative work is
needed for those disposable fabricated electrode to enhance the commercial production

scale in the point-of-care medicine and diagnostic fields.?%%!
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The GC electron transfer can be determined according to Laviron theory and compared with
the literature and edge plane. It is known that the edge plane presents faster electron
transfer than the base plane electrode. The edge plane produces lower oxidation potential,
higher oxidation current and narrower oxidation peak in contrast with the basal plane®. The
basal plane of HOPG is found to produce less undesirable multilayers than the edge plane.
Since the C graphene binding C ary®’I converts from Sp? to Sp® bond, with less energy 24 kJ
mol™. This is reasoning the edge plane has accessibility to form multilayers more than the
base plane electrode since it tends to bind to the aryls radical diazonium to form Sp® bond
rather than forming a compound using the Sp? bond. Added to this, if double layers of
carbon binds in the para position they need higher value of energy of -264 kJ mol™", which is
unfavourable covalent bond.®® Also, this proved to supported with the AFM experiment

69, 39

findings.

In a recent publication, spatial heterogeneities within the same graphene working electrode
occurred. This causing a greater reactivity at the edge and less reactivity if the surface
electrode containing unexpected flake — flake area.”® Thus, to produce accurate reliable
outcome the integrity of surface of the electrode needed to be checked. A research project
suggesting that the double graphene sheets and its chemical effects of Sp? would promote
band gab and develop protocols through the concentration control and molecular design,
which the modern method does not. Accordingly, improving graphene solubility and sensors
functionality can be produced when the covalent grafted layers combined with

nanostructured methods.?*""

In recent time, conventional nano-material electrode Au-nano self-assembled GCE
biosensors proved to produced excellent selectivity for dSDNA and optimized probe-GCE
when using CV techniques.’ Also, the models CNT or SWCNT or screen-printed electrode
(SPE) or carbon nano-onion (CNTo) of the nanotubes carbon material, have been found to
become more popular in controlling surface coverage formation and selectivity.”® Therefore,
it possible to take advantages of those adequate GC or basal plane models of CNT as well
as the edge Plane electrodes to examine the above variable concentration to gather more
data for stabilities and multilayers formations. Also, to study the effects of the linkers NBD
on the surface coverage and whether any overpowering effects of steric or electronic
existence on the AQ coupling reaction. This can be accomplished by investigating the

relationship between the binding energy and charge transfer.
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Figure 7 lllustration of the Basal Plane and Edge electrode or the HOPG (Highly Ordered
Pyrolytic Graphite) adopted from Roy as Society of Chemistry”
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