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Abstract

Prostate cancer, commonly referred to as adenocarcinoma of the prostate, is the leading cause
of cancer death in men in 46 countries, and it was estimated that by the end of 2018 there
would approximately be 1.3 million new cases of prostate cancer worldwide. Currently, the
Food and Drug Administration (FDA) approved biomarker for prostate cancer disease
diagnostics Prostate Specific Antigen (PSA) is not specific to the disease itself but extends to
other cases such as Benign Prostate Hyperplasia (BPH) a condition in which the prostate
grows uncontrollably. This biomarker is then detected in blood samples via conventional
methods which require a qualified individual to operate and are often time consuming.
Examples of these methods are spectrophotometry and High Performance Liquid
Chromatography (HPLC). Hence, a more efficient biomarker and method of detection is
needed for prostate cancer disease diagnostics, as.early-detection of the disease means early
treatment, which could ultimately save lives. Currently, an emerging biomarker for prostate
cancer known as Alpha-Methyl CoA Racemase (AMACR) has shown to be more specific to
the disease with advantages such as being a non-invasive biomarker. AMACR has been
reported to be present in urine, and thus may be detected via a non-invasive method. This
study proposed an economical, non-invasive electrochemical biosensor for the rapid detection
of AMACR based on mercaptosuccinic acid capped tungsten telluride (MSA-WTes) quantum
dots (QDs). Nanomaterial has shown promise in terms of increasing the sensitivity and
specificity of sensors. MSA-WTesz QDs was successfully synthesized using easy, inexpensive
method and was studied by various techniques such as High Resolution Transmission
Electron Microscopy (HR-TEM) where the size was confirmed to be within the nanometer
scale and was reported to be 2.65 nm with a good crystallinity. X-ray diffraction (XRD)
confirmed the structural properties and chemical composition of the QDs and it is reported
that the QDs are rich in both tellurium and tungsten and comprise of a hexagonal structure.
Scanning Electron Microscopy (SEM) confirmed the successful immobilization of aptamer
sequence specific to AMACR onto the electrode surface by showing a distinct
conformational change when aptamers were introduced to the QDs under study. This study
reports the successful detection of AMACR using an MSA-WTez QDs based aptasensor
immobilized onto a screen printed glassy carbon electrode, with a detection limit of 0.35651

ng/mL and a limit of quantification calculated to be 1.08033 ng/mL.
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CHAPTER 1

INTRODUCTION

1.0) Overview

This chapter describes the aspects involved in the study. Topics like prostate cancer, early
detection of the disease, biomarkers, quantum dots, nanotechnology, linking agents as well as
aptamers are all discussed. The reason for the study is motivated and the problem statement is

also addressed.

1.1) Background

Prostate cancer, commonly referred to as adenocarcinoma of the prostate, is the leading cause
of cancer death in men in 46 countries,-and it was-estimated that by the end of 2018 there
would approximately be 1.3 million new cases of prostate cancer worldwide.* Prostate cancer
can be described as an uncontrollable growth of cells in the prostate glandular tissue, this
gland is about the size and shape of a walnut® and is located just below the bladder through
which the urethra flows. The prostate.gland plays an-important role in fertility, as it secretes
an alkaline fluid that constitutes about 20-30% of the total volume of seminal fluid,® and
complications such as growth or swelling of a benign or a malignant tumour present in this
area could also result in complications associated with urine flow throughout the urethra.*
Prostate cancer tumours if not controlled could metastasize spreading cancer to areas other

than the primary area.

Risk factors for prostate cancer before the 1980°s were primarily based on age, race and
family history.®> However, upon approval by the Food and Drug Administration (FDA) in
1994, prostate specific antigen (PSA) screening of men over the age of 55 resulted in greater
statistical analysis. Prostate specific antigen refers to a glycoprotein? produced by normal as
well as malignant cells of the gland itself, and is the current biomarker used for prostate
cancer diagnosis. The national institutes of health biomarkers definitions working group

defined a biomarker as a ‘characteristic that is objectively measured and evaluated as an



indicator of normal biological processes, pathogenic processes or pharmacologic responses

to a therapeutic intervention’.®

Rectum
Vertebral Urinary bladder
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a7t Vas deferens
Seminal ‘; 4‘
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Ejaculatory —a ' ‘ 5,
duct Q %’ /N i Penile urethra
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Figure 1. 1: Side view of male pelvis and relation of all components to the prostate. Reprinted
from (M. Sharma, S. Gupta, B. Dhole and A. Kumar, The prostate gland, Basics of human
andrology, Springer nature Singapore, 2017, 17-19.

However, one of the biggest drawbacks of PSA as a biomarker for prostate cancer diagnosis
or prognosis is that it is not specific to prostate cancer but extends to benign prostate
hyperplasia (refers to a condition in which the prostate swells uncontrollably, but it does not
extend to cancer). As such elevated PSA levels during screening for prostate cancer are
usually accompanied by a digital rectal exam (DGE) as a follow up to confirm the presence
of a benign or malignant tumour. Even so, after a DGE it still isn’t clear whether the patient
has a benign or malignant tumour present, so the final step is to do a biopsy, which is often
invasive and painful. During this biopsy two different types of tissue cells in the prostate are
collected, and are rated according to the Gleason score grading system.” The Gleason score
grading system defines five different cell growth patterns which can be studied under a
microscope. Once cancer cells are extracted during a biopsy they are first classified into
primary and secondary grades, these grades refers to cells that make up the largest and second
largest parts of the prostate, respectively. Obtained cells are then classified into one of five
cell growth patterns and rated on a scale of 1-5. The scores for both the primary and

3



secondary grades are then added to form the total Gleason sum. Scores of 6 suggest a

moderate growing cancer whereas scores of 7 or higher indicate an aggressive cancer.’

1.2) Problem Identification

Cancer is a major epidemic that leaves patients and families devastated, which can take a toll
on our economy, not only due to expensive medical care resources and trials, but also loss of
human capital in cases of mortality.® It is reported that prostate cancer is the most common
cancer in men across all population groups in South Africa.® According to data from the
South African National Cancer registry the incidence rate of prostate cancer in South Africa
has increased from 24.9 per 100 000 in the year 2007 to 67.9 per 100 000 in the year 2012,

and it is still rising.°

Early detection of the disease is important in terms of controlling the cancer before it
metastasises and spreads to other-areas of the body. Currently the screening for prostate
cancer biopsies are mainly based on-high-PSA-levels-or-abnormal digital rectal examination.!
For a PSA test serum levels above threshold value of 4.0 ng/mL are regarded as a ‘positive’
test. Patients should then follow up with a biopsy to distinguish between benign and
malignant tumours.*? The spegificity of the PSA test for screening prostate cancer in patients
which display intermediate PSA levels - was reported.to be only 20% at a sensitivity of 80%
1312 Dye to the low specificity of PSA, false-positive results are a reality which can lead to
unnecessary medical expenses as well as emotional strain.** Hence, the need for highly
specific biomarkers towards detecting prostate cancer are of utmost importance. AMACR
(Alpha-Methylacyl-CoA Racemase), an enzyme involved in peroxisomal beta-oxidation of
dietary branched-chained fatty acids is a promising biomarker for prostate cancer, since it has
a sensitivity of 83% with a specificity of 88% towards the disease.'>> AMACR also known
in most cancer literature as (P504S) has been proven as one of the few biomarkers that can
help distinguish cancer from benign and malignant cells for prostate carcinoma.® This
biomarker can also be detected non-invasively from urine samples, unlike PSA which is

usually conducted as a blood test.

Screening for early diagnosis of prostate cancer relies heavily on traditional methods such as
cell morphology primarily using staining of tissue and microscopy. These methods are

invasive and often not conclusive as tissue removal during a biopsy could miss cancer cells in
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the earlier stages of the disease.}’ Waiting periods for these tests is often long and gruesome
not to mention expensive as well. Hence, the need for non-invasive, rapid point of care
testing, which can generate results in real time, does not require a skilled individual to
operate and should be cost effective. A solution to this is known as electrochemical
biosensors.!8 Electrochemical biosensors have recently made huge progress in terms of aiding
the diagnosis and the monitoring process of many diseases.® Biosensors offers a compact
solution for the detection of specific analytes to make a trustworthy medical diagnosis.?’ The
sensitivity and specificity of a biosensor can be fine-tuned by incorporating nanomaterials
as a mediating platform between the sensing component and the transducer. Nanomaterials
has many amazing properties such as increased surface area, electrical properties,
luminescent as well as optical properties which can be manipulated for biological sensor
applications. Studies have shown that quantum dots in particular offer a good
biocompatibility as well as sensitivity in providing an interface between an electrode surface

as well as a biological recognition component.??

1.3) Research Aims and Objectives

Thus, the aim of this study was to develop a quantum dot (QD) modified biosensor for the
determination of an emerging prostate cancer biomarker  known as AMACR. The
electrochemical biosensor (in this.case aptasensar) was developed by incorporating tungsten
telluride quantum dots capped. with mercaptosuccinic acid, which was used as an electron

mediator between the transducer and the aptamer specific to AMACR.

The aim was achieved by objectives outlined below:

e Synthesis of Tungsten Telluride (WTes) quantum dots capped with mercaptosuccinic
acid (MSA) via an aqueous route.

e Investigating the microscopic properties of MSA-WTesz quantum dots using high-
resolution transmission electron microscopy (HR-TEM), and high-resolution scanning
electron microscopy (HR-SEM) to determine the particle size and shape. Confirming
the size of the MSA-WTesz QDs by small angle X-ray scattering (SAXs) and the
elemental composition was confirmed by energy dispersive X-ray spectroscopy
(EDS).



Confirming the crystal structure of quantum dots by the use of X-ray Diffraction
Spectroscopy (XRD).

Using ultraviolet-visible (UV-Vis) spectroscopy to determine all bandgaps.

Studying the electrochemical behaviour of quantum dots using cyclic voltammetry
(CV) as well electrochemical impedance spectroscopy (EIS)

Fabrication of the QDs based aptasensor and characterization by CV and EIS.
Electrochemical detection of the AMACR biomarker by differential pulse
voltammetry (DPV).



Conclusion

Prostate cancer is a major epidemic that leads to loss of many lives each year, currently the
FDA approved biomarker for prostate cancer detection PSA is not specific to the cancer itself
and has a high risk of false positive results. In order to improve diagnosis of the disease and
to minimize the risk of unnecessary biopsy and overtreatment, a biomarker with a greater
specificity towards the disease is needed. A proposed biomarker for this application is known
as AMACR, which according to literature is overexpressed in patients with prostate cancer;
yielding a much better diagnosis than that of PSA. A way in which prostate cancer diagnosis
could become more efficient, reliable, non-invasive as well as economical is by the use of
electrochemical aptasensors for the sensitive detection of disease related biomarkers.
Nanomaterial can be used to fine-tune the sensitivity of an electrochemical aptasensor.
Nanomaterial has great electrical, thermal and optical properties compared to their bulk
material. Quantum dots are an example of this-and through incorporation of this material into
the electrochemical aptasensor, ultimate. sensitivities can be achieved towards biomarker
detection. Hence, this study proposes a potential electrochemical aptasensor for the rapid,
cost effective and sensitive detection of an emerging prostate cancer biomarker known as
AMACR.
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CHAPTER 2

LITERATURE REVIEW

2.0) Overview:

This chapter gives an overview on the background of QDs and their importance as surface
materials in sensor fabrication systems. This chapter also deals with explaining what
electrochemical sensors are and the types of sensors fabricated for different types of
applications. Furthermore, this chapter gives insight into biological markers and their
importance as identifiers for diseases diagnosis. In addition, this chapter outlines the working
principles of the characterization methods used in this study.

2.1) Sensors

A sensor can be described as a device containing a specific recognition component, either
chemical or biological which is designed. in'such a way as to target an analyte; and a physical

transducer which converts the recognition process into a measurable signal.*

Globally many different types of sensors are used daily since people often rely on them for
safety, health and environmental reasons. Examples of sensors include environmental
sensors, food sensors and biosensors; all of these areas may overlap depending on the specific
application of the sensor and the desired outcome. Environmental sensors refers to sensors
which monitor the environment and are often used to protect the public from harmful
pathogens or toxic contaminants.? The three things which are generally monitored in
environmental sensors are air,® water* and soil.> An example of a water sensor is described in
the work done by Liu et al, 2010, where a fluorescence sensor was designed in order to detect
cyanide concentrations in water, which is harmful to both humans an aquatic life.® Food
sensors are in high demand in the food industry as to make sure that food is kept free of toxic
material as well prolonging its shelf life and reducing spoilage.* In the work done by Fu et al,

2008 a food sensor based on nanotechnology for the detection of salmonella was successfully
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fabricated.’ In the following section focus will be directed towards biosensors since this study
dealt with the fabrication and application of a sensor for cancer disease diagnosis.

2.2) Biosensors

Biosensors since its first introduction in 1956 by the American biochemist Leland C Clark
(for his work in oxygen detection), has become an increasing area of interest and relevant
research has grown rapidly over the past few decades,® it was also Clarks work in 1962 which
laid down the ground work for the modern day glucose sensor.®

A biosensor according to IUPAC can be stated as “ a device that uses specific biochemical
reactions mediated by isolated enzymes, immunosystems, tissues, organelles or whole cells to
detect chemical compounds usually by electrical, thermal or optical signals”.°Biosensors can
also be classified as point-of-care (POC) devices which yield results in real time, whether it is
at home or in the doctor’s surgery. The main-aspects which-constitutes a good biosensor is its
ability to be easily operated, inexpensive, rapid and robust.'* A typical biosensor and its

components are depicted in Figure 2.1 below.

Analyte Bioreceptor . -  Transducer . . -Electronics Display
P ° ~ i Photo .Confversion
Enzyme . f rom
o ? Hite analog to 3,14 mV
0 cells Quartz digital 10—
& —p €lectrode > > | 5
0’ Aptamer Screen ] °
9 printed Signal 3 S
conditionin :
DNA lelectrode g —_
pH Potential V vs
Nanoparticles
P lelectrode Ag/Agcl

T T T

Bio recognition  Signalisation Quantification

Figure 2. 1: Main components which constitutes a biosensor. Reprinted from N. Bhalla, and

co-workers, Introduction to biosensors, Essays in biochemistry 2016, 60, 1-8.
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A typical biosensor consists of five main components, that is:

e Analyte: an analyte refers to a substance/biomarker/chemical that needs to be detected
or quantified

e Bio-recognition component: This is a biological molecule, either an aptamer, single

stranded DNA, enzyme or anti-body that is used to detect the analyte of interest.

e Transducer: A transducer is an important part of the biosensor that converts a
biological event into an electronic signal depending on the application of the sensor,
different types of transducers exist and will be discussed below.

e Computer/electronics: This is the part of the biosensor that processes information

from the transducer and prepares it in a way that is easy for the user to understand.

e Display/output: This allows the user to interpret information from the biosensor in the
form of curves, graphical depictions-as well as numbers which are understandable to
the user and correlate to a biochemical change, event or specific concentration related

to the analyte of interest.®

Biosensors can be classified by the types of bio-receptors or transducers present. Depending
on the type of transducer used biosensors can be classified /into four main classes, that is,
optical biosensors, thermal hiosensors, piezoelectric biosensors as well as electrochemical
biosensors. Optical biosensors have transducers which measures the changes in optical
properties of a specific analyte, these changes could be due to, absorbance, fluorescence,
reflectance, refractive index, phase shift as well as wavelength.? Thermal biosensors on the
other hand measures changes in temperature which are generated by biological reactions.
Here, thermometric measurements are based on either heat evolved or heat absorbed during a
biochemical reaction, these heat changes are directly proportional to molar enthalpy and thus
proportional to the total number of product molecules created by the biochemical reaction. 3
Piezoelectric biosensors are based on the piezoelectric effect; this phenomenon refers to the
ability of anisotropic crystals to produce a voltage when mechanically stressed. The opposite
effect is also experienced when an alternating voltage is applied to any anisotropic crystal
which in turn causes mechanical stress or oscillation. Thus, when an analyte is bound to the
surface of a crystal it can be directly detected by the changes in frequency experienced after

applying an alternating voltage.* The final class of biosensors are known as electrochemical
14



biosensors, here the transducer is electrochemical, and electrical properties could be
measured by methods such as potentiometry, voltammetry, conductometry and impedance.
The following sections below will give a brief overview of each.

2.3) Electrochemical Biosensors

In order to understand how electrochemical biosensors work, one first has to understand the
working principle of an electrochemical cell. An electrochemical cell typically consists of a
three electrode system; a working electrode (WE), a reference electrode (RE) and a counter
electrode (CE).™® These electrodes work together to form the basis of an electrochemical
biosensor in the following way: A WE is usually the electrode of interest, all redox reactions
takes place here,'® as well as immobilization of the bio-receptor material. The CE could
sometimes act as a RE in a two electrode system, however, the CE closes the current circuit
as it provides the flow of electrons between-itself and the working electrode.'®> The RE
produces a reversible, stable and  reproducible potential throughout the electrochemical
reaction as to stabilize any event that oceurs at the working electrode, usually a REDOX
reaction.'® The RE is usually not polarized by the flow of current as it sits outside the main
circuit that exist between the CE and WE in an electrochemical cell. Other type of
electrochemical cells besides the conventional three-electrode and two-electrode systems
exist, these are known as screen printed electrodes (SPE) which encompasses a typical three-
electrode system onto a single platform. Here, the WE, CE, and RE are printed onto a
polymer material with a hard disc as a supporting substrate. Screen printed electrodes have
advantages over conventional electrodes as it is easily mass produced and contains a simple

electrochemical setup.®®
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Figure 2. 2: : A typical screen printed electrode including its working components (A).
Reprinted from K. Mistry and co-workers, A review on amperometric-type immunosensors
based on screen printed electrodes; Royal society of chemistry. Analyst, 214, 139, 2289-2311.
A conventional three electrode-cell setup consisting-of WE, CE and RE (B). Reprinted from
K. Less and co-workers, Electrochemical-and spectroscopic methods for evaluating molecular

electrocatalyst, Nature reviews; Chemistry, 2017, Vol 1, article number 0039.

2.3.1) Transducers

Electrochemical biosensors can be further defined by the type of detection methods used, that

is, potentiometric, voltammetric, conductometric or impedometric.

2.3.1.1) Potentiometric

Potentiometric sensors work by measuring the difference in potential between two electrodes
under the condition that there is no current flow, the signal of a potentiometric biosensor is
primarily based on the Nernst equation which states that the outcome/voltage difference is
linearly related to the logarithm function of the activity of the ion species in solution.

Meaning this method of detection can detect really small amounts and still release a signal.’

E =E°+ ZIn[a;] [2.1]
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Equation 2.1: Nernst equation (E = Potential (V)/ potential difference in the electrochemical
cell; R= ideal gas constant= (8.314 J/K); F= Faradays constant (965485 C/mol) ;n = number
of electrons / number of primary ions in solution ; a= activity of the ion in solution ; E° =

standard potential)

In the work done by Wang et al, 2010, cancer biomarker carcionoembryonic antigen (CEA)
was detected using a potentiometric assay. This assay was based upon a gold coated silicon
chip, which consisted of co-absorption of both hydroxyl terminated alkanethiol and template
biomolecules. It works via the adsorption of biomolecules, which can then be removed
creating a footprint/cavity on the chip. Re-adsorption of the same biomolecule then causes
changes to the sensing chip potential and can be measured potentiometrically.8

2.3.1.2) Voltammetric

Voltammetric electrochemical sensors are generally based upon applying a varying potential
to a working electrode and then measuring the resulting current.*® The current generated by
applying a range of potentials is directly proportional to the concentration of the electroactive
species present in solution. Different types of voltammetric methods exist, such as cyclic
voltammetry (CV), differential pulse voltammetry (DPV), linear sweep voltammetry (LSV),

square wave voltammetry (SQV) as well as stripping voltammetry (SV).%

Cyclic voltammetry- Potential is applied between two points and then reversed back to the

start again, while maintaining a constant potential scan rate.?

Square wave voltammetry- Potential is pulsed in the forward and reverse direction, and the

resulting current is then sampled at each point. 22

Differential pulse voltammetry- Potential is pulsed and superimposed on a staircase like

waveform.?

Linear sweep voltammetry- Similar to CV but potential is only swept in one direction at a

constant potential scan rate.?

Stripping voltammetry- Consists of two common steps, first analyte of interest is

electrodeposited onto a working electrode. Once the analyte is bound, the WE is then scanned
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at a potential intended to strip the material off the electrode which produces a resulting
current characteristic to the REDOX reaction which took place at the WE.?®

In the work done by Zhang et al, 2007, prostate specific antigen (PSA) a current biomarker
for prostate cancer, was detected using a voltammetric enzyme linked immunoassay system
with a reported limit of detection to be 10 ng/mL .The detection of PSA was done using a
double antibody sandwich assay method, equipped with 3, 4 diamminobenzoic acid and
horseradish peroxidase which oxidized to form an electroactive species. This species enabled
second order derivative linear sweep voltammetry for the sensitive detection of PSA in

human serum.?*

2.3.1.3) Conductometric

Conductometric electrochemical sensors are-based on the conductivity of a bulk solution or a
thin film, here the conductivity of a thin electrolyte layer is measured adjacent to the
electrode surface.?® The conductivity is generally affected by the type of analyte present, and
continuous dissociation of the dissalved substance occurs as more ions are produced,
resulting in ion migration when induced by an electric field.?® All of these factors then
contribute to changes in conductivity of the bulk solution and these changes could be
accounted for by different concentrations of analyte present. in solution. Advantages of these
types of electrochemical biosensors. are:. they are cost effective and can easily be mass
produced; and possible multi-analysis depending on its application and fabrication in

comparison to bulky desktop machinery such as HPLC.?

In the work done by Adams et al, 2008, circulating tumour cells were detected using an
integrated microfluidic sensor. Circulating tumour cells were first isolated from whole blood
samples using a microfluidic process by capturing circulating tumour cells in channels.
Isolated tumour cells were then detected and quantified by the use of a conductometric

electrochemical sensor.?’

2.3.1.4) Impedimetric

Impedance first made an introduction into electrical engineering by Oliver Heaviside in the
early 1880’s,28 who adapted complex numbers to study electrical circuits.?® Electrochemical
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impedance spectroscopy (EIS) is an electrochemical characterization technique that operates
in the frequency domain and can be measured by applying an AC potential to an

electrochemical cell and measuring the resulting current.?®

Usually a small excitation signal is used to measure EIS as to keep the cells response pseudo
linear. This is because a linear system produces a sinusoidal current response at the same
frequency as that of the applied potential, however, it is shifted in phase.?? Electrochemical
impedance is an electrochemical technique which is simple to operate, sensitive in its
detection and non-destructive to biological material or samples (due to low potential
applied).%® In the work done by Liu et al, 2014, a sensitive impedimetric electrochemical
sensor for the detection of tumour biomarkers was developed. This sensor was based on an

aptamer affinity and made use of silver nanoparticles to amplify detection.

2.3.2) Bio-recognition components

So far biosensors have been classified according to their methods of transduction, however,
they can also characterized by their biological recognition components used for detection of
specific analytes. In Scheme 2.1 below an account for the different classifications of

biosensors are represented.

Biosensors

Transducer Biorecptors

| Antibody/antigen Potentiometric
Enzyme Voltametric Thermal Piezoelectric
DNA

Conductometric

optical

Aptamer Impedometric

Scheme 2. 1: Showing classes of biosensors in terms of bio-receptors and transducers used.
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2.3.2.1) Immunosensors

Immunosensors refers to an electrochemical biosensor which is based upon antibody/antigen
interactions. The principle of an immunosensor depends on a ligand binding affinity reaction
between the target analyte, and a highly specific binding agent which is immobilized onto the
transducer.®? Figure 2.3 shows a typical setup of an immunosensor which was reprinted from
Zhang et al, 2018. Here, it was reported that an electrochemical immunosensor based on a
glassy carbon electrode (equipped with octahedral gold nanoparticles) was fabricated for the
detection of Ochratoxin A (a parasitic fungus found on contaminated crops, which poses a
strong liver toxicity and possibly increases the chances of getting cancer after consumption).
Zhang et al, 2019, reported a wide linear range from 0.1 pg/mL to 10 ng/mL, and limit of
detection of 39 fg/mL for the detection of Ochratoxin A using an electrochemical
immunosensor.® The sensor fabrication process is shown in Figure 2.3. The first step was
immobilization of their nanomaterial onto the glassy carbon electrode surface. Next was the
selective binding of an antibody-specific-to-Ochratoxin-A-to the electrode surface, then
bovine albumin serum (BSA) was used as a blocking agent to block any non-specific binding
sites, and finally the now developed sensor was tested in the presence of Ochratoxin A, using
methods such as electrochemical impedance spectroscopy (EIS) and cyclic voltammetry
(CV).3

GCE

Oct Au NPs . Ab,-OTA

= ae———————
Au Oct PCs-TB@AD,

Figure 2. 3: An electrochemical immunosensor set-up, reprinted from T. Zhang and co-workers,
Electrochemical immunosensor for Ochratoxin A detection based on Au octahedron

plasmoniccolloidosomes, Elsevier, 2019, 0003-2670.
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2.3.2.2) Genosensors

A genosensor on the other hand, also referred to in literature as an electrochemical DNA
biosensor has a specific bio-receptor component, and this is known as a single stranded DNA
(ssDNA) sequence. DNA in general consists of a double helix configuration, where its
monomers are known as nucleotides. Once the single strands are separated they have a very
high affinity for each other. The strands can re-join in a process known as hybridization
which results in oxidation** of the nucleotides which make up each ssDNA. Thus, in a
successful genosensor a ssSDNA is used as a probe which is attached to an electrode, the
complementary strand of DNA is usually suspended in solution for detection by the
genosensor. Once hybridization occurs the oxidation event then generates an electrical signal
which can be measured.® Figure 2.4 shows an electrochemical genosensor fabrication
process reprinted from Senel et al, 2019. Here, an electrochemical DNA biosensor for the
detection of a breast cancer gene BRACL, -based on self-assembled dendrimers are

illustrated.3®
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Figure 2. 4: Fabrication steps for the DNA biosensor based on three different generation self-

assembled dendrimers to which single stranded DNA probe sequence was immobilized for
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the detection of the target sequence via a hybridization mechanism shown above. Image
reprinted from M. Senel, and co-workers, Electrochemical DNA biosensors for label free
breast cancer gene marker detection, Analytical and Bioanalytical Chemistry, 2019, 2925 —
2935.

From Figure 2.4 it can be seen that cysteamine and glutaraldehyde was used as linking agents
in order to immobilize different generation dendrimers onto the electrode surface,
glutaraldehyde was then again used to immobilize sSDNA specific to the target sequence. The
target was ‘detected’ via a hybridization reaction between the sSDNA probe sequence and

the target itself, this then generated an electrochemical response which was then measured.®

2.3.2.3) Aptasensors

Aptasensors have recently gained-a lot-of-interest-in-the detection of analytes such as cancer
biomarkers,®” bacteria® and general environmental and food contaminants.®® Biosensors
which consist of an aptamer are formally known as an aptasensor. Aptamers are single
stranded nucleic acids which are isolated using methad called SELEX (Systematic evolution
of ligands by exponential enrichment).*® This process works by generating nucleic acid
ligands (aptamers) against many small molecules such as amino acids, proteins and drugs.
Aptamers are then isolated from a library of different synthetic nucleic acids which are
specific to the target molecule, it works through an adsorption, recovery and re-amplification

process.*

The in vitro SELEX process as shown in Figure 2.5 below consists of four main steps, that is,
() the introduction of the target molecule to an already acquired library of random
DNA/RNA molecules;** (ii) the specific DNA/RNA molecules gravitation towards the
surface of the target till it is physically bound; (iii) separation of bound material from
unbound material until only the target molecule and its specific counterpart are captured; and
finally (iv) the amplification of the DNA/RNA molecules which match the analyte in order to

form the appropriate aptamer sequence.*?
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Figure 2. 5: (A) Showing the n vitro SELEX process, (B) showing diverse molecules which
can be detected by aptamers. Reprinted from Y. Wu,and Y. Kwon, Aptamers: The
“evolution” of SELEX, Methods, Elsevier, 2016, 1046-2023.

Aptamers can specifically recognize a range of targets including cells, proteins and small
molecules.®® This is possible because the aptamer undergoes a conformational change when
interacting with analytes of interest to form three dimensional structures which often wrap
around its targets.** Aptamers has many advantages in comparison to antibodies, as they are
easily modified, has a higher selectivity, good temperature stability, as well as a large surface

density which contributes to greater binding properties.*

Immobilization procedure of an aptamer plays a really crucial role in the fabrication of an
aptasensor, as the orientation of the aptamer plays a huge role in the aptasensor’s
performance.*® Factors such as affinity, specificity and stability of the aptamer are all affected
by its immobilization onto the sensor surface. The reason for this is the orientation of the
aptamer has to be correct in order to maximize its stability, also the aptamer needs to be
immobilized in such a way as to minimize non-specific binding and to ensure binding to the
analyte is made easier.*® There are different immobilization methods these include: physical
adsorption, chemical adsorption, streptavidin/avidin/neutravidin-biotin interaction as well as

covalent attachment via functional groups.*® Physical adsorption relies on electrostatic forces
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to hold the aptamer onto the transducer/electrode; this method is simple given that the
aptamer does not have to go through any initial modification steps. The other three methods
all require modification of the aptamer either via a thiol group, a biotin protein or an amino
group.”® In the present study immobilization of the aptamer to the sensor surface was
achieved via covalent attachment. Aptamers are modified with chemical groups, such as
amine or hydroxyl groups, these groups interact with terminal carboxylic groups which are
activated using 1-ethyl-3-[3-dimethylaminopropyl]-carbodiimide hydrochloride (EDC)/N-
hydroxysulfosuccinimide (sulfo-NHS).%” This method can be performed on different types of
electrodes, the functionalization/preparation of the surface of the electrode also plays a role in
the type of modification the aptamer should undergo.* A way in which the sensitivity of
aptasensors or biosensors can be increased is via the incorporation of nanomaterials*® such as,

quantum dots, nanorods, graphene and carbon nanotubes.

Nanomaterials play a huge role in the immobilization of aptamers onto electrode surfaces. It

has many advantages as seen below:

- Nanomaterial has its own characteristic properties, such as good electrical and
chemical properties.*® Electrical properties and chemical properties help link aptamers
to the electrode through covalent paints of attachment.

- These nanomaterials “act as a mediating platform for electron transfer from the
aptamer to the transducer.*® Hence, resulting in signal amplification for the biological
redox event which occurs at the surface of the electrode.

- Its high surface area to volume ratio allows a larger surface area for aptamer

immobilization, and in essence, greater detection of the analyte of interest.>°

Table 2.1 shows an account for recent aptasensors which used nanomaterials for clinical and

environmental analyte detection in the last decade.
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Table 2. 1: Aptasensors enriched with nanomaterial over the past ten years.

Nanomaterial Electro = Transduction = analyte LOD Biorecept REF
de or

AuNp’s Au EIS IL-6 0.02pg/ml Aptamer  (Kumar et
al,2016)>*

GQDs-AUNRs SCE EIS,DPV,CV = PSA 0.4ng/ml Aptamer | (Srivasta et
al,2018)

CdSe QDs GCE DPV Thrombin 0.08ug/ml  Aptamer  (Li et
al,2011)%

AuNP’s/BNNS FTO DPV,EIS Myoglobin 34.6g/ml Aptamer | (Adeel et
al,2019)>*

GQD’s Fluorescence  Lead ions 0.6 nM Aptamer  (Qian et
al,2015)®

AuNP’s Fluorescence = AflatoxinBl = 3.4nM Aptamer = (Sabet et
| al,2017)%

GO films Au- CV. o UBNP-32..109pg/ml  Aptamer (Grabwaska

SCE et al,2018)"7

SWNT Au DPV. - Cocaine 11105pM Aptamer  (kumar et
al,2016)!

AuNP’s Colorimetric | 17b-] |1 200pM Aptamer  (Alsager et
—estradiol : al,2015)%®

Note: Interleukin-6 (IL-6); Prostate Specific Antigen (PSA); Brain natriuretic peptide
(BNP); Screen printed electrode (SCE); Au (Gold electrode); Glassy carbon electrode (GCE);
Fluorine doped tin oxide electrode (FTO); Screen printed gold electrode (Au-SCE).
Electrochemical impedance (EIS); Differential pulse voltammetry (DPV); Cyclic
voltammetry (CV); Gold nanoparticles (AuNP’s); Graphene Quantum dots Gold nanorods
composite (GQDs-AUNRs); Cadmium selenide quantum dots (CdSe-QDs); Boron nitride
nano sheets (BNNS); Graphene Quantum Dots (GQDs); Graphene oxide (GO); Single walled
carbon nanotubes (SWNT).

In this study aptamers were used as the bio-recognition component, and nanomaterials such
as quantum dots used as a mediating platform between the electrode and the aptamer. The

following section gives an overview of quantum dots types and uses.
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2.4) Quantum dots

Quantum dots (QDs) first discovered around 1981 by Russian physicist Alexei EKimov, in his
time at the Vavilov State optics institute,® can be broadly described as nanocrystals
composed of a semiconductor core (including group I1-1V or group I11-V elements) encased
inside a shell which is made up of a second semiconductor material.®® These nanocrystals has
incredible properties compared to their bulk counterparts which make them useful in many
fields such as medical diagnostics,®® biological imaging,? electronics® and photovoltaics.5®
QDs sizes range from 2 nm to 10 nm. QDs has size tuneable fluorescence properties, broad
excitation range, narrow emission spectrum high resistance to photo bleaching and a strong
fluorescence.® The size tuneable properties of quantum dots refer to different colours
observed in relation to the size of the quantum dots. When a semiconductor absorbs a photon
of a certain amount of energy, an electron in the valence band is promoted to the conduction
band, and an electron hole pair is generated (the hole.is left behind in the valence band after
the electron has been promoted to the conduction band).®® The electron-hole pair is held
together by a coulomb attraction and the pair is-able to-meve around in the bulk material,
similar to the Bohr model of the atom.®® Once the radius of the electron orbit in the bulk
material is smaller than the Bohr excitation radius, the electron and hole pair starts becoming
‘squashed’ resulting in a confinement energy. This phenomenon is known as the quantum
confinement effect.®” Thus, the ‘energy shifts to higher ‘levels or blue shifts once the
‘squeezing’ of the electron-hale pair becomes greater. In essence this means that as the QDs
become smaller, the energy level becomes higher and as such results in a blue shift. Larger
QDs will result in lower energy level and as such will red shift. Thus, the QDs wavelength of
emission can be fine-tuned depending on its size. The composition of the QDs also plays a

role in the wavelength of its emission.®* QDs can be classified into three different types:

-Core type quantum dots

Core type QDs consist of a single component semi-conductor nanocrystal, with a uniform

centre.
-Core shell quantum dots

Core shell QDs can be described as semiconductor nanomaterial which is embedded inside

another material with a wider bandgap. By coating the nanocrystallites with a higher band
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gap inorganic material, it will passivate the surface non-radiative recombination sites, thus

resulting in improved photoluminescence quantum yields.%
-Alloyed quantum dots

These QDs on the other hand, are formed by alloying together two semiconductor materials
which has different band gap energies. These QDs not only display different properties from
their bulk material, but also display differences in their electrochemical properties of their

parent material.5®

2.4.1) Capping agents

Capping agents are frequently used to inhibit nanoparticle overgrowth as well as change the
surface properties of the quantum dots based on their application.”® Properties such as size,
surface composition and metal composition influence the toxicity and ultimately the
biocompatibility of QDs. QDs are classified as biocompatible when they form a dispersion
within aqueous media with a. pH of 7.4 and a temperature of approximately 37 degrees
Celsius. Biocompatibility is achieved by introducing a stabilizing agent during the aqueous
route synthesis. However, QDs synthesized organically can also become biocompatible by

exchanging of surface capping ligands.™

An example of water soluble capping agents usually contain thiol functional groups such as
mercaptosuccinic acid (MSA), mercaptopropionic acid (MPA), thioglycolic acid (TGA),
glutathione (GSH), and L-cysteine.®* These ligands consist of a thiol molecule at one end and
a carboxylic molecule at the other end. The carboxylic molecule normally exists at the
surface of the QDs and allows the QDs to be water soluble and also serves as a point of

attachment for biomolecules.”?
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Figure 2. 6: Structure of mercaptosuccinic acid capping/stabilising agent.

In this study water soluble tungsten telluride QDs were successfully synthesized using
mercaptosuccinic acid as a capping agent in order to allow the quantum dots to become
biocompatible for use in an Aptasensor.

2.5) Biomarkers

A biomarker can be defined as a-measurement-that-exists-between any biological system and
a potential threat. The measured response may be physiological or biochemical and is
indicative of disease.”® Many different forms of biomarkers exist, but they are mainly
categorized into the following classes, predictive biomarkers, diagnostic biomarkers,
prognostic biomarkers, staging . biomarkers, as well. as. pharmacodynamic biomarkers.’™
Predictive biomarkers, indicates the potential threat of disease; diagnostic biomarkers, assist
in disease diagnosis; prognostic biomarkers, provide the information needed to provide the
best care and treatment for a particular disease, staging biomarkers, classify the stage of the
disease; and pharmacodynamic biomarkers, predict the bodies response to treatment via
drugs.” Most times a biomarker could fall into one if not more of these categories and give
multiple information about a patient’s wellbeing. Biomarkers are often graded by its
sensitivity and specificity, where sensitivity refers to the percentage of individuals who have
a particular disease and still test positive when screened via a biomarker. Specificity of a
biomarker, however, relates to the percentage of individuals who do not have the disease but
test negative when screened via test involving a biomarker related to the disease.” In this
study an emerging biomarker known as Alpha-methylacyl-CoA racemase (AMACR) for

prostate cancer was detected. A brief discussion on this biomarker follows below.
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2.5.1) Alpha-Methylacyl-CoA Racemase

In order to understand the relevance of alpha-methylacyl-CoA racemase (AMACR) as an
emerging biomarker for prostate cancer, one first has to become familiar with the current
food and drug administration approved prostate biomarker that is used to screen men at risk
for prostate cancer. This approved biomarker is known as prostate specific antigen (PSA).

PSA is a serine protease which is produced in high concentrations by normal and malignant
prostatic tissue.’® Its job is to help liquefy the semen after ejaculation, normally only small
amounts are released into the blood stream from a healthy prostate, but larger amounts are
released during prostatic disease. Even though PSA is considered a biomarker for prostate
cancer; it can also be used as a marker for benign prostate hyperplasia (a case of severe
swelling of the prostate).”” For this reason, it is suggested that the specificity of PSA towards
prostate cancer are low and as such can lead to unnecessary biopsies for patients who do not
have the disease.”® Furthermore, PSA-is not a reliable-marker for aggressive prostate cancers
because at this stage the prostate produces: less PSA, and the concentration of PSA present
does not accurately predict the'aggressiveness of the disease.” The following points outlined
below describe the characteristics of an ideal biomarker for prostate cancer. The biomarker
should correctly predict the significant presence or progression of prostate cancer with the
main objective of eliminating unnecessary biopsies. The biomarker should contribute to
reducing morbidity and unnecessary expenses, it should be detected non-invasively, and it

should be specific to prostate cancer and not benign prostate hyperplasia.

AMACR is an enzyme that is involved in peroxisomal beta-oxidation of branched chain fatty
acids.”® Unlike PSA, AMACR is specific to prostate cancer and is not present in samples of
males who have cases of severe benign prostate hyperplasia. It has been reported AMACR
expression in prostate cancer has a specificity ranging from 88% to 100% and a sensitivity of
83% to 100%. In comparison to PSA (specificity of 20% and a sensitivity of 80%), AMACR

seems like a reliable cancer biomarker which can be used to diagnose prostate cancer.2°
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2.6) Characterization Techniques

2.6.1) Spectroscopic Techniques

2.6.1.1) UV-Vis Spectroscopy

Ultraviolet-visible spectroscopy denoted by (UV-Vis) is a characterization technique
associated with measuring the absorption of radiation (by an analyte of interest), as a function
of wavelength.®! It is a beneficial tool for characterizing nanoparticles/nanomaterials as they
have optical properties that are sensitive to size, shape and concentration.®2 Each molecule
consist of their own characteristic energy levels, which are discrete and can absorb significant
amounts of radiation in the visible or ultraviolet region by causing an electron transition
within its structure.®® Energy supplied by visible or ultra-violet light can promote electrons
from the ground state to an excited state orbital or antibonding orbitals. Possible electronic
transitions which can occur by the absorption of either visible or ultra-violet light are listed

below:

otoo”
ntoo”
nton”
mtom”

Where,o and m refers to bonding orbitals, o*and m* refers to anti bonding orbitals and n

refers to non-bonding orbitals respectively.®
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Figure 2. 7: Showing electronic transitions and their energies

Using the beer lamberts law the concentration of a sample can be calculated, this law relates
the attenuation of light to the path length of the beam travelled as well as to the concentration
of the absorbing species. This. is-given by Equation 2.2.%*

A= —loglopﬁ0 = abc [2.2]

Where,

A = absorbance

po =intensity of the light emitted (cd)

P = intensity of the attenuated light after passing through the sample (cd)
a =absorptivity(L.mol™t.cm™1)

b =path length(cm)

¢ =concentration of absorbing species (mol.L™1)

Using the beer lamberts law the concentration of quantum dots can be calculated once the
molar absorptivity is known. The size of quantum dots can also be approximated by UV-Vis

in the following way: The minimum energy required to excite an electron from the valence
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band to the conduction band of a quantum dot is dependent on its band gap. From this
information a rough estimate of the quantum dot size can be estimated by fitting experimental
data of absorbance versus wavelength of known particle size.®* Qualitative information about
quantum dots can also be extracted from its absorption data, such as size distribution, shape
and crystal lattice information.8!
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Figure 2. 8: Working principle of UV-Vis spectroscopy, figure reprinted from A. Oudbhia,
UV-Vis spectroscopy as a non-destructive and effective characterization tool for I1-VI

compounds; Recent Research in Science and Technology, 2012, 4(8): 109-111.

In UV-vis a deuterium lamp or tungsten/halogen lamp is used as the source of ultraviolet and
visible radiation, respectively, in the range of 200 nm - 800 nm. This light passes through a
diffraction grating (which is used to separate the light into its component wavelengths), and is
then focused on to the sample compartment by making use of a slit. Once the beam of light
passes through the sample the attenuation can then be measured by a detector.®® A reference
cell is used to measure only the solvent in which the analyte can dissolve, and its absorbance

is then subtracted (background subtraction) from the analyte of interest, resulting in the
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absorbance of the material itself and not its solvent.®! Figure 2.8 shows the working principle
of UV-Vis.

2.6.1.2) Fourier Transform Infra-red Spectroscopy

Fourier transform infrared spectroscopy (FT-IR) is a form of vibrational spectroscopy
wherein the molecular structure and molecular environment of an analyte is studied.®® FT-IR
is a time saving method used to detect a range of functional groups, non-destructively. As it
provides information based on the chemical composition and physical state of the sample.®’

The operating principle of FT-IR is based upon irradiating a sample with infrared radiation,
originating from an infrared source. The radiation absorbed by the sample then promotes the
deposition of quanta of energy into vibrational modes. However, a molecule will only
correspond to radiation that .is related to its characteristic molecular modes of vibration.
These changes of vibrational metion within a-molecule give rise to the bands in a vibrational
spectrum generated by FT-IR, each band is then denoted by its specific frequency and

amplitude value.®®

All molecules generally exhibit characteristic absorbance peaks which are expressed in
reciprocal centimetres known as the wavenumber. These peaks are often described as the
molecular fingerprints as peaks in the 1350 cm™ to the 1000 cm? region give the most
information about the sample analysed.®® Figure 2.9 below, shows and example of a typical

FT-IR spectrum, where a sample’s main functional groups are expressed. &
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Figure 2. 9: An example of a FT-IR Spectrum image reprinted from J. Donoso and co-
workers, Biomimetic, Mild Chemical Synthesis of CdTe-GSH Quantum Dots with Improved
Biocompatibility, PloS ONE 2012, volume 7, issue 1, 1-9.

In the work done by Perez and co-workers, glutathione (GSH) capped cadmium telluride
(CdTe) QDs were synthesized chemically, and FT-IR was used to characterize the QDs as
seen in the FT-IR spectrum.in. Figure .2.9. Here, it.can he seen that the capping agent
glutathione and the capped quantum dots GSH-CdTe were both analysed via FT-IR
independently. The results show that there is a disappearance of a thiol vibrational peak at
around 2526 cm?, suggesting that the QDs were successfully ‘capped’ with GSH by forming
a covalent bond between the thiol and the Cd atom at the surface of the CdTe quantum dot.
The same principle is applied to this study, however, the only difference is the type of

capping agent used, which is mercaptosuccinic acid.

2.6.2) Structural techniques

2.6.2.1) X —ray diffraction

X-ray diffraction (XRD), an extensively used technique for the characterization of
nanoparticles provides information related to the crystalline structure, lattice parameters and

nature of the phase of nanomaterials.®® One of its main advantages are that experiments can
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be performed on dried samples (of colloidal solutions) which results in volume averaged
values.®® In simpler terms XRD is based upon the constructive interference of X-rays and a
crystalline sample.?® The peaks which result from XRD are produced by constructive
interference, of a beam of monochromatic X-rays scattered at specific angles from each
lattice set present in a given sample. These peaks are characteristic to the sample of interest.
The composition of material under study can be determined by making a comparison between
the intensity of the peaks with that of the standard patterns available from the International
Centre for Diffraction Data (ICDD) database.®

The working principle of XRD is based upon satistying Bragg’s law, only until Bragg’s law
is satisfied the incident beam of X-rays interacts constructively with that of the crystal
structure, producing a diffracted ray.®® Brags law is denoted in Equation 2.3 below:

nd = 2dsin® [2.3]

Braggs Law (where n is an integer, A is the wavelength of the x-rays, d is the inter-planar

spacing responsible for generating the diffraction, and © is the diffraction angle.

Brags Law relates the wavelength of.incidence x-ray radiation to the diffraction angle and
lattice spacing experienced in a sample of crystalline nature.”* X-rays that are diffracted are
collected by a detector and analysed. Crystalline samples can be identified by using XRD as
each compound has a characteristic set of d-spacing’s/inter-planar spacings and can be
compared to standard reference patterns.® In a typical XRD system three main elements are
always present, that is, an X-ray tube, a detector as well as the sample holder. X-rays are
generated by the use of a cathode ray tube. In this tube a filament is heated to produce
electrons, after which a voltage is applied in order to direct electrons to a target material.
These electrons if given sufficient energy can dislodge inner shell electrons of the target

material in order to produce X-rays.%
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Figure 2. 10: Working principle of X-ray Diffraction instrument. X-ray tube/cathode tube
(used as a source of electrons), sample (used to generate x-rays via interacting with
electrons), analysing crystal (material of interest/under study) and the goniometer, is a tool
used to measure angles accurately.’’>image reprinted from A. Bunaciu and co-workers, X-ray
Diffraction: Instrumentation and applications, Critical reviews in analytical chemistry, 2015,
45,289-299.

In the work done by Qiao and co-workers, zinc oxide (ZnO) QDs were synthesized and their
agglomeration mechanisms were studied: XRD was used to characterize the ZnO QDs and it
was reported from the XRD pattern that the QDs are indeed ZnO with a hexagonal wurzite
crystal structure in accordance with the ICCD. Its diameter was approximated to be 4.8 nm

by the use of Scherrer’s formula.

D, = 0.89 1/Bcos(0) [2.4]

Scherrer’s Formula, where B is the half peak width, A is the wavelength of incident X-rays

and © is the diffraction angle.
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Figure 2. 11: Diffraction pattern obtained for ZnO QDs, image reprinted from B, Qiao and
co-workers, Synthesis of ZnO quantum- dots-and- their agglomeration mechanisms along with
emission spectra based on ageing time and temperature, Chinese physical society and 10P
publishing Ltd, 2016, vol.25, na.9.

2.6.2.2) Small Angle X-ray Scattering

Small angle X-ray scattering (SAXSs) is a high resolution characterization technique that is
able to express features in the 1-100 nm range. SAXs has the advantage of studying
biological material in aqueous media, which makes it more stable and easier to analyse.®
Applications of SAXs are broadly distributed across many fields, such as synthetic polymers,
metal alloys, macromolecules, emulsions, and provides information about shape, size and

distributions of various nanostructures.®*

The working principle of SAXs is based upon an incident beam of monochromatic X-rays
(typical wavelength range of 0.1 nm - 0.2 nm) which are allowed to make contact with a
sample. Some of the X-rays scatter and some move through the sample, however, the X-rays
that are scattered are detected by the use of a two-dimensional flat X-ray detector, which is
situated behind the sample. Only the X-rays recorded at low angles (typically 0.1 degrees - 10

degrees) are used to form a scattering pattern which is then detected by the detector. The
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scattering pattern contains important information about the sample such as its size, shape and

surface to volume ratio of particles.®

Primary beam

Solvent

Figure 2.12: Schematic representation of a SAXS experiment, image reprinted from D.
Svergun and co-workers, Small-angle scattering studies of biological macromolecules in
solution, 2003, 10p publishing Itd, 1 —12.

SAXs is a great alternative: for sizing nanocrystals; and it has some advantages over

transmission electron microscopy (TEM) for the characterization of nanocrystals;

e Experiments in SAXs are performed in solution, this gets rid of destructive drying
techniques or even the possibility of agglomeration induced by evaporation steps

e A larger amount of particles are studied during a SAXs experiment, in comparison to
that of TEM, it differs by 7 orders of magnitude

e Data obtained from SAXs experiments is not as dependent on the operator, in

comparison to that of TEM.

In the work done by Dabbousi and co-workers, SAXs was used to analyse the particle size
distribution of highly luminescent (CdSe)ZnS composite QDs. The source of x-rays was a
copper anode, and the x-ray beam was then collimated onto a position sensitive detector. The
size of the QDs in a polymer matrix was calculated to exist in a range of 47 angstrom - 50

angstrom.®’
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2.6.3) Microscopic Techniques

2.6.3.1) High Resolution Scanning Electron Microscopy

High Resolution Scanning Electron Microscopy (HR-SEM) is a characterization technique
that offers various information about the surface phenomena of materials.®® Information such
as the topography, morphology, crystallographic information as well as composition of
material can be obtained. Here detailed images of particles are a result with a spatial

resolution of 1 nm, which is not possible using a conventional optical microscope.®

It works in the following way; a beam of electrons are produced by an electron gun situated
above the sample,® these electrons are then accelerated by applying heat or a voltage.
Electrons are then allowed to travel in a vacuum towards the sample as to minimize the risk
of obstruction of the electrons (so energy is not lost). Electrons are then allowed to scan over
the sample in a raster fashion. These electrons-also known as primary electrons can now
provide energy to electrons in the sample and. allow it-to release electrons known as
secondary electrons, or x-rays.® These secondary electrons as well as x-rays can be collected
by a detector which picks up rebounding electrons. Once this information is analysed a three
dimensional image can be generated for the sample under analysis.®® Figure 2.13 below
shows the interaction of an.electron beam with the sample of interest and the resultant

electrons or x-rays which are emitted.
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Figure 2. 13: Electron beam interacting with-a sample-in.a SEM set-up, where secondary
electrons refer to electrons emitted by the sample that gained enough energy to leave when
hit. Image reprinted from K. Akhtar and co-workers, Scanning Electron Microscopy:
Princicple and Applications in Nanomaterials Characterization, Springer international
publishing, 2018, 113 — 145.

Sample preparation for SEM is usually dependent on whether the specimen is a metal or a
non-metal, metals require very little preparation as they respond in a favourable manner to
electrons, however, non-metal samples has to be modified before analysis by coating with
conductive material.*® In the work done by (Kapatkar et al, 2009) SEM was used to confirm
the size and shape of high quality CdSe quantum dots synthesised via an aqueous route by
making use of thioglycholic acid as a capping agent. Here, the QDs were prepared at room
temperature, and SEM was used to confirm a particle size reported to be 2 nm - 3 nm in
diameter. Also from the SEM images, clear lattice fringes present indicated good crystallinity
of the sample. The QDs were also found to be monodispersed and spherical without any
agglomeration. This could be due to the correct amount of capping agent used to prevent QDs

from ‘sticking together’.1%
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2.6.3.2) High Resolution Transmission Electron Microscopy

High resolution transmission electron microscopy (HR-TEM) is an imaging technique that is
used to characterize the size and shape of nanomaterials directly.’®® The Transmission
electron microscope has a similar structure to a normal optical microscope, however, differs
by replacing the light bulb in optical microscopes with an electron gun, and glass lenses are
replaced by magnetic lenses in transmission electron microscopy.%? Other features which
make this type of microscopy unique is the use of three different lenses which work together
to form an image, these lenses are known as the objective, intermediate and projection lenses.
In transmission electron microscopy electrons are concentrated into the central axis of the
microscope column by the use of a vacuum as a medium for the electrons to travel, the
electrons are then passed through the sample and converged by a series of lenses, until which
a final image is generated on a phosphor screen.®? The working principle of a transmission

electron microscope is shown in Figure 2.:14 below:
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Figure 2. 14: Showing the working principles of HR-TEM.
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In the work done by Chen and co-workers, HR-TEM was used to characterize their GSH-
CdTe quantum dots synthesized via a one-pot synthesis method. A diameter of 6 nm and a
spherical shape, with a well dispersed crystalline structure was reported for their quantum

dots.103

2.6.4) Electrochemical techniques

2.6.4.1) Electrochemical Impedance

Impedance first made an introduction into electrical engineering by Oliver Heaviside in the
early 1880’s,2® who adapted complex numbers to study electrical circuits.?® Electrochemical
impedance spectroscopy (EIS), is an electrochemical characterization technique that operates
in the frequency domain and can be measured by applying an AC potential to an
electrochemical cell and measuring the resulting current.?> The applied sinusoidal excitation

potential E; can be expressed by:

Et = E,.Sin(wt) [2.5]

Applied sinusoidal excitation potential in. impedance is'represented by the above equation,
where E; is the potential at time t; Ey. is the amplitude of the signal and w = 27tf is the radial
frequency, fis the frequency expressed in hertz (Hz).?° The response to the AC potential is an

AC current signal, which can be represented by Equation 2.6 below:

The resulting current after an AC potential was applied can be represented by the formula
above, where I, represents the intensity of the resulting current, I, being the amplitude and a

phase angle @.%°
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If we relate Equation 2.5 and 2.6 above to ohms law the impedance of the electrochemical

system can then be represented by equation 2.7 below:

7 — B _ _EoSin(wt) _ , _Sint) [2.7]

It IpSin(wt+ 0) ~ “Ogin (wt+ 9)

Impendence of an electrochemical cell by its relation to ohms law. 2°

From the above equation it can be seen that impedance can be treated as a vector quantity

with a magnitude represented by Z,and a direction given by ¢.2°

In order to mathematically treat impedance data, the real and imaginary axis are often
depicted, the real part is accounted for by the resistance as it doesn’t produce a phase shift,
whereas the imaginary part is accounted-for the by-capacitor/double capacitance layer as it
does produce a phase shift.>. Graphical representations of impedance data is usually
represented by the ‘Nyquist plot’ which plots the imaginary (Z;) versus the real part (Z,.) of
the impedance. A graphical representation is shown in Figure 2.15 below, each point

represented here corresponds to its own unique frequency value.?°
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Figure 2. 15: Example of a Nyquist plot and.its equivalent Randles circuit. Image reprinted
from A. Bonanni and M. Del Valle, Use of nanomaterials for-impedimetric DNA biosensors:
A Review, Elsevier, 2010, 7 — 17.

Electrochemical impedance is an electrochemical technique which is simple to operate,
sensitive in its detection and non-destructive to biological material or samples, and has been a

popular area of research in terms of biosensor fabrication.®

In the work done by (Wang et al, 2019) an electrochemical aptasensor for the sensitive
detection of malachite green was reported. This sensor was equipped with a nanocomposite
material which consisted of gold nanoparticles (Au-NPs), graphene quantum dots as well as
tungsten disulphide nanosheets. Malachite green is a dye which has been very popular in the
agricultural community but studies have shown that it does have carcinogenic effects
amongst others.2%* The electrochemical performance of the sensor was studied using EIS.
Nyquist plots for each step in sensor fabrication was studied using a ferricyanide probe, as
shown in Figure 2.16, the linear portion of the graph corresponds to diffusion limited
processes and the diameter of the respective semi-circles corresponds to the charge transfer
resistance (Rct).1%

In Figure 2.16 below different fabrication steps were reported for the fabrication of the
aptasensor. The first step denoted by ‘curve a’, represents the bare glassy carbon electrode

platform. While ‘curve b’ refers to the second fabrication stage, where the nanomaterial was
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implemented as an electron mediator onto the sensing platform. It can be seen that when
‘curve b’ is compared to ‘curve a’ there is a decrease in the Ret value, this means that the
nanomaterial were more conductive than the bare electrode. However, ‘curve ¢’ refers to
aptamer immobilization onto the electrode surface. The aptamer is the sensing component of
this sensor and is specific to the analyte being detected namely ‘malachite green’ and a clear
increase in the R¢t was observed implying successful immobilization of the aptamer onto the
surface (this increase is due to the repulsion between the negatively charged redox probe and
the aptamer).1% The second last step is denoted by ‘curve d’, here, mercaptohexanoic acid
was used as a blocking agent to block non-specific binding sites (Rc decreased as MCH
hindered electron transfer).1%

In this study EIS will be implemented to study the electrode fabrication steps as well as to
characterize the QDs produced.
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Figure 2. 16: EIS spectra of different fabrication steps in aptasensor design, (a) bare GCE, (b)
GCE/GQDs-WS,/Au-NPs, (c) GCE/GQDs-WS,/Au-NPs/aptamer, (d) GCE/GQDs-WS,/Au-
NPs/aptamer/MCH and (e) GCE/GQDs-WS,/Au-NPs/aptamer/MCH in the presence of
malachite green. Image reprinted from Q. Wang and co-workers, Label-free Electrochemical

Aptasensor for Sensitive Detection of Malachite Green Based on Au Nanoparticle/Graphene

Quantum Dots/Tungsten Disulfide Nanocomposites, Nanomaterials 2019, 1 — 14.
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2.6.4.2) Cyclic Voltammetry

Cyclic voltammetry (CV) is a powerful technique used to study the reduction and oxidation
processes of molecular species.!® It also gives qualitative information about the stability of
the REDOX processes and electron transfer kinetics.%® This technique is based upon cycling
a potential at a particular scan rate and measuring the resulting current.2%” Unlike Linear
sweep voltammetry (LSV), CV reverses potential directions from either a negative to a
positive scan or vice versa. Once the scan reaches the set potential, the potential is then
reversed and return to the initial potential that was applied to the working electrode. Cyclic
voltammetry can be used to find out if a system is reversible, quasi reversible or irreversible,
assuming a reversible reaction we can analyse the cyclic voltammogram shown in Figure

2.17 below by the following set of Equations.

Assuming an electroactive species R gets oxidized into species O when potential is ramped

positively;

R o 0 +net [2.8]

Electrochemical oxidation of species R

Once potential is reversed and scanned negatively, the following occurs;

O+ne! &R [2.9]

Electrochemical Reduction of species O

If we were to run a cyclic voltammetry experiment on the species shown above, the following

cyclic voltammogram as shown in Figure 2.17 below would be obtained.
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Figure 2. 17: A simple voltammogram, image reprinted from D. Brownson and co-workers,
Graphene electrochemistry: Fundamental concepts through-to prominent applications, Royal
society of chemistry, 2012, 6994 — 6977.

Where:

e E}¢? Cathodic peak potential
e EP* Anodic peak potential
e i7¢4 Cathodic peak current

e ip* Anodic peak current

For a reversible process the ratio between the peak currents should equate to one;

Where, < = 1105 [2.10]

ipa

When the redox process is reversible the peak current is given by the equation
1
i, = 0.4463nFDA(Da)zC" [2.11]
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Peak current for fixed parameters:

Where,a = 2% = 2 4¢ 250 [2.12]

RT ~ 0.026

Here: i, is the peak current, n is the number of electrons, F is faradays constant (c/mol), a is
the geometric area of the electrode, R is the ideal gas constant, T is the absolute temperature,
V is the scan rate in V/s and D is the diffusion coefficient in cm?/s

In the work done by Senet and co-workers, an electrochemical DNA biosensor was reported
for breast cancer gene BRAC1 detection. The sensor was designed by implementing three
different dendrimer ferrocene-cored poly(amidoamine) generations, this was then chemically
adsorbed onto a gold electrode surface (AuE) and single stranded DNA was immobilized
onto the electrode to detect BRACI gene. Figure 2.18 below-shows sensor fabrication steps

which were studied for first generation-dendrimer immobilization.

In the cyclic voltammogram represented by Figure 2.18, it can be seen that no reversible
peaks were shown for the bare AuE, however, once the ferrocene-cored poly(amidoamine)
first generation dendrimers were immobilized onto the electrode surface a pair of well-
defined redox peaks were observed, indicating a good electron mediator characteristic.
Further modification steps such as the binding of single stranded DNA which was done using
glutaraldehyde as a linking agent between the dendrimer and DNA, the cyclic voltammogram
shows a decrease in peak currents, which could be due to repulsion between the negative
DNA backbone and the electrolyte solution.3®

In this study CV was also used to study the different steps in the aptasensor fabrication

process.
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Figure 2. 18: Fabrication steps of-an electrochemical aptasensor (in 10 mM PBS, pH 7.4).
Image reprinted form M. Senet and co-workers, Electrochemcial DNA biosensors for label
free breast cancer gene marker detection, Analytical and Bioanalytical Chemistry, 2019, 2925
-2935.

2.6.5.3) Differential Pulse voltammetry

Differential pulse voltammetry (DPV) is a sensitive electrochemical technique which relies
on discrimination of faradaic currents.?> In DPV the potential applied is different in
comparison to methods like CV. In CV potential is applied directly to the system and is
reversed at a certain point to return to its original starting potential. DPV, however,
implements a potential which consists of small pulses which are often superimposed on a
stair case waveform.?21% Here, the resulting current is measured at two points, before the
pulse is applied and one taken after the pulse has been applied. The current measured before
the pulse is subtracted from the current measured after, and this difference is then plotted
verses the potential applied to the system.!®® The highest peak current obtained is
proportional to the concentration of analyte present in the system and this can be depicted by

equation 2.13 below.1%
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_ nFADY2¢C (1—_a) [2.13]

p Tt 1+a

Where,a = exp [(”F) (A—E)] and AE is pulse amplitude,i,= peak current, n= number of

RT 2

electrons involved in the redox reaction system, A= area of electrode, D= diffusion

coefficient, F=faradays constant, T=ambient temperature and R = ideal gas constant.

In the work done by Yao and co-workers, a single use biosensor for the detection of prostate
cancer biomarker AMACR was reported. AMACR antigen was prepared in 0.1 M PBS
solution with concentrations ranging from 10 pg/mL to 0.05 pg/mL. DPV was used to study
the biosensor response. Figure 2.19 shows DPV measurements of the AMACR antigen in 0.1
M PBS. A LOD of 0.05 pg/mk for the detection-of AMACR was reported using DPV as
detection method.

In this study DPV will also be used as a method of detection for emerging prostate cancer

AMACR using an aptasensor equipped with MSA-WTes QDs.
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Figure 2. 19: DPV measurements of AMACR antigen in-0.1 M PBS. Image reprinted from J.
Yao and co-workers, Bio-conjugated, single-use Biosensor for the Detection of Biomarkers

of Prostate Cancer, American Chemical society Omega; 2018, 3, 6411-6418.
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Conclusion

This chapter gave insight to the different types of electrochemical biosensors and how they
replace heavy desktop machinery for applications in disease diagnostics, different
transduction methods as well as different bio-receptors were made mention of in order to
classify different types of biosensor and their respective classes. In this study an
electrochemical aptasensor was reported for AMACR detection equipped with MSA-WTes
QDs for prostate cancer disease diagnosis applications. Topics such as biomarkers, and
aptamers as well as quantum dots were all introduced and made reference to in order to aid
the understanding of the work done in this study. Different methods for characterization of
QDs produced in this study were mentioned and explained, as well as the information that
these techniques would be expected to provide. Methods of biomarker detection are also
introduced in order to execute a good understanding of each method of detection and how it

applies to this study.
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CHAPTER 3

EXPERIMENTAL

3.0) Overview

This chapter describes the procedures for the synthesis of mercaptosuccinic acid capped
tungsten telluride quantum dots (MSA Capped WTez QDs), using a biocompatible water
soluble synthesis route. Fabrication of a quantum dot based aptasensor is also described as
well as the method used for detection of the analyte of interest, namely, AMACR. In

addition, all reagents, materials and instrumentation employed in this study were outlined.

3.1) Reagents

Analytical reagent grade tungsten hexachloride (WCLg) ( > 99.9 trace metals basis),
Tellurium powder (-30 mesh, 99.997% trace metals basis), Mercaptosuccinic acid (MSA) (>
99.0%), Sodium Borohydride (NaBHs) (Powder, 98.0%), Sodium hydroxide (>99.0%),
Hydrochloric acid (HCL) (37%), Cysteamine (= 98.0%), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) and: N=hydroxysuccinimide (NHS) (98.0%) as well as
Dulbecco’s phosphate buffered saline (10. mM and 0.1 M, pH. 7.4) were all purchased from
Merck.

Aptamer sequence:

(CCCTACGGCGCTAACCCCATGCTACGAATTCGTTGTTAAACAATAGGCCACCGT
GCTACAA-NH)

was purchased from Ingaba biotech, and recombinant alpha-methylacyl coenzyme A
racemase (AMACR) was purchased from Biomatik USA.
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3.2) Instrumentation

All electrochemical measurements were done using a PalmSens3 Potentiostat from PalmSens
electrochemical interfaces (Netherlands) as well as a CHI electrochemical workstation.
Conventional working electrodes, Ag/AgCl reference electrode and platinum wire counter
electrode were all purchased from BASI®, polishing pads and slurries were all purchased
from Buehler. Screen printed gold and carbon electrodes from Dropsens supplied by
Metrohem. UV-Vis measurements were made using a Nicolet Evolution 100 UV-Visible
spectrometer (Thermo electron, UK). HR-TEM images were taken using a Tecnai G2 F20X-
Twin MAT 200kV Field Emission Transmission Microscopy from FEI (Eindhoven,
Neatherlands). All FT-IR spectra were recorded using a 100 FT-IR spectrometer by
PerkinElma, USA. Small angle X-ray scattering was done by a SAXs instrument from Anton
paar. And XRD measurements were taken using D8 advance diffractometer from Bruker
AXS (Germany).

3.3) Experimental Procedure

3.3.1) Synthesis of MSA-WTez:QDs

The MSA-WTes QDs was prepared according to methods reported by (Yu et al, Elsevier

Ireland, 2013) with some modifications.?

3.3.1.1) Preparation of Sodium hydrogen telluride (NaHTe) Solution

Tellurium (Te) powder (2.5 mM) was added to Sodium borohydride (NaBH4) (5 mM) in a
glass vial, the molar ratio between Tellurium and Sodium Borohydride was 1:2 respectively.
10 mL of doubly distilled water (Millipore systems) was added and used as a medium to
allow the two powders to react. The glass vial was then covered in foil and parafilm used to
seal the opening, after which holes were made to allow hydrogen gas produced as a product

to escape. The following reaction resulted in the formation of hydrogen gas:
4NaBHs+ 2Te + 7TH.O0 — 2NaHTe +14H, + Na»2B4O7 [3.1]
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NaHTe precursor reaction

This vial was then left overnight in a fridge at 4 °C (as Tian et al, 2009, reported that this
reaction works best in a place that is cold and dark),? after which a purple colour was
obtained, indicating the completion of the NaHTe precursor reaction.

3.3.1.2) Preparation of MSA-WCle_ion solution

The second step of the MSA-WTes synthesis required the preparation of an MSA-WCle ion
solution. WCle (3.75 mM) was added to MSA (7.5 mM) with a molar ratio of 1,5:3 between
tungsten hexachloride and mercaptosuccinic acid. 10 mL of doubly distilled water was added
and mixed in a three neck round bottom flask, under a steady stream of nitrogen gas. After 5
minutes the pH of the solution was adjusted in order to enable the capping capabilities of
MSA. The pH was adjusted to.8.21 using 5 M NaOH. Once-the pH was adjusted the solution

was allowed 40 minutes to react.

After 40 minutes 5 mL of NaHTe precursor was added drop wise into the MSA-WCls ion
solution and allowed a further 5 minutes to enable a good distribution of tellurium throughout
the solution. Once mixed the solution was transferred to-a Teflon vessel and placed into the

microwave instrument and heated-for 15 minutes at a constant temperature of 90 °C.

Once the MSA-WTes quantum dots were formed, they were removed from the microwave

and quenched immediately by placing them in an amber bottle and into the freezer at -20 °C.

After 5 minutes the QDs were then purified by a three step ethanol washing process, where
ethanol was added to the MSA-WTesz QDs and centrifuged for 10 minutes at 1400 rpm. After
each step the supernatant liquid was discarded carefully and the steps were repeated until a
pellet of quantum dots sunk to the bottom of centrifuge tube. Finally, after three washing
steps, all the liquid was discarded and the leftover pellet was dispersed in doubly distilled

water for further characterization and application.
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3.4) Sample Preparation

3.4.1) UV-Vis spectroscopy

10 cm? Quartz cuvettes were used for UV-Vis spectroscopy studies, quantum dots and its

respective precursor solutions were analysed by UV-Vis following the procedure below:

First the cuvettes were cleaned using ethanol, and doubly distilled water, and allowed to dry
under a steady stream of nitrogen gas. Then 2 mL of water (the solvent used in this study)
was inserted into both the sample holder and reference cell in order to subtract the
background signal of the solvent from the analyte UV-Vis spectrum. After this the QDs and

its precursors were analysed, respectively.

3.4.2) FT-IR

FT-IR measurements were done using a flow cell. Here, the flow cell was cleaned using
ethanol and water successively. The background was subtracted by running the solvent before
any analysis was done. The MSA-WTes quantum dots were then injected into the flow cell
using two 5 mL syringes and allowed to coat the visible window of the cell in order to

perform FT-IR analysis.

3.4.3) SAXs

Small angle x-ray scattering (SAXs) was done using a SAXspace small and wide angle
scattering instrument from Anton paar, using 35 pL of QD sample in an aqueous solvent.
Scattering curves where then collected in SaxDrive software, and treated using SaxQuiant
and GIFT software in order to Fourier transform scattering curves into the appropriate PDDF

distribution curves.
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3.4.4) XRD

XRD samples were prepared by dropping 50 pL successively onto glass substrates in order to
form a thin film. Measurements are performed using a multipurpose X-ray diffractometer D8-
Advance from Bruker operated in a continuous 9-9 scan in locked coupled mode with Cu-K
radiation. The sample is mounted in the center of the sample holder on a glass slide and
leveled up to the correct height. The measurements run within a range in 2@ defined by the
user with a typical step size of 0.034° in 20. A position sensitive detector, Lyn-Eye, is used
to record diffraction data at a typical speed of 0.5 sec/step which is equivalent to an effective
time of 92 sec/step for a scintillation counter.

3.4.5) HR-TEM

High resolution Transmission electron microscopy. (HR-TEM), selected area electron
diffraction together with EDS was performed using a Tecnai F20 Field emission transmission
electron microscopy from FEI, Oregon, US. Samples were sonicated for about 30 minutes
before successful dropping onto a nickel/copper grid and allowed to dry. Images were then

taken and further analysed using ImageJ software in order to determine D-spacing.

3.5) Preparation of electrodes for electrochemical analysis of QDs

3.5.1) Characterization of MSA-WTes using a Conventional Gold electrode

Conventional gold electrodes (AuEs) from Basi© were polished using 1.00 , 0.30 and 0.05
UM alumina polish slurries on separate polishing pads for 10 minutes. The AuEs was then
sonicated using ethanol and distilled H2O for 10 minutes, respectively, after which it was
dried using nitrogen gas. Once dried, the AuEs was dipped into a 15 mM cysteamine solution
and left in a dark space overnight in order to form a self-assembled monolayer (SEM). Once
formed the electrodes was then rinsed gently with distilled water and dried with nitrogen to
prepare for quantum dots immobilization. MSA-WTes quantum dots were allowed to react
with a (1:3) ratio EDC/NHS solution mixture in order to activate carboxyl groups present on
its surface. After 30 minutes 10 pL of QDs were dropped onto the electrode and left to dry

overnight in a dark cool space before electrochemical analysis.
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3.5.2) Characterization of MSA-WTes using a screen printed Gold electrode

Screen printed gold electrodes SPAUEs were purchased from Dropsense/Metrohem. Firstly
50 uL of 15 mM cysteamine was dropped onto the active surface of the SPAUEs and left
overnight to allow the formation of a SAM on the surface, after this the electrodes were
lightly rinsed with distilled water to remove any unbound molecules. MSA-WTes QDs
activated using the same method as mentioned in section 3.5.1 above and dropped onto the

electrodes and left to dry overnight before electrochemical analysis.

3.5.3) Characterization of MSA-WTez using a Conventional Glassy carbon electrode

Conventional glassy carbon electrodes (GCEs) were thoroughly polished and cleaned using
1.00, 0.30 and 0.05 uM alumina polish slurries on separate polishing pads for 10 minutes.
The GCEs was then sonicated-using ethanol and distilled H>O for 10 minutes, respectively,
after which it was dried using nitrogen gas. Once dried the electrode was modified with the

following electrochemical grafting steps:

i Electrochemical grafting of 4-nitrophenyl layers on GCEs

400 pL of a 0.1 M NaNO;z (or 2 mM) was added to 20 mL of solution containing 1
mM 4-nitroaniline and 0.5 M HCI under stirring at room temperature. The mixture
was left to react for 5 minutes before using 2 mL of the solution in an electrochemical
cell containing an Ag/AgCI reference electrode and platinum wire counter electrode
that is connected to a Palmsens3 electrochemical workstation. Electrochemical
modification of the GCEs surface is performed by 1 cycle of cyclic voltammetry
scanned from + 0.7 V to - 0.4 V at a scan rate of 0.05 V/s and rinsed gently with

distilled water.

ii. Electrochemical reduction of grafted 4-nitrophenyl layers to 4-aminophenyl

Once rinsed, the second step was underway where 2 mL of 1 M KCI was used in an

electrochemical cell containing the GCEs. Electrochemical reduction was performed
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by 5 cycles of cyclic voltammetry scanned from + 0.4 V to - 1.2 V at a scan rate of
0.05 V/s and rinsed with distilled water.

MSA-WTez QDs were activated using the same method as mentioned in section 3.51
and dropped onto the electrodes and left to dry overnight before electrochemical

analysis.

3.5.4) Characterization of MSA-WTez using a screen printed carbon electrode

Screen printed carbon electrodes (SPCEs) were first modified via electro-grafting of amine

groups (as described in section 3.5.3 (i) and 3.5.3 (ii)), before QDs immobilization as

reported in section 3.5.2.

3.6) Fabrication of MSA-WTes Aptasensor

For the final aptasensor fabrication, SPCEs were used as the substrate and modification steps

are outlined below:

Electrografting of 4-aminophenyllayers onto SPCE surface
(See section 3.5.3 above).
Immobilization of MSA-WTes QDs onto the electrode

50 uL of quantum dots activated with EDC/NHS (250 mM /50 mM) was dropped
onto the electrode and left in a dark, to dry overnight. At this point the electrode can
be denoted by SPCE/QDs.

Immobilization of aptamer onto SPCE surface.

50 uL of 4 uM amine modified aptamer specific to AMACR were dropped onto the
electrode. First carboxylic groups present on the SPCE/QDs were activated using
EDC/NHS (250 mM / 50 mM) for 30 minutes before washing the electrode with
distilled water to get rid of any unbound material. The electrode at this stage is
denoted by SPCE/QDs/APT (where APT=aptamer). The sensor was then stored in the
fridge at 4 °C and left overnight.
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iv.

Blocking buffer MCH

Non-specific binding site were blocked using 1 mM mercaptohexanol (MCH). After
rinsing off unbound/excess amine modified aptamer, the SPCE/QDs/APT surface was
incubated with 50 pL of MCH for 60 minutes, at 4 °C. At this point the complete
Aptasensor is denoted by: SPCE/QDs/APT/MCH

Incubation of AMACR biomarker on Aptasensor.

Different concentrations of the AMACR biomarker were allowed to incubate on the
aptasensor overnight, at 4 °C. The SPCE/QDs/APT/MCH surface was first rinsed, and
thereafter incubated with 50 pL of different concentration of AMACR analyte. The
aptasensor (SPCE/QDs/APT/MCH) were stored at 4 °C when not in use, PBS at pH
7.4 was used as washing buffer during the washing step after each surface
modification process. Scheme 3.1 below illustrates the different steps in the

aptasensor fabrication process.
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Scheme 3. 1: Fabrication steps in aptasensor development process. First QDs were

immobilized onto the electrode, then aptamer was attached, and finally AMACR detected.
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3.7) Electrochemistry Experimental Parameters

All experiments were done using Palmsens 3 electrochemical interfaces, Netherlands. All

experiments were conducted in 10 mM PBS (phosphate buffer saline) pH 7.4 unless stated

otherwise, as this buffer provided the ideal conditions for the system when working with

biological material.

3.7.1) Electrochemical Impedance

All electrochemical impedance experiments were performed using the parameters listed

below, unless stated otherwise:

Table 3. 1: Parameters for electrochemical impedance spectroscopy

Equilibration | Scan | Edc | Eac | Freg [ .Number | Max | Min | tMax,OCP | Stability
time (sec) type (V) L(\D=typesi-offreg-~freq | freq (sec) criterion
(Hz2)x'| (H2) (mV/s)
3 Fixed | 0.0 [0.01{scan"{41=10110000 | 1.0 1.0 0.001
potential dec

3.7.2) Cyclic Voltammetry and Differential Pulse VVoltammetry

All cyclic voltammetric experiments were ‘performed using the parameters listed below,

unless stated otherwise:

Table 3. 2: Parameters for both CV and DPV experiments

Technique Scan Rate Potential window Electrolyte solution
CVv 10 mV/s — 100 mV/s -1.0Vto+1.0V 10 mM PBS pH 7.4
DPV 0.05 V/s -50Vto+5.0V 5 mM ferricyanide

made in 10 mM PBS
pH 7.4

74




Conclusion

Chapter three included specific details regarding reagents used in this study as well as
instrumentation and their respective parameters used during operation of experiments. QDs
synthesis was also discussed to give insight into the parameters that were optimized for
MSA-WTes QDs development (more on this will be discussed in chapter four). Fabrication
steps of the sensor was also listed in this chapter, as each step has a specific role in overall

sensor development and performance.
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CHAPTER 4

RESULTS AND DISCUSSION

4.0) Overview

This chapter deals with the characterization of novel mercaptosuccinic acid capped WTes
QDs. Here, the optical, electronic and physical properties were studied using techniques such
as UV-Vis and FT-IR spectroscopy, cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS), as well as XRD. In addition, the size of the MSA-WTez QDs was
determined by SAXs and further confirmed by HR-TEM microscopic technique. In this
chapter the properties of MSA-WTes QDs are thoroughly discussed in accordance with
literature standards as well as.understanding the technigues-and interpreting the information
deduced from it. The response of the MSA-WTes QDs based aptasensor in the absence and
presence of AMACR analyte was also studied by DPV. Furthermore, the limit of detection
(LOD) and limit of quantification (LOQ) of the MSA-WTez QDs based aptasensor towards
AMACR were also determined and compared to LODs reported in literature.

4.1) Quantum Dot Characterization

4.1.1) Ultraviolet-visible (UV-vis) Spectroscopy

Absorbance and band gap of QDs

The optical properties of the MSA-WTes QDs was explored using absorbance. Precursors
such as sodium hydrogen telluride (NaHTe) as well as tungsten hexachloride +
mercaptosuccinic acid (WCls + MSA) were also analysed using this technique. The

absorbance spectrum for both the QDs and its respective precursors are shown in Figure 4.1.

As can be seen in Figure 4.1, the MSA capping agent exhibited a characteristic band at 233
nm while the combination of WCls + MSA precursor resulted to an absorbance band at 241
nm which shifted from 233 nm to 241 nm due to the ligand to metal charge transfer.

Interestingly, tellurium precursor obtained three characteristic profile bands at 234 nm, 282
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nm and 370 nm. These bands are associated with the reduction of Te®* to Te® and Te®to Te?,

respectively.
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Figure 4. 1: Absorbance spectra of MSA-WTez QDs, NaHTe and WCLe + MSA precursors,
and MSA capping agent.

The lowest energy absorption feature of MSA-WTes QDs is seen at 283 nm which could
suggest that the quantum dots have a very broad size distribution. Due to broad size
distribution, different band gap energies exist and thus electrons will get excited at a variety
of wavelengths.! Optical properties of QDs arise due to the process where electrons are
excited from the outer valence band to the conduction band, and this energy difference is
known as the bandgap energy. When an electron is excited from the valence band a hole is
left. The electron and its respective hole pair are then held together by electrostatic forces of
attraction which forms an exciton. An exciton Bohr radius can be described as the distance
between the hole and its electron pair, hence when the QDs diameter is smaller than the Bohr
radius a phenomenon known as quantum confinement occurs. Here, electrons are only

allowed to transition to discrete energy levels and continuous transitions are no longer

79



allowed. The energy levels of both the valence and the conduction band are now termed as

‘quantized’ and the energy values of each level are characteristic to the size of the particle.?
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Figure 4. 2: MSA-WTesz QDs absorption band, where the left inset corresponds to the direct
bandgap energy (A) and right inset corresponds to the indirect bandgap energy (B).

From the absorbance data the direct and indirect bandgap energies can be determined using

the Tauc-relation as illustrated by Equation 4.1 below.®

ahv = A(hV — E,)" [4.1]

Where, a = Absorption coefficient; h = Planck’s constant; v = frequency; A = constant and

E, = energy band gap; n = 2 when calculating the direct bandgap (Egd) and n = %2 when

calculating the indirect bandgap (Egi).? Plotting the energy (hv) against either ahv? or ahv®®,
the respective direct and indirect bandgaps can be determined by extrapolating the linear
portion of the graph as shown in Figure 4.2 above. The bandgap energy of the QDs was

found to be 5.75 for Egq and 5.19 for Eg;, respectively.
80



4.1.2) Fourier Transform Infrared (FT-IR) Spectroscopy

Molecular bonding of capping agent

Structural properties of the quantum dots were further investigated using FT-IR. Figure 4.3

(A) and (B) below shows spectra obtained for both the MSA-WTes QDs and its capping
agent MSA, respectively.
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Figure 4. 3: FT-IR spectrum for MSA-WTes QDs (A) and MSA capping agent (B).
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Figure 4. 4: Structure of mercaptosuccinic acid capping agent.

In Figure 4.3 (B), a characteristic peak at around 2550 cm™ is observed and can be attributed
to the stretching vibration of S-H (thiol bond),* however, the S-H bond diminished (as seen
in Figure 4.3 (A)) indicating deprotonation of the S-H group and the formation of S-W bonds
between the MSA molecule and the WTes core. Further investigation of Figure 4.3 (A),
reveals a peak at around 3000 cm™ which-could-be due to the OH stretching vibrations of
water molecules.® In addition, absorption-bands-at-around 1430 cm™ - 1560 cm™ could be
attributed to the stretching of carboxylic acid groups of the capping agent MSA, thus
confirming successful capping of the MSA-WTes QDs with MSA.® Figure 4.3 (B) also shows
distinct peaks for C=0 stretch at around 1715 cm™, a C-H stretch at 2931 cm™ and a COOH
stretch at 3559 cm™. These peaks are less prominent in comparison to the peaks observed in
Figure 4.3 (A), which reveals that MSA characteristic peaks. have diminished due to the

formulation of QDs in aqueous solution.

4.1.3) X-ray Diffraction (XRD)
Chemical composition and Structure

X-ray diffraction was used to study the chemical composition and the stoichiometry of the
MSA-WTes QDs. The scanning angle range corresponds to 2 theta and ranged from 10° to
90°. Figure 4.5 below, shows the XRD pattern of the MSA-WTes QDs. Here, characteristic
bands corresponding to (100), (101), (102), (110), (111), (200), (201), (112) and (202) planes
can be observed and it is in good agreement with the JCPDS (Joint committee on Powder
diffraction standards) with a hexagonal structure. The amorphous hump at around 30° is
related to the glass substrate used to immobilize the MSA-WTez QDs on. The narrow intense

peak represented by the (101) plane suggests that the MSA-WTes QDs are crystalline.
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Figure 4. 5: X-ray diffractograms of MSA-WTes QDs.

4.1.4) Small Angle X-ray Scattering (SAXs)
Particle Size, dispersion and stability in agueous media

SAXs was used to investigate the particle size and size dispersion of the MSA-WTesz QDs in
an aqueous medium. Information regarding the.stability. of.the respective MSA-WTes QDs
and its agglomeration patterns were all studied using this technique. The advantage of using
SAXs is that the MSA-WTes QDs can be studied in its existing solvent thus eliminating the
need for re-dispersion or drying steps.” The results obtained from the SAXs analysis was
transformed into pair distance distribution function (PDDF) by volume, size distribution and
by number function Nn(r). The spectra of these parameters can be seen in Figure 4.6 and
Figure 4.7 below. Here, MSA-WTez QDs synthesized at different time periods are
investigated, that is, QDs synthesized for 5 minutes and QDs synthesized for 30 minutes,

respectively.

From Figure 4.6 (B), it is evident that the MSA-WTes QDs had an average radius of 2 nm,
and hence, an average diameter of 4 nm when studied in aqueous media. Figure 4.6 (A),
however, gives information about the largest particle size detected which is around 17 nm.

The irregular shape of the PDDF curve is indicative of aggregation occurring between the
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particles; this means that the particles stick together to create particles with a larger radius.
The PDDF curve in Figure 4.6 (A) also shows a dip into the negative region indicating the
presence of the capping agent and confirms successful capping of the WTez QDs with MSA

capping agent.
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Figure 4. 6: SAXs data for MSA-WTez QDs produced in 5 minutes by microwave irradiation.
Here, the data are illustrated by PDDF (A) and particle radius (r) distributed by the number of

particles (B), respectively.

A clear distinction can be seen between Figure 4.6 (B) and Figure 4.7 (B), where particle
radius average has doubled, from 2 nm during the 5 minute synthesis to 4 nm radius during

the 30 minutes synthesis. This observation confirms that the growth of the QDs during
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microwave irradiation is time dependent,® and it is an important parameter which can be
altered to optimize the electronic properties of the QDs. It should be noted that the electronic
and optical properties of QDs are closely related to its size.’

Furthermore, the PDDF curve shown in Figure 4.7 (A) indicates that the largest QDs particle
size is observed around 17 nm to 18 nm and that agglomeration of the particles still occurs.
The dip into the negative region as seen in Figure 4.7 (A) confirms that MSA was still
playing its role in terms of capping the WTes QDs.

(A)
15+

10

o ] 18nm

r/nm
4 hm
(B) /
1,0
0,8 -
- 0,6 -
=
<. 04
=
0.2+
0,0 4

Figure 4. 7: Water soluble MSA-WTez QDs produced in 30 minutes by microwave
irradiation. Here, the data are illustrated by PDDF (A) and particle radius (r) distributed by
the number of particles (B), respectively.
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4.1.5) High Resolution Transmission Electron Microscopy (HR-TEM)

Particle size, morphology and crystallinity

MSA-WTes QDs were studied using HR-TEM to confirm their size, morphology and
crystallinity. Figure 4.8 (A) and (B) suggest that QDs are poly-dispersed and spherical in
shape with sizes within the nanometer range. Figure 4.8 (C), shows that the QDs has an
estimated size of 4 nm in diameter, with lattice fringes indicating good crystallinity of the
sample. The distance between the lattice fringes are equivalent to the interplanar spacing also
known as the ‘d-spacing’. In the case of MSA-WTez QDs the lattice fringes experienced are
at 2.02, 2.17 and 3.70 angstrom. From the selected area electron diffraction pattern (SAED),
it can be seen that small bright spots make up circular rings, indicating a polycrystalline

sample.

MSA-WTes QDs shown in Figure 4.8 was synthesized according to the following specific
parameters, that is, (i) the QDswere synthesized for 5 minutes.by microwave irradiation; (ii)
the pH of the reaction medium was adjusted to 8.21; and (iii) a molar ratio of tungsten
hexachloride to mercaptosuccinic acid to tellurium (WCle:MSA:Te) was 1.5:2:1,
respectively. These parameters were optimized by isolating one parameter at a time, and
studying the size and shape of the QDs produced. By optimizing different parameters like
time, pH and molar ratios different, types of nanomaterials can be obtained. It was evident
that longer synthesis times resulted in larger tungsten telluride nanomaterial, either rods, or
nanospheres or both.!® The pH was also a very important parameter which had to be taken
into account, as pH adjustment is important to de-protonate thiol groups present on
mercaptosuccinic acid so successful capping of the QDs could take place. Ratios are also
very important to ensure that limiting reagents are sufficient to allow the formation of QDs.
Figure 4.9 to Figure 4.11 shows the different outcomes when synthesis parameters were

isolated and studied.
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WESTERN CAPI

Figure 4. 8: HR-TEM images of MSA-WTez QDs at different magnitudes, that is, 50 nm (A),
10 nm (B) and 2 nm (C). The inset in (C) represents the selected area electron diffraction
pattern (SAED). [Parameters for synthesis: Time = 5 min, pH = 8.21 and ratios
(WCle:MSA:Te) were 1.5:2:1].
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Figure 4. 9: HR-TEM images of MSA-WTez; QDs at different magnitudes, that is, 0.2 um, 50
nm and 10 nm with the selected area electron diffraction pattern (SAED). [Parameters for
synthesis: Time = 20 min, pH = 8.21 and ratios (WCls:MSA:Te) was 1.5:2:1].

Figure 4. 10: HR-TEM images of MSA-WTes QDs at different magnitudes, that is, 0.2 um,
50 nm and 10 nm with the selected area electron diffraction pattern (SAED). [Parameters for

synthesis: Time = 20 min, pH = 9.5 and ratios (WCleg:MSA:Te) was 1.5:2:1].
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Figure 4. 11: HR-TEM images of MSA-WTez QDs at different magnitudes, that is, 0.2 pm,
50 nm and 10 nm with the selected area electron diffraction pattern (SAED). [Parameters for
synthesis: Time = 1 Hour, pH = 8.21 and ratios (WClg:MSA:Te) was 1.5:2:1].

Figure 4.9 shows HR-TEM micrographs for tungsten telluride nanomaterials produced via
microwave synthesis, where time for the reaction was 20 minutes. From Figure 4.9, it is
evident that different sized nanoclusters are formed. The bright spots observed in the SAED
image suggest that the nanoclusters are crystalline. Figure 4.10 shows the formation of
tungsten telluride nanorods. Here, the time for synthesis was kept at 20 minutes, but the pH
of the reaction solution was adjusted to 9.5. The SAED confirms that the nanorods have a
crystalline component to it. Figure 4.11 shows wire like nanostructures, which were formed
over a time period of an hour. The SAED shows diffuse rings which suggest that the
nanowires are amorphous. It should be noted that all other parameters were kept constant for
the different nanomaterial structures formed and only those mentioned was changed. These
HR-TEM micrographs prove that QDs size and shape are highly dependent on reaction

parameters and are especially sensitive to changes in pH.
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4.1.6) High Resolution Scanning Electron Microscopy (HR-SEM)

Morphology of Quantum dots and aptamer binding

From Figure 4.12 (B) and (C) below the QDs appeared to be spherical in shape and it seems
like they are fused together. The pH of the reaction solution also plays a huge role as the
capping agent might not have been successfully de-protonated during the synthesis process
and as such could not maintain its colloidal stability (as seen in accordance with TEM data in
Figure 4.8).!! The elemental composition of MSA-WTes QDs was studied using EDS, as seen
in Figure 4.12 (D). It is evident that the QDs are rich in both tellurium and tungsten. Other
elements such as carbon (C), sulphur (S), as well as oxygen (O) are also present and can be
attributed to the capping agent, mercaptosuccinic acid. Furthermore, other elements such as
sodium (Na) results from using sodium borohydride (NaBH.) as a reducing agent in order to
reduce tellurium and Cl is a result of the tungsten hexachloride (WCls) precursor.

Upon further study MSA-WTes QDs still remamed aggregated, however, the HR-SEM
micrograph showed some distinet visible ehanges upen-the introduction of the amine
modified aptamer, as shown in Figure 4.13 (B) and (C). These morphological changes could
be attributed to the nature of the aptamers and how they bind to the QDs. In the work done by
Jones and co-workers, similar-changes were observed when single stranded DNA was
immobilized onto spherical gold. nanoparticles, the nanoparticles then arranged themselves
into two different types of cubic crystals, face centred and body centred. In Figure 4.12 the
QDs were first spherical in shape, but addition of the aptamer caused the QDs to rearrange

and form cubic like structures, as seen in Figure 4.13 (C).
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Figure 4. 12: HR-SEM micrographs of MSA-WTes QDs at different magnifications, that is,

10 um (A), 1 um (B) and 200 nm (C), respectively, while the EDS spectrum of the MSA-
WTes QDs is shown in (D).
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Figure 4. 13: HR-SEM micrographs of APT-MSA-WTez QDs at different magnifications,
that is, 10 um, 1 um and 200 nm, respectively.
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4.1.7) Cyclic Voltammetry (CV)
Electrochemical properties

The electrochemical behaviour of MSA-WTes QDs was investigated using techniques such
as cyclic voltammetry and electrochemical impedance spectroscopy. The novel MSA-WTes
QDs were studied in solution as well as immobilized onto various electrode substrates by
methods described in chapter three, section 3.5 in order to establish which platform would
yield the best results for further applications in biosensor/aptasensor fabrication protocols.

Conventional Au and GC electrodes were used to explore the electrochemical properties of
the MSA-WTesz QDs precursors. Peaks for the MSA-WTez QDs were accounted for by first
investigating the cyclic voltammograms of both precursor solutions, that is, NaHTe and
MSA-WCle. Figure 4.14 (A) and (B) shows the CVs of NaHTe and MSA-WCle, respectively,
in 10 mM PBS, pH 7.4. Here, ‘A’ denotes-anodic peaks and ‘C’ denotes cathodic peaks.
From Figure 4.14 (A) it is evident that two.anodic peaks-are visible, that is, Az at Epa = + 325
mV, which can be associated with Te**, while A; at Epa = + 550 mV might be due to the

oxidation of Te** to Te®*.

In addition, two reduction peaks can also he observed, that is, C1 with an Epc = - 315 mV,
which can be attributed to the reduction of tellurium from Te*" to Te?, and Cz with an Ep = -

600 mV, which might be due to the reduction of tellurium from Te® to Te?",

Peaks observed at more negative potentials approximately around - 700 mV is due to onset of
hydrogen evolution.'? However, peaks observed at more positive potentials beyond + 500

mV could be associated with the formation of gold oxide. 3
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4.1.7.1) Precursors Characterization using cyclic voltammetry
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Figure 4. 14: Cyclic voltammograms of NaHTe (A) and MSA-WClg (B) at a conventional
gold electrode (AuE), in 10 mM PBS, pH 7.4, at a scan rate of 100 mV/s.
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Figure 4. 15: Cyclic voltammograms of NaHTe (A) and MSA-WClg (B) at a conventional
glassy carbon electrode (GCE), in 10 mM PBS, pH 7.4, at a scan rate of 100 mV/s.

The NaHTe precursor was further investigated at a conventional glassy carbon electrode.
From Figure 4.15 (A), a very prominent peak at around Epa = 250 mV was observed. This
peak may be attributed to the oxidation of tellurium from Te** to Te®*, however, a shift in the
peak position is visible. This might be due to the fact that a different electrode substrate was
employed. A study done by Mundinamani and co-workers** found that the type of electrode
used, surface modification of an electrode as well as the electrolyte solution of an

electrochemical cell can all affect the cyclic voltammograms produced. Chemical binding
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processes on different electrodes also play a role in the displacement of reduction/oxidation
peak positions, as experienced when studying NaHTe using two different working
electrodes.’

Figure 4.14 (B) shows the CV response of the MSA-WClg precursor in 10 mM PBS, pH 7.4.
From Figure 4.14 (B), an anodic peak A at Epa = 554 mV can be observed, which can be
due to the oxidation of tungsten from W°* to W®*.2% In the work done by Maxime and co-
workers®, the electrochemical behaviour of a tungsten-gold nanocomposite material was
investigated by CV; the resulting cyclic voltammogram appeared to be strikingly similar to
the CV illustrated in Figure 4.14 (B). However, anodic and cathodic peaks are shifted this
could be due to the electrolyte solution used, in their case, sulphuric acid.'® Contrary to this,
conventional AUE also have its own characteristic peaks which could overlap with the peaks
of the MSA-WCls precursor. Figure 4.15 (B) shows the cyclic voltammogram of MSA-WCle
studied at the conventional GCE. From Figure 4.15 (B) it becomes apparent that around Epa =
+ 550mV a broad peak is observed, which could be related-to the oxidation of tungsten.
However, there are no reduction-peaks-observed,-which could be subject to the type of
electrode used or the electrolyte solution used, in this case, glassy carbon and phosphate

buffer, respectively.

Hence, after investigating precursors in sofution for both conventional Au and GC electrodes,
it can be seen that the characteristic anodic peaks for tellurium overlap with that of tungsten,

and as such, can be considered as the QDs peaks:

4.1.7.2) Quantum dots characterization using different electrode platforms

After investigating the electrochemical properties of NaHTe and MSA-WCls precursors, the
electrochemical properties of MSA-WTes QDs were then analysed keeping in mind the
characteristic peaks of each precursor as to assign electrochemical peaks relevant to that of
the QDs. From Figure 4.16 (A) and (B) a peak denoted by A; at approximately Epa = + 375
mV can be observed. This is the peak characteristic of the QDs since it’s a combination of the
anodic potentials of both NaHTe and MSA-WCls. This peak appears to be stable and increase
as the scan rate increases. In addition, it is evident that for both solution and surface bound
QDs, the peak shifts to more positive potentials, this confirms that the reaction at the

electrode surface are governed by slow electron processes.*
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4.1.7.2.1) Conventional gold electrode (AuE)
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Figure 4. 16: CVs of MSA-WTes; QDs in solution at a conventional AuE (A) and

immobilized on a conventional AuE (B) in 10 mM PBS, pH 7.4, at different scan rates in the
range from 10 mV/s to 100 mV/s.
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4.1.7.2.2) Conventional glassy carbon electrode (GCE)
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Figure 4. 17: CVs of MSA-WTez QDs in solution at a conventional GCE (A) and

immobilized on a conventional GCE (B) in 10 mM PBS, pH 7.4, at different scan rates in the
range from 10 mV/s to 100 mV/s.

Conventional GCEs were also used to investigate the electrochemical properties of the MSA-
WTes QDs in solution and surface bound QDs, as shown in Figure 4.17 (A) and (B),
respectively. By studying the CV curves it is evident that the CV for the surface bound QDs
exhibited a peak at Epa = + 300 mV, which is due to the oxidation of the MSA-WTes QDs.
However, in Figure 4.17 (A) no QDs peak can be observed. This may be attributed to the

slow electron transfer processes between the solution species and the electrode surface.
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4.1.7.2.3) Screen printed gold electrode (SPAUE)
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Figure 4. 18: CVs of MSA-WTez QDs in solution at a SPAUE (A) and immobilized on a
SPAUE (B) in 10 mM PBS, pH 7.4, at different scan rates in the range from 10 to 100 mV/s.

Screen printed gold electrodes (SPAUES) were also used to characterize the MSA-WTes QDs
as shown in Figure 4.18. It can be seen that the CV response for both the surface bound QDs
(Figure 4.18 (B)) and QDs in solution (Figure 4.18 (A)) are similar, however, the
characteristic peaks of the QDs are more pronounced and prominent when QDs were studied

in solution, as compared to QDs immobilized on the surface of the SPAUE. This could be due
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to QDs having enough space to interact with its surrounding electrolyte and create a larger
exchange of electrons in order to generate more pronounced peaks.

4.1.7.2.4) Screen printed carbon electrode (SPCE)

(A)

QDs in solution

Current/ uA

Potential/ V.vs Ag I AgCl

s0-]QDs immobilized

Current/ uA

) T T

T
-10 05 00 05 1.0

Potential / V vs Ag / AgCI

Figure 4. 19: CVs of MSA-WTez QDs in solution at a SPCE (A) and immobilized on a SPCE
(B) in 10 mM PBS, pH 7.4, at different scan rates in the range from 10 mV/s to 100 mV/s. It

can be seen that in both CV’s, a prominent peak A: is visible. This is attributed to the
oxidation of the QDs.
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Evaluating each set of cyclic voltammograms obtained for various electrode platforms, it was
found that MSA-WTez QDs studied at the SPCE appeared to show a more favourable
electrochemical behaviour. For this reason, SPCEs will be the primary focus as working

electrodes for biosensor/aptasensor fabrication and application.

The peak characteristics of QDs can be further analysed to obtain information regarding the
surface concentration of the QDs on the SPCE surface. This was done by constructing a plot
of (Ipa) versus the scan rate (v) in the range of 10 mV/s to 100 mV/s as shown in Figure 4.20
(A) below. A linear relationship between Ipa versus scan rate (v) was observed since the

linear correlation coefficient (R?) was found to be 0.994.

Log Ipa Versus Log scan rate (v) is shown in Figure 4.20 (B), and a linear relationship (R? =
0.983) with a slope of 0.592 pA/mV.S? can be observed. These results indicate that the
electron transfer reaction was controlled by the adsorption of the MSA-WTes QDs
immobilized on the surface of a SPCE-in 10 mM PBS, pH 7.4.

Since the electrochemical reaction was found to be controlied by the adsorption of the surface
concentration of the immobilized QDs on the surface of the SPCE, the surface concentration

could be determined by the Brown Anson approximation given by Equation 4.2 below:

n2FZAT
I, = ==V [4.2]

Where |, = peak cathodic current, n = number of electrons (n = 1), F = 96485 ¢ mol™
(Faraday’s constant), A = 0.0201 cm? surface area of electrode, R = 8.314 J mol*K™(Gas
constant), T = absolute temperature (298K) of the system, and v = scan rate in V s* and T is
the (surface coverage). Therefore, the surface concentration of the surface adsorbed quantum

dots was calculated to be

[=2.250 X108 mol.cm™2
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Figure 4. 20: Shows the (A) anodic plot (peak A1) of peak current (Ipa) versus scan rate (v)

and (B) plot of log peak current (lp.) versus log scan rate (v).
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4.1.8) Electrochemical Impendence Spectroscopy (EIS)

EIS was used to investigate the electrochemical properties of the MSA-WTez QDs. Data
obtained was then interpreted using both Nyquist and Bode plots. All parameters and
conditions under which EIS experiments were performed are discussed in chapter three
section 3.7. Figure 4.21 shows Nyquist plots for a bare SPCE and a SPCE with MSA-WTes
QDs immobilized on it. The data obtained from the Nyquist plot was then interpreted using

ZView® software, and its equivalent circuit obtained is shown.

The equivalent circuit was modelled to fit the QDs impedance data, shown as an inset in
Figure 4.21. The equivalent circuit consists of elements such as Rs which denotes the solution
resistance of the electrolyte solution, CPE which describes double layer capacitance and Rt
which describes charge transfer resistance properties.! Using this equivalent circuit it was
evident that the Ry value for the bare SPCE (R, = 5.1759 x 1050 Bare SCE_GCE) was
higher than the Rc obtained for —the MSA-WTes. QDs (R, = 6.3001 x 103Q
SCE_GCE/QDs).
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Figure 4. 21: Nyquist plots of bare SPCE and MSA-WTes-QDs immobilized on SPCE,
respectively, in 10 mM PBS, pH 7.4. The inset shows the Randles equivalent circuit which

was used to model/interpret impedance data.
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This indicates that through incorporation of MSA-WTes QDs the electrical conductivity was
increased, and thus improved the transfer of charge to the electrode surface, and hence acting
as an electron mediating platform. Similar findings were reported in the work done by Sahoo
and co-workers!’, where the use of carbon quantum dots helped improve supercapacitor
performance, and this was confirmed by EIS analysis, where electrons were easily
transported deeper into layers of the capacitor material and showed a significant decrease in
R« of the carbon QDs modified state in comparison to the unmodified material.l’
Furthermore, making reference to the Nyquist plot in Figure 4.21, it can be seen that during
magnification of the impedance plot, close to the origin at very low frequencies, a small
semi-circle can be observed (right inset on graph), indicating the low charge transfer
resistance of the QDs material.*® Figure 4.22 shows the Bode plots of bare SPCE and SPCE
with MSA-WTes; QDs immobilized on it, respectively. It can be observed that the phase angle
is higher for the bare SPCE (85°) than that of the SPCE/MSA-WTes QDs (73°) at lower
frequencies, which indicates an increase in the conductivity associated with the MSA-WTes-
QDs/SPCE system. This increase in conductivity makes the MSA-WTes QDs an ideal
electron mediating platform in constructing a QD based aptasensor. It can also be stated that

the Nyquist and Bode plots are in accordance with each other.
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Figure 4. 22: Bode plots of bare SPCE and MSA-WTe3-QDs/SPCE in 10 mM PBS, pH 7.4.
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4.2) Characterization of MSA-WTez QDs based Aptasensor for AMACR

detection

Characterization of MSA-WTes QD aptasensor was done using techniques such as CV, EIS
and DPV all experimental conditions and parameters can be found in chapter 3 section 3.7.

4.2.1) Fabrication of the sensor

Cyclic voltammetry as well as electrochemical impedance was used to study the different
modification steps in the aptasensor fabrication process.

4.2.1.1)_Fabrication of the sensor characterized using CV

The electrochemical performance of the Aptasensor during-its different modification steps
was studied by CV to evaluate the electron transfer efficiency of each electrode modification.
In addition, the peak characteristic of the ferricyanide [Fe (CN)s]> electrochemical probe
were monitored to check the change in the electrochemical response for each modification
step. The cyclic voltammogram illustrated in Figure 4.23 show the fabrication of the sensor
by comparing the bare SPCE to both. the, SPCE/MSA-WTez QDs and SPCE/MSA-WTe3
QDs/APT, respectively. It can be seen that the ferricyanide probe shows two redox peaks at
the bare SPCE. As soon as the QDs are attached to the SPCE surface, a drastic increase in the
peak currents can be observed, which can be due to the synergistic effect from the
electroactive MSA-WTes QDs.!® This confirms the good electronic properties of the MSA-
WTes QDs. Upon further investigation of the CV curves, shown in Figure 4.23, it can be seen
that the presence of the aptamer causes a decrease in peak currents. This might be assigned to
the steric hindrance effect between the modified aptamer and the electrolyte solution.!® These

results showed a similar response in comparison to the work done by Wang and co-workers.8
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Figure 4. 23: CV curves of the different modification steps.in aptasensor fabrication. Bare
SPCE, SPCE/MSA-WTez QDs and SPCE/MSA-WTes QDs/APT are studied in 5 mM
ferricyanide (prepared using 10 mM PBS, pH 7.4) at a scan rate of 50 mV/s.

4.2.1.2) Fabrication of the sensor characterized using EIS

By studying the Nyquist plots which were modelled using the equivalent circuit model
(Figure 4.21), the R values for each modification step were obtained and are tabulated in
Table 4.1. It can be seen that the highest Rt was that of the bare electrode, and the lowest
being that of the QDs immobilized onto the surface, resulting in the conclusion that the QDs
made the surface more conductive. However, upon addition of the Aptamer (synthetic single
stranded DNA with amine ends for attachment) onto the SPCE/MSA-WTe; QD modified
electrode now denoted as SPCE/MSA-WTes QDs/APT, the R resulted in a massive
increase. The high Rq value obtained when analysing the SPCE/MSA-WTez QDs/APT
implies successful assembly of the aptamer. The increase in resistance when the aptamer is
added, is due to electrostatic repulsion between the negatively charged amine group on the
aptamer and the PBS solution.'® Another reason for the increase in R when the aptamer is
introduced, is due to the conformational changes the aptamer undergo, thus hindering the
flow of electrons from the electrolyte to the SPCE surface (these changes can be seen in

Figure 4.13-SEM data). An increase in the Rc: value for immobilization step of the blocking
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agent is generally expected, as its role is to limit or hinder interfacial electron transfer to the

electrode as explained in the work done by Wang and co-workers,'® However, in this system

this was not the case. This could possibly be due to the insufficient concentration of the MCH

blocking buffer used.
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Figure 4. 24: Nyquist plot showing the different modification steps of the MSA-WTes QDs
based aptasensor in 10 mM PBS, pH 7.4. Where, (A) represents the Bare SPCE, (B)
represents the SPCE/MSA-WTesz QDs, (C) represents the' SPCE/MSA-WTes QDs/APT, and
(D) represents the SPCE/MSA-WTes QDs/APT/MCH,

Table 4. 1. Charge transfer resistance (Rct) values of different medication steps obtained

from fitting the EIS Nyquist p

lot in Figure 4.24.

Fabrication step of electrode Rt % Error
Bare SCE_GCE 5.1759 X 10° 10,156
SCE_GCE/QDs 6.3001 X 10° 4.2644

SCE_GCE/QDs/APT 3.1665 X 10* 1.5541

SCE_GCE/QDs/APT/MCH 1.9985 X10* 4.4466
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Phase angle (A) and total impedance (B) plots complementary to the Nyquist plot (Figure
4.24) are shown in Figure 4.25: It can be seen that the phase angle at low frequencies changes

with each fabrication step.
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Figure 4. 25: Bode plots represented by the phase angle (A) and total impedance (B) plots for

the different modification steps in the aptasensor fabrication process.
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Interpreting Figure 4.25, it can be seen that the phase angle for the bare SPCE, SPCE/MSA-
WTes QDs/APT and SPCE/MSA-WTes QDs/APT/MCH is high compared to the
SPCE/MSA-WTez QDs. This indicates a greater electrical conductivity associated with
quantum dots. Thus, the Bode plots are in good accordance with the Nyquist plots for the
sensor fabrication steps.

4.2.2) Aptasensor response to AMACR biomarker

In this study screen printed carbon electrodes (SPCEs) were modified with MSA-WTez QDs
synthesized using an aqueous route in order to allow it to be biocompatible for the detection
of biological components such as AMACR. Using an amine modified aptamer specific to the
AMACR biomarker, QDs on the surface of the SPCE were then modified. This was done in
order to allow fast transfer of electrons to the electrode surface for quantification. In order to
achieve the greatest selectivity towards the analyte each-modification step during sensor

fabrication was optimized before final fabrication of the aptasensor.

4.2.2.1)_Response of MSA-WTEs ODs Aptasensor to AMACR biomarker (Target) using
Differential Pulse Voltammetry (DPV)

In this study AMACR an emerging. biomarker for prostate cancer was detected directly via
MSA-WTes QDs based aptasensor. QDs were used as an electron mediator in order to exploit
its electronic properties. QDs were not only advantages to this study because of its excellent
electron transfer properties, but also due to their small surface area which allowed for greater
aptamer attachment onto the sensor platform, thereby increasing the overall sensitivity and
selectivity of the aptasensor. QDs allowed aptamers specific to AMACR to bind to the
surface of the SPCE via an amine carboxylic interaction which was mediated through the use
of EDC/NHS interaction. The response of the MSA-WTes aptasensor was investigated using
DPV and the results are shown in Figure 4.26 and Figure 4.27 below.
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Figure 4. 26: DPV response of SPCE/MSA-WTes QDS/APT/MCH sensor towards varying

concentrations of AMACR, in the range 0 ng/mL — 10 ng/mL, in 5 mM ferricyanide, in 10
mM PBS, pH 7.4.
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Figure 4. 27: Corresponding DPV calibrations curve responses of MSA-WTez QDs based
aptasensor towards different concentrations of the AMACR biomarker. Each error bar

corresponds to the average of no less than three independent replicates.
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DPV was used as a method of detection since it has a high sensitivity and low resolution in
comparison to other electrochemical techniques such as CV. From Figure 4.26, it can be seen
that the oxidation peak current increased with an increase in AMACR concentration, thus
resulting in a linear relationship between the oxidation peak current and the concentration of
AMACR. In order to fully understand the data obtained by DPV studies, a calibration curve
was constructed and is shown in Figure 4.27. The inset on this graph just gives insight on the
linear part of the calibration curve, however, more data points are required in order to move
to higher and lower detection values and thus allow for a wider dynamic range. But based on
the present data the calibration curve shows a good linear response with a correlation
coefficient of R?= 0.96. Three replicas (n = 3) of each DPV detection was done in order to

determine the detection limit.

LOD =3 X

standard deviation of blank [4 3]
sensitivity '

Equation 4.3: Formula for calculating the limit of detection (LOD)

The detection limit (S/N =:3) was calculated to be 0.35651 ng/mL and the limit of
quantification was 1.08033 ng/mlL.

Table 4. 2: Recent AMACR detection methods reported in literature

Method of | Limit of | Dynamic linear range | References

detection detection

Immunosensor 0.05ug/ml 0.900ug/ml (Yao et al)*®

Fluorescent 19.5ng/ml (10 to 10°nM) (kai et al)®

enzyme linked

aptamer

immunosensor

Colorimetric assay | 1.4nmol/min/mg | (1.4-255 (Yevglevskis et
nmol/min/mg) al?!
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Table 4.2 above shows the recent detection methods reported in literature for the detection of
emerging prostate cancer biomarker AMACR. AMACR has been detected in lower detection
limits than shown in the table above and this could be due to the incorporation of the novel
MSA-WTes QDs. Future work has to be done in order to increase the sensitivity of the sensor

and optimize its performance in real samples.
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CHAPTER 5

CONCLUSION AND FURTURE WORKS

5.0) Overview

This chapter gives an overview of the study in terms of outlining the main objectives that
were achieved and discusses the advantages of MSA-WTes QDs as platforms in the
aptasensor development for the sensitive detection of AMACR. This chapter also expresses
future recommendations in order to optimize the sensor and eventually improve its design for

application in the real world.

5.1 Conclusion

Prostate cancer is the leading cause of death in men in over 46 countries, currently the testing
for prostate cancer results in long waiting periods and methods which are invasive and not
specific to the disease itself. The main objectives of this study was to establish an ultra-
sensitive aptasensor for an emerging prostate cancer biomarker known as AMACR through
the implementation of novel: MSA-WTes; QDs. This objective was achieved first via the
aqueous synthesis of the MSA-WTe; QDs by microwave irradiation and then implementation
of these QDs as an electron mediating platform for aptasensor development, in order to
increase levels of sensitivity and specificity of the sensor. The MSA-WTez QDs size was
confirmed by HR-TEM to be 4 nm in diameter. The crystallinity of the QDs was hexagonal
and this was confirmed by XRD. Elemental analysis corresponding to HR-SEM confirmed
that the MSA-WTes QDs are rich in both tungsten and tellurium. MSA-WTez QDs showed
excellent electro-catalytic properties using different sensor platforms. Impedance showed that
the electrical conductivity increased in the presence of the QDs on the surface of the sensor
platform, that is, screen printed carbon electrodes. The successful detection of AMACR was
achieved by incubating the said biomarker onto the SPCE surface modified with QDs as an
electron mediator and an amine-modified aptamer specific to the analyte (AMACR) under
study. An electroanalytical technique, namely differential pulse voltammetry (DPV) was used

to study the aptasensor performance towards different concentrations of AMACR. It was
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observed that DPV exhibited a good linearity since its R? value corresponded to 0.96, and had
a limit of detection as low as 0.35651 ng/mL as well as limit of quantification reported to be
1.08033 ng/mL for the detection of AMACR. Thus, the objectives of this study was
achieved via the development of novel MSA-WTes QDs whose properties were studied and
confirmed via various characterization methods for the fabrication of a aptasensor specific to
AMACR. The ultimate goal of this study is to apply this type of electrochemical biosensor to
real life clinical samples, in order to implement a more improved method of prostate cancer

diagnosis, which is inexpensive, simple, portable as well as non-invasive.

5.2) Recommendations for future study

Biosensors have great potential in medical diagnostics as well as disease monitoring, in terms
of reducing mortality rates related to disease and allowing people to live longer more
fulfilling lives. This can only be done by constantly. improving and evolving on the current
methods that exist for disease detection and monitoring through the implementation of new
technologies and new sciences. Before the era of biosensors, methods such as High
performance liquid chromatography (HPLC), Gas chromatography-Mass spectroscopy (GC-
MS) as well as other long complicated laboratory procedures were primarily used for disease
diagnostics.! However, some"drawbacks associated with these conventional methods caused
them to become unpopular ‘and" secondary. detection systems. Some examples of these

drawbacks are listed below:?

» Long waiting periods associated with these methods often stress patients before
results are even ready.

» Large amount of sample is often needed.

» Most times samples are taken invasively from patients (often blood samples).

» Requires trained individuals to operate these systems, as it is often complicated and
laborious.

» Easily allows for sample cross contamination and mix-up (increased human error).

» Requires a lot of power (electricity) to operate which increases running cost.

» Often produces a lot of waste products, and thus provision has to be made in order to

dispose of the waste correctly. Costs associated with these procedures also increases.
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Machinery used are often large and are termed either as ‘stand-alone’ or as ‘bench top’
machinery, thus developing countries where hospital infrastructure are lacking are hit hardest
when it comes to diagnosis and treating of diseases. All of these factors have led to the ‘need’
for better methods of disease diagnosis and prognosis, and have led to the conclusion that an
ideal biosensor should be fast, cost-effective, detect non-invasively, use small amount of
sample and be able to detect target molecules with utmost precision and accuracy. Thus, more
research has to be done in terms of improving the performance and operational principles of
biosensors. Future prospects include exploring avenues such as micro/nano fluidic devices as
well as wearable biosensors. These interesting and exciting approaches are further discussed
in detail below.

5.2.1) Biosensors integrated with microfluidic systems

Microfluidics is considered to be a.multidisciplinary technology in which fluids are
controlled and manipulated usually on a scale of micro-pico litres through the use of channels
and valves, which require very little sample for-analysis.> Three main types of microfluidic
devices exist, continuous flow, droplet based as well as digital microfluidics. Figure 5.1

below shows an image of each microfluidic type:
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Figure 5. 1: Different types of microfluidic systems continuous (a), drop based (b) and digital

image (c). Reprinted from G. Luka and co-workers, Microfluidics Intergrated Biosensors: A
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Leading Technology towards Lab-on-a-Chip and sensors, Sensors (Switzerland) 2015, 30011
— 30031.

Continuous flow microfluidics is based on the continuous motion of fluid in a microchannel,
droplet-based microfluidics are operated via the motion of droplets in a steam of immiscible
fluids, and finally, digital microfluidics are based on the motion of discrete droplets on an
array of electrodes.® Traditional biosensors can be miniaturized to perform as LOC (lab on a
chip) devices, and thus, can be termed microfluidic integrated biosensors. LOC is a device a
few millimetres in size which integrates many laboratory functions onto a single platform,*
using less sample and eliminating cost associated with larger desktop machinery and different
sample pre-treatment steps prior to analysis. By incorporating nanomaterials into these types
of devices such as quantum dots, sensitivity and specificity can be increased, leading to better
methods of disease diagnostics.

5.2.2) Wearable biosensers

Wearable biosensors refers to a class of biosensors which can be comfortably worn on the
body, and provide continuous real time information via a non-invasive method of measuring
biomarkers in bio-fluid such as sweat, tears and saliva.> This. method of detection pose very
little risks in terms of infection and is easy to operate. Wearable platforms can incorporate
nanomaterials such as quantum dots, nanofibers, nanorods to allow a wearable sensor that
gives accurate results about a certain biological process. /An example of wearable sensors is
the epidermal wearable biosensors, also known as, skin-worn sensors that are flexible and
detects biological changes, which occur in our sweat.® Ocular wearable biosensors refer to
biosensors that can be integrated into contact lenses, here the contact lenses come into contact
with tears which could also contain biomarkers which can be quantified and detected.® Oral-
cavity wearable biosensors detect biosensors that exist in the saliva, as many biomarkers in
the saliva are passed from the blood stream via transcellular paths.® Figure 5.2 below shows

images of different types of wearable glucose biosensors.
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Figure 5. 2: Different types of wearable biosensors top left: ocular glucose sensor; top right:
epidermal wearable biosensor, bottom: oral-cavity wearable biosensor. Image reprinted from
J. kim and co-workers, Wearable biosensors for healthcare, Nature Biotechnology, 2019, 37,
389 — 406.

The ultimate goal for the future-is to-develop such devices as outlined above for early prostate
cancer detection. By modifying .the .existing .aptasensor into miniaturized devices and
incorporation of nanomaterials for optimal sensor performance. These proposed methods of
detection can possibly be commercialized, since it offers great advantages to the medical
industry as point-of-care devices. The development and implementation of these detection
methods in recent years can now easily allow medical practitioners to bridge the gap between
the laboratory and the patient by bringing the laboratory to the patient (LOC/ microfluidic
biosensors), thus allowing real time analysis and early detection of diseases which can then

be treated adequately.
Main points to further optimize the fabricated QDs based aptasensor are highlighted below:

» QDs immobilization platform (this includes the sensor substrate) should be optimized
in order to allow the most sensitive levels of AMACR detection.

» The fabricated aptasensor should not be limited to one type of cancer disease, but in
future, be applicable to other types of cancer diseases such as, lung, stomach and oral

cancer.
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» The fabricated aptasensor should be applied to real clinical samples and compared to
conventional desktop heavy machinery, which are currently used for disease
diagnosis.

> Novel synthesis methods should be discovered and studied in order to produce
nanomaterials of highest performance, meaning properties of these materials can be
modified for different uses whether it is in medical, environmental or food.

» Different forms of detection strategies should be designed and investigated like

microfluidic systems.
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