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ABSTRACT

The human epidermal growth factor receptor (HER)-family of receptor tyrosine kinases;
human epidermal growth factor receptor 1, human epidermal growth factor receptor 2, human
epidermal growth factor receptor 3 and human epidermal growth factor receptor 4
(EGFR/HER1, ErbB2/HER2, ErbB3/HER3, and ErbB4/HER4) plays a major role in the
pathogenesis of many solid tumours, in approximately 25 - 30% of breast cancers. Breast
cancer is the second most common type of cancer and affects around 3000 women annually
in South Africa alone. While the benefits of treatment and cancer progress to enhance
therapeutic effectiveness for the patient are well documented, it is also important to employ
or fabricate methods in which cancer can be screened at an early stage. A number of gene and
protein based biomarkers have shown potential in the early screening of cancer. One specific
biomarker that is over-expressed in 20 - 30% of human breast cancers is the human epidermal
growth factor receptor 2 (Her2/neu). Several methods have been developed for detection of
Her2/neu oncogene including immunohistochemistry (IHC), enzyme-linked immunosorbant
assay (ELISA), fluorescent in situ hybridisation (FISH) and polymerase chain reaction
(PCR). However, these methods are subjected to interference problem. For these reasons an
ultrasensitive, cheap and easy to use genosensor has been developed for early detection of the
Her2/neu oncogene using electrochemical and spectroscopic methods. Due to their high
surface-to-volume ratio, electro-catalytic activity as well as good biocompatibility and novel

electron transport properties quantum dots are highly attractive materials for ultra-sensitive



detection of biological macromolecules via bio-electronic or bio-optic devices. In this study a
quantum dots (QDs)-based genosensor was developed in which Ga,Tes-based quantum dots
were synthesised using a novel aqueous solution approach by mixing 3-mercaptopropionic
acid (3MPA)-capped gallium metal precursor with reduced tellurium metal. The
morphological, compositional and structural characterisation of the QDs was investigated
prior to their utilization in DNA sensor construction. High resolution-transmition electron
microscopy (HR-TEM) images confirmed the spherical nature and average particle size (5
nm), while x-ray photoelectron spectroscopy (XPS) and energy dispersive x-ray spectroscopy
EDX analysis confirmed the presence of gallium and tellurium in the material. X-ray
diffraction (XRD) studies confirmed crystallinity and size (6 nm) in agreement with
transmition electron microscopy (TEM) analysis. An amphiphilic bifunctional molecule,
3MPA and 3-mercaptosuccinic acid (3MSA) were used as capping agents for all quantum
dots. It was found that 3-MPA/3MSA improved the solubility, stability, biocompatibility,
affinity for gold and the electron transfer kinetics of the QDs, and prevented their
agglomeration. Retention of the capping agent on the quantum dots surface was verified by
Fourier transform infrared spectroscopy (FTIR) which gave scissor-type bending vibrations
of C-H groups in the region 1365 cm™ to 1475 cm™, stretching vibrations of C=0 at 1640 cm’
! symmetric and asymmetric vibrations of the C-H and —SH in the region 2850 cm™ to 3000
cm™ as well as stretching vibrations of —O-H group at 3435 cm™. Raman analysis also
confirmed these vibrational stretches. Only the 3MPA-Ga,Te; QDs were used to study the
optical and electrochemical properties, and were also used in genosensor preparation. Optical
examination by UV-visible and fluorescence confirmed the semi-conducting nature of the
QDs with the calculated band gap energies of 3.30 - 3.50 eV. Cyclic voltammetry (CV),
square wave voltammetry (SWV), electrochemical quartz crystal microbalance (EQCM) and

electrochemical impedance spectroscopy (EIS) enabled electrochemical interrogation of the
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surface confined materials and their extension to HER2/neu oncogene complimentary DNA
detection using a Ga,Te; modified electrode surface - sensitivity (2-10 x 10? pA ng™ mL™)
and limit of detection (LOD: 0.20 - 0.70 pg mL™) as calculated from SWV, CV and EQCM
measurements and the dynamic linear range (DLR) of the sensor was found to range from 0.1
- 4 nM. The LOD calculated in this study was lower than the required values of Her2/neu in
blood. The calculated parameters suggest that the sensor could be used to detected Her2/neu
at physiologically relevant concentrations, owing to ultrasensitive sensor and thus allow
smaller and low cost sampling. The other sensing platforms were prepared by bioconjugation
of amine-terminated 21 base oligonucleotide probe-DNA (NH,-5'-AAT TCC AGT GGC
CAT CAA-3") onto the quantum dots-modified electrodes with the aid of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS). The prepared DNA electrodes were electrostatically tested with different DNA
sequences of Her2/neu oncogene which included 5-GAA CAT GAA GGA CCG GTG GGC-
3’ (complementary target), 5'-CAT AGT TGC AGC TGC CAC TGG-3’ (non-complementary
target), 5'-GAT CAT GAA GCA CCG GAG GGC-3’ (3-base mismatched target) and 5'-GAT
CAT GAA GCA CCG GAG GGT-3' (1-base mismatched target) to determine the specificity
of the genosensor. The hybridisation events were monitored cyclic voltammetrically by
monitoring the guanine oxidation signal. The QDs-based genosensor was found to be specific
to complementary DNA, evident by current decrease and showing that the surface was fully
bound. The 3AMSA-Ga,Tes; QDs were used to study the cytotoxicity in cancer cells since the
MSA quantum dots were more soluble than the 3MPA. From the MTT assay (UV-vis
spectroscopy) - a colorimetric assay for assessing cell viability; using A549 human bronchial
lung epithelial cells, the 3MSA-Ga,Te; QDs were found to have no cytotoxicity at QDs
concentration range of 0 - 1000 pg mL™ after 24 h. However, the cytotoxicity was observed

at a concentration of 1000 pg mL™ from chronocoulometry (CC) measurements.

v



The reason for the cytotoxicity at this concentration was due to QDs coming out of
suspension and settling on the cells. The overall data obtained from CC and MTT techniques
suggests that the stability of the coating ligands on the QDs did not affected their
cytotoxicity, therefore confirming that the 3MSA-coated Ga,Te; QDs are more stable
meaning that there was no leaching of metal ions compared to previously studied
nanometerials. 3MSA-Ga,Te; QDs internalisation or transport into the cell was assessed
using A549 human bronchial lung epithelial. Confocal microscope showed images of the cell
incubated at higher concentration (1000 ug mL™) and from the observed images it was clear
that the cells were dead. Evidence of particle internalization was obtained by using TEM
technique. TEM confirmed that the 3SMSA-Ga,Te; QDs were not internalised by the cells but
they were rather aligned on the vacuolar lining/wall of the cells. The TEM results suggest that

the quantum dots were big enough not to penetrate into the nucleus.
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CHAPTER 1

General Introduction



1.1 Background and Introduction

Cancer which is expressed as a disorder of chaos and causes an impairment of biochemical
pathways in living metabolisms or an abnormal and uncontrolled cell growth due to an
accumulation of specific genetic and epigenetic defects, both environmental and hereditary in
origin [1]; is an emerging health problem in South Africa, with breast cancer being one of the
leading cancers killers in women over the world. Breast cancer (BC) is a disease in which
malignant (cancerous) cells form in the tissues of the breast, usually in the ducts and lobules.
Invasion and metastasis are the root causes of cancer death with the initial step being the
breakdown of extracellular matrix by invading cancer cells via a concerted action of
proteolytic enzymes (such as matrix metalloproteinases, MMPs), particularly the gelatinases
MMP2 and MMP9 [4; 5]. The secretion and activity of these enzymes are partially dependent
on the human epidermal growth factor receptor 2 (HER2) pathway. BC is caused by a gene
called HER2. HER2 which is also called cerbB-2, was first cloned and verified from the rat
neuro/glioblastomas that were induced by ethylnitrosourea [2; 3]. It is located in the
chromosome 17g21 Her-2 receptor molecules on the cell surface [4]. Her-2/neu proto-
oncogene encodes the 1,255 amino acid transmembrane Her-2 glycoprotein of 185 kDa
molecular weight [4; 5]. The HER2 gene is responsible for making HER2 protein. This gene
is the second member of the epidermal growth factor receptor (EGFR) family [6]. A previous
study has demonstrated that the physiological function of the HER2/neu gene is related to the
neural and cardiac development from gene knockout experiments in mice [6]. Since it has no
specific ligands, HER2/neu typically heterodimerises with other members of the EGFR
family [5; 7]. This gene has also been linked to neoplastic transformation. Extensive studies

have shown that the amplification and/or over-expression of the HER2/neu proto-oncogene-



are associated with a wide range of human cancers including, breast, stomach, lung, ovary
and oral cavity [8]. About 30% in breast carcinoma is associated with overexpression of
HER2/neu [6; 9]. When two copies of the gene are present in normal amounts, the protein
plays an important role in normal cell growth and development. The HER2 protein transmits
signals directing cell growth from the outside of the cell to the nucleus inside the cell. Growth
factors — chemicals that carry growth-regulating orders — attach to the HER2 protein and
signal normal cell growth [10; 11]. In approximately 25 percent of women with breast cancer,
there is a genetic alteration in the HER2 gene that produces an increased amount of the
growth factor receptor protein on the tumour cell surface[10; 12]. This overexpression can
cause cells to divide, multiply, and grow more rapidly than normal, thus cancerous breast
cells develop [13; 14]. HER2/neu which causes breast cancer tissue to be cancerous will be
used as the biomarker, since detection of cancer infers that certain characteristics of the
tumour are different from corresponding normal tissue and can be measured as biomarkers.
Biomarkers, also called molecular markers or biochemical marker; are biological molecules
found in body fluids or tissues [15; 16; 17]. In cancer, molecular biomarkers are often genes
or gene products such as proteins. Appropriate markers maybe able to define risks and
identify the early stages of tumor development, assist in tumour detection and diagnosis
verify stratification of patients for treatment, predict outcomes of the disease and also assist
in surveillance of disease recurrence[16; 18]. The disadvantages of biomarkers includes:
expensive (costs for analyses), Ethical responsibility, laboratory error and less storage
(longevity of samples) [16; 17]. However, apart from their draw back biomarkers have
several advantages such as objective assessment, precision of measurement, reliable; validity
can be established and biased than questionnaires[16; 17], hence the use of biomarkers for

screening.



HER2/neu oncogene will be used as a marker in the early detection of breast cancer. Breast
cancer remains a major public health problem worldwide. Screening of the tumour at an early
stage is considered vital in South Africa if not the world. According to statistics one in six
South African men and one in seven South African women will get cancer during their lives.
Over 3000 women die each year due to breast cancer. Based on cancer association of South
Africa (CANSA) statistics, early diagnosis is one of the most important strategies to reduce
BC morbidity rate and to improve the survival rate since there are no clear prevention
methods or strategies. Thus researchers have and still are trying to develop a method which
will overcome the stigma. Some of the developed methods includes: western blots, mass
spectroscopy, near infrared spectroscopy, southern blots, lateral flow strips, polymerase chain
reactions (PCR), enzyme linked immunoabsorbant essay (ELISA) or PCR-ELISA and
recently electrochemical methods [19; 20]. Apart from electrochemical methods, all these
methods are always expensive, time consuming labour intensive and also harmful to the
patients. Hence many researchers propose electrochemical sensor methods in our case a DNA
quantum based electrochemical sensing technique which is less expensive, less time
consuming, user friendly and without multiplexing capabilities. Developing a quantum based
technique requires quantum dots synthesis. In recent years researchers have used organic and
inorganic synthesis of materials for nature imitation, giving rise to, among others, synthesis
of colloidal nanocrystals with tailored physical and chemical properties [21]. In particular,
synthesis of nanostructured inorganic compounds has led to the development of a variety of
approaches that mimic the recognition and nucleation capabilities found in biomolecules for
ample range of applications [22]. These nanomaterials present a hierarchical self-assembly of
topologically complex and multifunctional architectures with properties tuneable at each level

of the ladder [23]; an element that broadens the scope of their purpose.



Compared with traditional organic fluorophores and fluorescent proteins, QDs are superior in
fluorescence brightness, emission tuneability and photobleaching resistance. In addition, QDs
have broad absorptions with narrow emission spectra, and are multi-colour. They can be
excited simultaneously by a single-light source, with minimal spectral overlapping. These
unique optical properties make QDs ideal candidates for multi-colour imaging of molecules
in order to investigate the dynamic cellular processes of cancer progression, such as continual
cell migration, invasion and metastasis. However, the clinical application of QDs-based
probes in vivo has been limited by potential cytotoxicity effects, and clinical application
should firstly involve in vitro studies, especially in molecular pathology. The advances of
QD-based probes for breast cancer have demonstrated a promising preclinical application in

recent studies.

Quantum dots also known as zero-dimensional material are very, very tiny particles on the
order of a nanometer in size (1-20 nm) and are composed of a hundred to a thousand atoms.
They compromise elements from groups I1-VI, 111-V or 1V-VI. Their size and shape are well
known to have vital influence on their widely varying electrical, optical properties and bio-
imaging. This is due to their potential applications in several areas, including catalysis,
coatings, textiles, data storage, biotechnology, health care, biomedical, pharmaceutical
industries and most recently, in bioanalytical chemistry [24]. In bioanalytical chemistry,
particular applications of quantum dots include their use as fluorescent labels, fluorescent
probes, immunosensors and ligodeoxyribonucleotide (ODN) labels for deoxyribonucleic acid
(DNA) sensors or genosensors [25]. Tuning the size of quantum dots leads to quantum
confinement effects, which permits modulation of optical and electrochemical properties of

the nanocrystals [26].



The optical properties of quantum dots can as well be influenced by changing their chemical
composition through alloying [27], which can be controlled at the synthesis stage. Another
strategy to modulate the optical properties of quantum dots may involve substitution of host
cations with metals like manganese, copper, or rare-earth elements [28]. By the incorporation
of impurity atoms into the lattice of the host semiconductor, the dominant recombination
route can be transferred to the impurity related trap states [27], providing an alternative
pathway to the band-edge emission, which involves the highest occupied and the lowest
unoccupied quantum-confined orbitals. Further modulation of their electronic properties
involve suitable functionalisation with amphiphilic bifunctional molecules such as marcapto
carboxylic acids [29] [30]. These molecules permeate rapid transfer of electrons between the
small sizes of quantum dots and the surface of the target particles, resulting to a higher charge
detaching efficiency [31]. Short chained capping agents such as mercaptopropionic acid
(MPA) and/or mercaptosuccinic acid (MSA) have been used for self assembly on gold
electrodes [32] and are associated with enhanced electrochemical signals of the quantum dots
towards target analytes [33]. The power and scope of electrochemically and optically
modulated quantum dots can be greatly enhanced by coupling them with biological
recognition reactions and electrical processes, to form nanobioelectronics [34]. This coupling
also requires proper surface tailoring and functionalisation of the quantum dots, to make them
biocompatible. Besides improving the nanocrystal electrochemistry, the marcapto acids leave
free carboxylic acid groups on the surface of the quantum dots, which can covalently link
favourably with amine groups of biomolecules, thus conferring biocompatibility properties
on the quantum dots. Quantum dots have a great potential for DNA diagnostics and can have
profound impact in analysis of DNA in clinical diagnostics and anti-cancer therapy.

Additionally they can also play a vital role in drug deliver.



Quantum based DNA sensors for an early screening of cancer and/or BC has been vastly
studied, while other researchers have devoted their time in drug delivery and cytotoxicity of
the quantum dots. Huang et al., developed a sensitive quantum dots-based “OFF-ON”
fluorescent sensor for ruthenium anticancer drugs and ctDNA [35], meanwhile Johns
Hopkins University engineers have developed a new method of finding specific sequences of
DNA by making them light up beneath a microscope by using tiny semiconductor crystals,
biological probes and a laser [36]. The researchers, who say the technique will have
important uses in medical research, demonstrated its potential in their lab by detecting a
sample of DNA containing a mutation linked to ovarian cancer [36]. Morten et al., develop a
quantum dot based DNA nanosensor specifically targeting the cleavage—religation activity of
an essential DNA-modifying enzyme, human topoisomerase | [37]. DNA nanosensor based
on biocompatible graphene quantum dots and carbon nanotubes was developed by Zhao et
al., [38]. Wang, an assistant professor in the Department of Mechanical Engineering and the
Whitaker Biomedical Engineering Institute at Johns Hopkins, led his team in exploiting an
important property of quantum dots: They can easily transfer energy. When a laser shines on
a quantum dot, it can pass the energy on to a nearby molecule, which in turn emits a
fluorescent glow that is visible under a microscope. All these sensors have a common goal
which is an early screening of cancer but far-better compared to traditional techniques. The
assays have shown great promise in biological crude samples and thus are expected to
contribute in clinical diagnostic and may help in identify people at risk of developing cancer,
so that treatment can begin at a very early stage. Based on those findings we propose a more
efficient quantum based electrochemical DNA sensor or an electrochemical nanobiosensor
that will be ultrasensitive, have a very low detection limit, quick and relatively simple. This
approach opens up development of DNA-based genosensors for the detection of transgenes or

biomarkers for breast cancer.



1.2 Problem statement

The burden of breast cancer (BC) involves not only the affected patients and their loved ones,
who suffer physically, emotionally and financially, but the society in general. Hence, early
screening of BC at a nano-scale is of utmost importance. According to statistics from the
cancer association of South Africa (CANSA), breast cancer is the most common cancer
among South African women. Cancer cells produce deoxyribonucleic acids (DNA),
ribonucleic acids (RNA), proteins and metabolites as potential biomarkers. Breast cancer is
signified by over expression of the human epidermal growth factor receptor 2 (HER2) protein
which is encoded by the ERBB2 gene. Detection of this gene is therefore an important
clinical procedure in cancer screening practise. Cancer screening for detection, risk
assessment diagnosis and prognosis are based on three main assay platforms (genomic,
proteomic and metabolic/metabolomic profiles). Genomic technologies including DNA
microarrays, polymerase chain reaction (PCR)-based assays, and fluorescence in situ
hybridization (FISH) permit the determination of genetic materials associated with cancers
and tumours. DNA-based biomarkers originate from genetic mutations, loss of heterozygosity
(LOH), microsatellite instability (MSA), and DNA methylation. RNA-based biomarkers are
mostly mRNAs found in tissues and bodily fluids. Using DNA microarrays, it is possible to
identify biomarkers that are differentially expressed in malignant tissues including breast
tumours. The challenge for medical diagnostics industries is how to translate the DNA
microarrays technology into reliable tools for clinical applications. This work will focus on
synthesis of mercaptopropionic and mercaptosuccinic — capped chalcogenic binary quantum
dots of Gallium. These capped quantum dots will be used for fabrication of reliable,
ultrasensitive, cheap and less time wasting genosensor, for detection of human epidermal

growth factor Receptor 2. In the synthesis of the quantum dots gallium will be used as



cationic precursors, while tellurium will be used as chalcogenic anion. Mercapto acids will
confer bio conjugation properties on the quantum dots as well as solubilise and non-
agglomerate them. Transmission electron microscopy (TEM) will be used to infer the size
and mono-dispersity of the quantum dots while Atomic force microscopy will infer their
morphology. Fourier transform infra-red (FTIR) and subtractively normalized FTIR
(SNFTIR) spectroscopy will be used to confirm retention of the capping agent and its voltage
dependent vibrations on the surface of the quantum dot. Further studies of Raman active
molecules within the quantum dots will be done using Raman spectroscopy. Optical
properties of the quantum dots will be studied by ultra-violet visible (UV-vis) as well as
fluorescence spectroscopy. Electrochemical studies will be done using cyclic voltammetry
(CV), square wave voltammetry (SWV) and electrochemical impedance spectroscopy (EIS).
Genosensors for HER2 will be prepared by immobilizing amine terminated single strand
DNA (ssDNA) of the sequence NH,-5-TTG ATG GCC ACT GGA ATT-3' onto a quantum
dot modified gold electrode followed by hybridization with different concentrations of the
target sequence 5-AAT TCC AGT GGC CAT CAA-3'. The hybridization events will be

monitored by EIS to obtain response profiles.



1.3 Motivation or rationale of the study

The United Nation (UN) declaration on non-communicable diseases (NCD’s) which are also
recognised by the World Health Organisation (WHO) ratified in September 2011,
acknowledged that of the 36 million global deaths due to NCD’s, nearly 80% occurred in
developing countries. It also recognised that by 2030, NCD’s would become the most
common cause of death, even in Africa. While previously in South Africa NCD’s, including
cancer, were relegated to a lower priority behind communicable diseases such as human
immunodeficiency virus (HIV) and tuberculosis (TB). The changing epidemiology of NCD’s
has suddenly propelled cancer into the spotlight. Cancer, once perceived as a problem of
developed countries and the socio-economically advantaged communities in South Africa, is
now the fourth leading cause of death in South Africa accounting for 7% of mortality. Thus
the National Advisory Committee on the prevention and control of cancer in line with section
91(1) of the national health act was established by the minister of health due to reasons
mentioned above. This act shows that it is vitally important that cancer be prevented at all
cost. The importance of screening and early detection of breast cancer in determining the
survival rate is only matched by the numerous methods already developed for diagnosing the
disease. Among the methods are digital mammogram, magnetic resonance imaging, optical
imaging and molecular diagnostic techniques. These methods are very expensive, time
consuming and require expertise in instrumentation and techniques for sample analysis. The
BCB-SensorTek project proposes an easy to use DNA genosensors technology to determine
breast cancer biomarker of genetic origin and/or DNA genosensors to determine metabolonic
biomarkers. The biosensor fabrication will be based on QDs technology. Binary telluride
QDs of Ga, will be made biocompatible and used for the development of DNA-based

genosensors for the detection of transgenes or biomarkers for breast cancer.
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1.4 Aim and Objectives of the study

General objectives

The aim of the proposed research project is the development of binary chalcogenic quantum
dots genosensors for breast cancer biomarkers. The intent is to use polymeric materials and/or
ligands as platforms for attachment of the probe DNA with quantum dots and to specifically
detect an oligonucleotide sequence related to 5-human receptor factor growth 2-3-phosphate
kinase. Not only detecting the oligos but also uses these nanomaterials in cancer cell in order

to determine their toxicity and fluorenscent properties.

The main objectives of this study include:

e To synthesis binary Ga-chalcogenide quantum dots capped with mercaptopropionic
and mercaptosuccinic acid.

e Electroanalysis of quantum dots by atomic force microscopy (AFM), electrochemical
impedimetry spectroscopy (EIS) and voltammetry of quantum dots.

e Determination of the high resolution microscopic (SEM, HRTEM), optical (UV-Vis,
luminescence) and spectroscopic (Raman and FTIR) properties of the quantum dots.

e Determination of suitable signal transduction technique for the sensor system.

e Development, optimisation, evaluation and testing of the telluride and selenide
quantum dots DNA and DNA aptamer genosensors.

e Design a microfluidic device for the detection of breast cancer.

e Determine the hydrophobicity, hydrophilicity and fluorescent properties of quantum

dots using contact angle and confocal microscope.
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e Determine the cytotoxicity of the quantum dots in cancer cell using electrochemical
and spectroscopic assays.

e Determine the mechanism of the DNA sensor/genosensor

12



1.5 Thesis layout

This thesis is structured into 9 chapters

Chapter 1 gives the background and introduction information with a brief discussion on
semiconducting nanomaterials, screening of breast cancer, specifically detection of
HER2/neu oncogene — a biomarker which cause cancer tumours, traditional and present
methods of detecting breast cancer. Additionally it explains the rational and how to address

the problem at hand.

Chapter 2 focuses on the importance of cancer in general and breast cancer, detailing the
cause and methods of detection. Introduction of quantum dots discussing their current
composition, their advantages over classical dyes. Discuss the properties of quantum dots,
which are reportedly superior to traditional dyes. A review of the progress made in the
synthesis (methods) and functionalisation (strategies) of quantum dots is also described in
this chapter. This chapter also features a review of the applications of quantum dots, with
specific attention given to optical and electrochemical biosensor applications. A further
description of the applications of quantum dots in electrochemical detection of DNA
hybridisation is given, since it is one of the interests in this study. Various methods of
electrode modification/immobilization of the probe DNA, as well as different electrochemical
and spectroscopic techniques used for detection of DNA hybridisation are also described in
this chapter. Lastly describes the effect of size bio-imaging and cytotoxicity of quantum dots

in biological molecules, specifically cells.
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Chapter 3 covers all reagents used in this study and their particular sources. A description of
all procedures for synthesis and characterisation of the telluride quantum dots also features in
this chapter. Also give descriptive information on hybridisation phenomena. Procedures for
the fabrication, characterisation and application of voltammetric and impedimetric sensors
and genosenors for detection of selected analytes; oligonucleotide sequence related to 5-
human epidermal growth factor receptor 2-3-phosphate kinase oncogene were also
highlighted. The fabrication of microfluidic sensor and toxicity assays. The last part of this
chapter describes the techniques used in this study and the principles underlying each

technique.

Chapter 4 discusses the electrochemical, microscopic and optical properties of telluride

binary quantum dots.

Chapter 5 discusses the electrochemical properties, applications of the 3 MPA- Ga,Te;
quantum dots by evaluating their catalytic properties and fabrication and genosensor (3 MPA-
Ga,Tes/ssDNA) response towards target analytes, i.e. common DNA, non-common DNA, 3-

base mismatch and 1-base mismatch.

Chapter 6 Entails genosensor responce using a very sensitive electrochemical quartz crystal
micro-balance (EQCM) and GenoDot microanalyzer (GDMA)-micro-fluidics. The effective

mass change and frequency will be monitored during hybridisation.

Chapter 7 discusses the mechanism of the DNA sensor while interacting with the target

analytes.
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Chapter 8 discusses the cytotoxicity of quantum dots and their fluorescent properties using

electrochemical and microscopic techniques.

Chapter 9 presents the conclusions and recommendations.

15



CHAPTER 2

Literature review
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2.1 Cancer and biomarkers

Cancer is one of the major killers throughout both the developed and developing world,
including South Africa [39; 40]. Cancer is expressed as a disorder of chaos which causes an
impairment of biochemical pathways in living metabolisms or an abnormal and uncontrolled
cell growth due to an accumulation of specific genetic and epigenetic defects, both hereditary
in origin and environmentally [41; 42; 43]. Unregulated cell growth leads to the formation of
a tumour mass that over time becomes independent of normal homeostatic checks and
balances. Tumour cells in essence become resistant to apoptosis and other antigrowth
defences within the body [43], Figure 1. As the cancer progresses, the tumour begins to
spread beyond the site of origin and metastasize to other body organs and systems, at which
point, the cancer is essentially incurable [44; 45; 46]. In particular, malfunctioning of the
controls of cells through the human body is mostly observed breakdown in cancer. Cancer
can take over 200 distinct forms, including lung, prostate, breast, ovarian, ematologic, skin,
and colon cancer, and leukemia, and both environmental factors (e.g., tobacco smoke,
alcohol, radiation, and chemicals) and genetic factors (e.g., inherited mutations and
autoimmune dysfunction) are associated with an increased risk of developing cancer [47; 48].
1 in 29 women in South Africa are diagnosed with cancer [49]. Bacterial and viral infections
are also strongly associated with some types of cancer (i.e., stomach cancers and cervical
cancer, respectively). The most common type of cancer in men and women is prostate and
breast cancer, respectively, with 192,000 new cases of each reported annually [43]. Although
cancer is most commonly diagnosed later in life (77% of cases are diagnosed in individuals

aged 55 years and older) [50; 51].
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Figure 1. Schematic representation for cancer occurrence.

Breast cancer (BC) is the second leading cause of cancer-related deaths in women worldwide
after lung cancer and is the most frequently diagnosed form of cancer among women [1; 52]
It is a disease in which malignant (cancerous) cells form in the tissues of the breast. It is
considered a heterogeneous disease because it differs by individual, age group, and even the
kinds of cells within the tumours itself [1]. It is the most common cancer among South

African women.
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According to the National Cancer Registry (2003) breast cancer (excluding cancer of the
skin) is the number one cancer among all females except for Black females where it is the
number two cancer [53; 54]. Although breast cancer is mainly a disease of women, some men
also develop breast cancer. It is about 100 times less common among men than among
women. For men, the lifetime risk of getting breast cancer is about 1 in 794. The prognosis
for men with breast cancer was once thought to be worse than that for women, but recent
studies have not found this to be true. In fact, men and women with the same stage of breast
cancer have a fairly similar outlook for survival (American Cancer Society; National Cancer
Registry). According to the National Cancer Registry (2003) the lifetime risk of all females
developing breast cancer is 1: 31. In breast cancer, abnormal cells in the breast become
malignant (cancerous) and may invade and destroy nearby tissue (Figure 2).
2.1.1 Breast Cancer in Women
There are two main categories of breast cancer and are named depending on where in the
breast the cancer originates (Figure 2):

e Ductal carcinoma — where the cancer starts in the ducts (tubes) that move milk from

the breast to the nipple (most breast cancers are of this type).
e Lobular carcinoma — where the cancer starts in the parts of the breast called lobules

that produce milk.
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Figure 2. Image of an infected breast (amplification/overexpression of cells).

2.1.2 Breast cancer in men

Not only does breast cancer affect women but it also encroach on men, although is very rare.
Male cancer can occur at any age, this cancer can cause more deadly diseases which can lead
to death, even though it can be easily cured [55]. Like in women, men also have different
categories of breast cancer types which occur in the breast. The categories are as follows i.e.

Ductal carcinoma in situ (DCIS) — which is also known as intraductal carcinoma, where
cancer cells form in the breast ducts but do not grow through the walls of the ducts into the

fatty tissue. Infiltrating ductal carcinoma (IDC) — is a type of breast cancer where the
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cancer breaks through the wall of the duct and grows through the fatty tissue of the breast. At
this point, it can spread to other parts of the body. At least 8 out of 10 male breast cancers are
IDC’s, Infiltrating lobular carcinoma (ILC) — where the cancer starts in the breast lobules
and grows into the fatty tissue of the breast. ILC is very rare in men, accounting for only
about 2% of male breast cancers, Lobular carcinoma in situ (LCIS) — where abnormal cells
form in the lobules, but they do not grow into the fatty tissue of the breast or spread outside
the breast. As with invasive lobular carcinoma, Paget disease of the nipple — this type of
breast cancer starts in the breast ducts and spreads to the nipple, it may be associated with
DCIS or with infiltrating ductal carcinoma. It accounts for about 1% of female breast cancers

but a higher percentage of male breast cancers [56].

There are many risk factors associated with different and/or that can cause cancer e.g. food,
smoking, genetic and pesticides are the examples [57; 58]. The main cause of breast cancer is
the kinase protein called epidermal growth factor receptor 2 (HER2) [59; 60; 61; 62]. This
onco-protein belongs to the epidermal growth factor receptor (EGFR/ErbB) HER Family
(HER1, HER3 and HER4) [63; 64; 65], Figure 4. The HER2 gene which is also known as
neuroglioblastoma (Neu) cell line, ErbB-2, CD340 or p185 is a protein that in humans is
encoded by the ErbB2 gene [66; 67; 68]. ErbB2 is located on the long arm of chromosome
17. Normal cells contain two copies of the HER2 gene, which encodes a protein comprising
1255 amino acids of molecular weight 185 kDa (Figure 4) [64; 69; 70]. This protein has
homology to, and conforms to the general structure of the HER proteins, Figure 3. Studies of
human cancers have demonstrated that HER2 gene amplification- generation of more than the
normal two gene copies [71; 72]; (On 17912 chromosome) and/or HER2 receptor over-
expression are observed in a variety of tumour types i.e. breast, ovarian, pancreatic and lung

cancer[62;63].
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Figure 3. Structure of the (A) Her/neu family and (B) Her2/neu [64].

Amplification of these gene leads to overexpression of the receptor and disrupts normal
control mechanisms and potentially leading to the formation of aggressive tumour cells [63;
71; 73]. The percentage of tumours in which the HER2 gene is amplified is usually lower
than the percentage in which the protein is overexpressed. The incidence of HER2 gene
amplification is 25+30% for breast and 15+30% for ovarian carcinomas [49], with the

incidence of HER2 protein overexpression being slightly higher [61; 74; 75].
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2.1.3 Statistics (non-developed and developed countries)

2.1.3.1 Comparison

The current prevalence (the number of cancer cases) and incidence (the rate at which new
cancer cases are growing) in South Africa are not known, because the country’s cancer
registry has not been updated since 1999. Figure 4 A, B and C, indicates the incident rates of
cancers and rates of death between different races which are caused by the cancer of the

breast and it also indicates the mortality in which the breast cancer carcinoma spreads.

According to statistics one in six South African men and one in seven South African women
will get cancer during their lives [76]. Breast cancer is the second leading cause of cancer-
related death among SA black women, after cervical/lung cancer and is the leading cancer
killer among white women and also in the world as shown in the pie-chart (Figure 4) [76; 77].
Over 3 000 women die each year due to the cancer of the breast (National Cancer Registry

(2003)[76]

2.1.3.2 International comparison

Breast cancer was found to be less common in black women than in other population races
[76; 78]. The age-standardised rates of 11.30 per 100000.00 compare well with the rates from
central Africa (Harare age-standard rate 20.40 per 100000.00; Kampala 164 per 100000.00)
and BC is rare in countries like Gambia (3.40 per 100000.00) [78; 79]. By disparity, the rate
for black women in the United states is 65.00 in 100000.00 [78; 80]. In white women the
rates in South Africa (70.20 per 100000.00) are comparable to those of the developed
countries such as United Kingdom (56.10 per 100000.00) and the United States (89.20 per

100000.00) countries [76; 77; 81].
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This statistics show or confirms the need of early screening assays for the detection of breast
tumour, especially in under-developed countries such as Southern Africa and its counter-
parts[81]. Screening for this cancer of the breast in its early stage necessitates highly sensitive

assays to detect biomarkers of carcinogenesis, thus serving as an excellent chance of
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recovery. Biomarkers are used to detect this cancer [82]. There is no standard definition for
“biomarker” that is universally used. In 1999, the US National Institutes of Health/Food and
Drug Administration Working Group drafted a definition of a biomarker; as a characteristic
that is objectively measured and evaluated as an indicator of normal biological processes,
pathogenic processes or pharmacological response to a therapeutic intervention [83; 84].
Biomarkers could be found in the body and they are quantifiable molecules such as proteins,
metabolites, DNA, or RNA [85]. The abnormal concentrations of such biomarkers are
indicator for a pathological condition in the body, such as cancer [86]. A biomarker could
also be a molecule that occurs as a specific response of the metabolism to the presence of
cancer [85]. Every type of cancer could be associated with gene modifications and alterations
in protein function [87]. These gene modifications and protein changes can be useful. They
are like a map that doctors may use to guide how to treat some cancers. Biomarkers can take
a wide variety of forms namely: some markers can be used to indicate the presence of certain
organisms, including a history of their presence even if they no longer exist [85; 88]. Cancer
biomarkers can be used for prognosis: to predict the natural course of a tumour, indicating
whether the outcome for the patient is likely to be good or poor [88; 89]. They can also help
doctors to decide which patients are likely to respond to a given drug (prediction) and at what
dose it might be most effective (pharmacodynamics) [90; 91]. Cancer biomarkers are present
in tumour tissues or serum and encompass a wide variety of molecules, including DNA,
MRNA, transcription factors, cell surface receptors, and secreted proteins and their also
rigorously being explored [91]. The most frequently used and best known biomarker is Her2;
this oncoprotein is cell-membrane bound by its extracellular domain and is shed into
circulation making it a potent biomarker used to monitor the response to treatment [91; 92],

and to detect re-currences in patients with diagnosed breast carcinoma.
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Amplification of HER2 was first noted in human breast cancer and in other types of cancers
[93]. The HER2 gene is amplified in approximately 20-30% of breast cancer as mentioned
earlier and it is associated with aggressive tumour behaviour [93; 94]. A final note about
biomarkers is that they may be referred to by several different names, especially in cancer
medicine and research. The National Cancer Institute notes that biomarkers in cancer may
also be called molecular markers and signature molecules, although, as we have seen, not all
biomarkers fit into these categories. Molecular biomarkers, also called molecular markers,
tumour markers or biochemical markers, are one of the most common types, these are
biological molecules found in body fluids or tissues [95]. In cancer, molecular biomarkers are
often genes or gene products such as proteins. An example is prostate specific antigen which
is a protein produced by prostate cells that is normally found in low levels in the blood of
men and HER-2/neu in breast cancer. These genes and proteins are made up of thousands or

millions of DNA molecules.

2.2 DNA and its functions

DNA, short for deoxyribonucleic acid, has been the focus of much attention since its double-
helix structure or twisted ladder shape was first discovered by James Watson and Francis
Crick in 1953 [96; 97; 98]. The discovery revealed what many researchers had long believed,
which is that DNA actually carries the genetic information for the development and
functioning of living organisms. DNA holds within it the information that instructs cells to
develop specific features that enable them to perform specific roles in the body [97]. For
instance, muscle cells are designed to contract, nerve cells are designed to communicate
information, and cancer cells are designed to grow and replicate, it also carries the genes that

make up the hereditary information that is passed from generation to generation.
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DNA is found within the nucleus of nearly every cell in our bodies, Figure 5. The nucleus is a
round or oval-shaped structure within the cell known mainly for its role as the home of DNA.
In the cell nucleus, DNA is found tightly bound with proteins in structures called

chromosomes [99; 100].

Chromosome

- Telomere
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DNA
Repeats
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Figure 5. Cell structure representing the home of DNA (Nucleus) [97].

As noted previously, DNA is made up of chemical building (that form a double helix, a
complex structure that could be compared to a twisted ladder) or subunits called
oligonucleotides, each made up of a sugar, a phosphate and a base blocks (Figure 6) [97; 98].
The steps of the twisted ladder are pairs of chemicals. It is the order of these chemicals that
makes humans different from cats and makes one person susceptible to cancer and another to

Alzheimer disease.
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the information for making a particular biochemical, usually a protein [98; 101].
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The four chemicals that pair up in DNA are known as nucleotides or nucleotidebases [98].
These are adenine (A) and guanine (G) (purine bases) as well as cytosine (C) and thymine (T)
(pyrimidine bases). The rule of base pairing is that A must pair with T, and C must pair with
G. Note that either letter of the pair can be “first” in the pairing, such that A pairs with T and
T pairs with A; C pairs with G and G pairs with C[98; 101]. The chemical structure of each of
these bases given above is shown below (Figure 6A). In a normal DNA structure, a Watson-
Crick base pairing occurs whereby guanine forms hydrogen bonds with cytosine and while
adenine forms hydrogen bonding with thymine. This process is commonly called
hybridization (Figure 7) and gives rise to double stranded oligonucleotides [101; 102] whose

structure is given in the Figure 6B.
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Figure 7. Canonical Watson-Crick DNA base paring through G-C and T-A

intermolecular hydrogen bonds.



Hybridization is the process of establishing a non-covalent, sequence-specific interaction
between two or more complementary strands of nucleic acids into a single complex, which in
the case of two strands is referred to as a duplex [103; 104]. Oligonucleotides, DNA, or RNA
will bind to their complement under normal conditions, so two perfectly complementary
strands will bind to each other readily [105; 106]. DNA-DNA hybridisation generally refers
to a molecular biology technique that measures the degree of genetic similarity between pools
of DNA sequences[104]. It is usually used to determine the genetic distance between two
species. When several species are compared that way, the similarity values allow the species
to be arranged in a phylogenetic tree; it is therefore one possible approach to carrying out
molecular systematics [103; 104]. From the four bases/amino acids, guanine and adenine
have attracted great research interest due to crucial roles that they play in metabolic and
analytical processes. They participate in fundamental functions such as energy transduction,
metabolic co-factors and cell signalling. They are essential building blocks of nucleic acids
and determination of their individual concentrations in an organism is an important practice
in biomedical analysis, molecular pathology, environmental and forensic science. This is
because; deficiency of these purine bases is a key indicator of possible mutation of the

immune system and aging[103; 104].

The development of electrochemical transducer based devices for determining nucleotide
sequences and measuring DNA hybridization began with the discovery of the electroactivity
of nucleic acids about 50 years ago [106]. When nucleic acids interact with solid electrodes,
they are strongly adsorbed and undergo charge transfer reactions, producing signals that can
provide information about their type, concentration, their structural changes as well as their

interaction with various compounds.
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Moreover, strongly adsorbed nucleic acids on solid electrodes can be the basis for fast
response DNA detectors. At physiological and alkaline pH, the potential window of most
solid electrodes is about 1000 mV more positive than that of the mercury electrode, which
usually operates within the range 0 to -2000 mV versus saturated calomel electrode. Solid
electrodes are therefore best suited for studying nucleic acids oxidation while mercury
electrodes would suit studies involving reduction of nucleic acids. Amongst the components
of nucleic acids, only the bases undergo reduction at mercury electrodes and oxidation at
other solid electrodes such as carbon (GC) and gold (Au). There are however some reports of
oxidation of the nucleic acids sugar residues at copper electrodes using sinusoidal
voltammetry. Of the oxidisable nucleic acid bases, the purine bases (guanine and adenine) are
of particular interest to electrochemists since they undergo oxidation with relative ease and
can allow for quantification of a DNA sample. The oxidation of guanine is a complex
mechanism and is thought to be a 4e”, 4H" system. The first step is a 2e”, 2H" electrochemical
reaction (EE) whereby, the guanine forms 8-oxoguanine. The loss of the first electron gives
an intermediate radical species. This species may dimerise to form an electroactive product
which can undergo oxidation at potentials higher than those of the radical formation. The 8-
oxoguanine formed in step one can further undergo a reversible 2e’, 2H" to give highly
hydrolysable products. This simplified mechanism of guanine oxidation is illustrated in the
Figure 8. The negatively charged phosphate backbone of the DNA also possesses
electrochemical properties that can be used for detection of DNA upon hybridization. The
detection methods for electrochemical DNA hybridization are classified into two major
protocols; direct and indirect detections[107]. In direct electrochemical detection of DNA
hybridization, the signal monitored arises from oxidation of the purine nucleobases, adenine
and guanine [108]. The oxidation of adenine and guanine at mercury electrodes has been

reported [109].
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However oxidation signals of these nucleobases at other solid electrodes such as gold,
copper, carbon have limited use in analytical purposes since they are poorly developed with
very high over potential and often merge into background discharge current. To overcome
this, modified electrodes have been explored to enhance the oxidation signals of these bases.

For this reason nanomaterials such as quantum dots are employed (3MSA/MPA-Ga;Tes) in

our system.
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Figure 8. Simplified mechanistic pathway for the oxidation of guanine.
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2.3 Nanoscience, Nanotechnology and Quantum dots

Nanoscience has shown itself to be one of the most exciting areas in science, with
experimental developments being driven by pressing demands for new technological
applications. It is a highly multidisciplinary research field and the experimental and
theoretical challenges for researchers in different fields are substantial. Nowadays, scientists
and research scholars have been developing new kinds of nano materials which could be used
for forensic science, biology, electronic technology, environmental science, computer
manufacturing, sports facility production as well as food industries. In 21 Janaury 2000
California Institute of Technology, President Bill Clinton advocated nanotechnology
development and raised it to the level of a federal initiative, officially referring to it as the
National Nanotechnology Initiative (NNI). While the South African Nanotechnology
Initiative (SANI) and South Africa’s Advanced Manufacturing Technology Strategy (AMTS)
were launched between 2002- 2003. The minister of science and technology in South Africa
Mr Musibudi Mangena together with other groups placed the first nanotechnology strategic
plan in 20 April 2006. The main areas of focus included the following: (a) The establishment
of characterisation centres which are geographically distributed and contain multi-user
facilities multi to provide researchers with— advanced instruments for design, synthesis,
characterisation, modelling and fabrication (b) The creation of research and innovation
networks that will serve to enhance collaboration among traditional disciplines, research
teams and institutions (c) Capacity building initiatives that are aimed at developing human
capital resources and (d) A number of Flagship Projects that are aimed at demonstrating the
benefits of nanotechnology towards an enhanced quality of life and increased economic

growth. These will initially focus on — Water, energy, health, chemical and bio-processing,
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mining and minerals as well as advanced manufacturing. This strategy was referred to as

South African Micro-Economic Strategy (SAMES).

Nanoscience and nanotechnology are referred to as a type of applied science, studying the
ability to observe, measure, manipulate and manufacture materials at the nanometer scale
[110]. The prefix nano in the word nanometer (nm) is an Sl unit of length, namely 10 or a
distance of one-billionth of a meter [110; 111]. As a comparison, a head of a pin is about one
million nanometers wide or it would take about 10 hydrogen atoms end-to-end to align in
series in order to span the length of one nanometer [112]. Because the matter it deals with is
smaller than the macroscopic scale which could be seen by our naked eye, but larger than the
microscopic scale of the electrons and protons and that could only be sensed by cloud
chambers, it dwells in a new realm called mesoscopic scale which contains the domain of 10
to 10”° nm. In other words, whenever a macroscopic device is scaled down to mesoscopic
scale, it starts revealing quantum mechanical properties. While macroscopic scale could be
studied by Classical Mechanics and microscopic scale could be expressed by Quantum
Mechanics, mesoscopic scale is somewhere in between and our knowledge about this field is
quite limited. This has stimulated the scientists to start a new territory dealing with the
“bridge” which connects the macro and micro, this “bridge” being the so called nanoscience.
Why should this be emphasized that often? Because making products at the nanometer scale
is and will become a big economy for many countries. By 2015, nanotechnology could be a
$1 trillion industry and meanwhile, according to National Nanotechnology Initiative,
scientists will create new ways of making structural materials that will be used to build
products and devices atom-by-atom and molecule-by-molecule. These nanotechnology
materials are expected to bring about lighter, stronger, smarter, cheaper, cleaner, and more

durable products.
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One of the main reasons why there is a lot more activities in producing nanotechnology
products today than before is because there are now many new kinds of facilities that can
handle nanomaterials. Including, but not limited to, transmission electron microscopy (TEM)
which could directly see the atoms clusters; and atom force microscopy (AFM) which can
measure, see, and manipulate nanometer-sized particles; nanoimprint lithography (NIL)
which is equipped with high-precision alignment system with accuracy within 500nm and
fine alignment up to 50 nm; Physical Vapour Disposition (PVD) and Chemical Vapour
Disposition (CVD) as well as Molecular Beam Epitaxy (MBE) systems which allow the
scientists to accurately control the ingredients of the nanodevices when manufacturing them.
With more and more nanotechnologies emerging into our lives and the benefits it provided
after been manufactured and become commercially available, it will also bring some ethical,
legal, social and moral issues as well. Most of them are not new problems but because of
nanotechnology their importance and urgency have been emphasized to a new level. From
technology perspective, nanotechnology has stimulated its application in national defence and
weapons, e.g. the materials with high stiffness and high strength made of carbon nanotubes,
so that weapons made from these materials could hardly been identified by probes which are
only suited for detection of metal based weapons. On the other hand this would bring a lot of
problems for the TSA (Transportation Security Administration) to detect criminals who want
to get on planes or enter security areas. Potentially, whether it is still safe to use
nanotechnology in cosmetics, food and apparel industry is still under investigation. Because
nanoparticles are so small, they could easily permeate into living body without being noticed,
and while there is not enough knowledge about the interaction of these nanoparticles with our
body organs and systems. They could be involved in cancer development or in certain kind of
new diseases which could not be cured. By far not only scientists are involved in solving

these problems because nanotechnology is already, intrinsically, a multidisciplinary science.
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2.3.1 Quantum dots and their applications:

2.3.1.1 Quantum dots:

From the end of last century, researchers in many different disciplines tend to pay attention to
nano-scale materials and related applications. The term “nanoparticle” came into frequent use
in the early 1990s together with the related concepts, “nanoscaled” or “nanosised” particle.
Until then, the more general terms submicron and ultrafine particles were used [68]. From a
scientific point of view, nanoparticles are of great scientific interest as they are effectively a
bridge between bulk materials and atomic or molecular structures. A bulk material should
have constant physical properties regardless of its size, but at the nano-scale this is often not
the case. Size-dependent properties are observed such as quantum confinement in
semiconductor particles, surface plasmon resonance in some metal particles and
superparamagnetism in magnetic materials. Nanoparticles have been suggested recently for
various potential applications in electronics where quantum confinement effects may be of
advantage. When electrons are confined to a small domain such as a nanoparticle the system
is called a “quantum dot” or zero-dimensional structure, which is a semiconductor
microstructure of different material. The phenomena of the semiconductor are discussed

below.

2.3.1.2 Semiconductors

Materials have discrete energy bands in which electrons can occur. When electrons are not
excited, they will be in their lowest possible energy band. However, due to the Pauli
Exclusion Principle, each energy band can only house a finite number of electrons [113]. For
this reason, it is the outermost two energy bands, the valence band and the conduction band,

which have the maximum effect on the material’s electrical properties (Figure 9) [113].
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Metals have a full valence band, and a number of electrons in the conduction band that are
free to move, enabling them to conduct charge [114]. The energy difference between these
two states is referred to as the band gap energy (Eg) [115]. For an electron to change energy
states, it must receive an amount of energy at least equal to the band gap energy. An
insulating material has an empty conduction band while in its ground state and thus large
band gap energy, making it hard to excite an electron out of the valence band. When in its
lowest energy and/or ground state semiconductors have a full valence band and empty
conduction band. And behave electrically, exactly like an insulator [116]. The difference is
that semiconductor materials have much smaller band gap energies on the order of 1 eV as
shown in Figure 9. The band gap energy is small enough that it is possible for photons to
excite electrons from the valence band into the conduction band [117]. For a photon to excite
an electron, it must have the least energy, hv, equal to the band gap energy of the
semiconductor in which case the photon is absorbed. A photon with energy less than the band
gap cannot be absorbed by the semiconductor. Photodiode detectors are based upon this
principle. When photons clout the semiconductor, electrons are excited into the conduction
band where they are free to move. An induced potential is applied causing the electrons to

flow in a photocurrent, which is then detected [118].

A schematic representation of the energy band gap, a semiconductor absorbing a photon, and
a semiconductor emitting a photon is shown in Figure 9. When an electron is excited into the
conduction band, it leaves behind a hole, which can be treated as a positive particle [118]. It
is possible for a photon to have more energy than the band gap energy and still be absorbed,
in which case the electron is excited from lower in the valence band to higher in the
conduction band. This excess energy is lost, however, through inelastic collisions as the
electron settles to the bottom of the conduction band and the hole rises to the top of the

valence band [115].
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Figure 9. Semiconductor energy system.

Since materials will always return to their ground state if possible, the hole and the electron
will then recombine emitting a photon with energy equal to the band gap energy. Quantum
dots (also known as zero dimensionless semiconductors and artificial atoms) are very, very
tiny particles on the order of a nanometers in size (1-20 nm; the size, shape and number of
electrons can be precisely controlled) [119], compared to that of atom and bulk materials (1.2
A and >20 nm) [120], Figure. 10 A. The nanomaterials exhibit unique optical properties due
to a combination of their material band gap energy and quantum well phenomena [121]. They
are composed of a hundred to a thousand atoms [121; 122]. The electrons are behaving like
“particles-in-a-box” and their resulting new energy levels are determined by quantum
“confinement” effects. As a result [123], discrete energy levels are needed to describe the
electron excitation and transport in quantum dots [124]. The corresponding wave functions
are spatially localized within the quantum dot, but extend over many periods of the crystal
lattice [125]. Being zero-dimensional, quantum dots have a sharper density of states than
higher-dimensional structures i.e. bulk (3D), quantum wells (2D) and quantum wires (1D)

[126], Figure 10 B and C.
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As a result, they have superior transport and optical properties, and are being researched for
use in diode lasers, amplifiers, and biological sensors. Quantum dots are of much interest for
the other unusual properties that they possess. These other properties include electrical and
nonlinear optical properties [127; 128]. The unique properties of nano sized particles are
partly the result of the unusually high surface to volume ratios for the particles, as many as
one-third of the atoms are on the surface of the particle [129]. Compared to bulk materials
and quantum wells (continuous density of state), quantum dots are also known as
semiconductor nanostructure that confines the motion of conduction band electrons[130],
valence band holes, or excitons (bound pairs of conduction band electrons and valence band
holes) in all three spatial directions [131], Figure 11B. As a result electrons and "holes"
(holes result when an electron moves away from a bond, leaving a positively charged
particle) are confined in a limited space inside the cluster [130]. Quantum confinement
enables QDs to emit light at different wavelengths dependent upon their core diameter [132;
133], larger QDs having smaller band gaps, resulting in emission of red light, whilst smaller
QDs emit blue light of higher energy [133] (Figure 11A). Furthermore, due to their small size
the entire crystal acts as a single molecule with all constituent atoms being excited and
emitting light together [133], with high resultant signal intensity (narrow emission spectra).
Their small size means that electrons do not have to travel as far as with larger particles, thus
electronic devices can operate faster [134]. Moreover, the ability to create dots that emit a
rainbow of colours (Figure 11A) and that acts as semiconductor, suggests that they could be

used in multiple fields (e.g. biosensors, biomedical etc.) [134; 135].
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2.3.1.3 Advantages of quantum dots over conventional methods

Organic dyes have been widely used as fluorophores in biomedical imaging and detection.
However, organic dyes are generally vulnerable to the physiological environment and are
quickly photo-bleached under normal imaging conditions [136]. They are also not good for
multicolour imaging because of two inherent properties: (a) organic dyes have relatively
broad emission spectra and hence result in the signal overlap from different dyes; and (b) one
organic dye can only be suitably excited by the lights within a certain narrow wavelength
range and it thus needs nearly the same numbers of excitation light sources as the dyes used
[136; 137; 138]. On the other hand, inorganic quantum dots are usually bright (20-80%
quantum efficiency) and stable under relative harsh environments [132]; the absorption
spectra of quantum dots are continuous, and the emission spectra are narrow (typically 20-30

nm) [132; 139]. Excitation—emission matrix (EEM) reveals that quantum dots always emit

the same lights no matter what excitation wavelength used.
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Therefore, the entire different emission colours from quantum dots can be seen at the same
time by only one laser excitation source, Figure 11A. The emission intensity of quantum dots
could also be used as a variant for imaging because of their excellent photostability [126].
Theoretically, six colours with 10 intensity levels could determine (106-1) nucleic acid or
protein sequences [140]. The long-term multiplexed biomedical imaging has recently become

one of the hottest research topics [29; 141].

2.3.1.4 Challenges/disadvantages facing quantum dots on their applications

2.3.1.4.1 The toxicity of quantum dots

The cytotoxicity of the quantum dots is probably the most cited limitation for in vivo
applications. Although not many toxicity studies have been done, great concern has been
raised over use of quantum dots in live cells and animals. Toxicity of quantum dots arises
mainly from their composition [142; 143]. The reason for this is that quantum dots mostly
contain heavy metal atoms such as cadmium, mercury, lead and arsenic which are toxic
[143]. The metal in the core shell of some quantum dots is therefore believed to be
responsible for extra cellular cytotoxicity. Particularly, cadmium based quantum dots have
been reported to show some cytotoxicity, emanating from release of cadmium ions (Cd*")
upon exposure to air or UV radiation [144] . Cd** ions are able to bind to thiol groups on
critical molecules in the mitochondria leading to enough stress and damage to cause
significant cell death [137]. Small sized quantum dots, with green emission have more
harmful effects than large red emitting quantum dots [145], implying that the size of the
quantum dots affects their toxicity too. The surface capping and functionalizing materials as
well as their concentrations could also affect the extent of the cytotoxicity of quantum dots.
Hoshino et al., [146] investigated the cytotoxicity of differently capped quantum dots using a
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number of techniques which included comet assay and flow cytometry. Studies by these
authors suggested that the ligand used to cover the quantum dots was responsible for the
cytotoxicity effect and not the nanoparticle itself. The lowest cytotoxicity was observed by
these authors with thioglycerol-coated quantum dots compared to carboxylic acid and amine-
coated quantum dots. Besides extra cellular cytotoxicity, reports by Chang et al., established
that quantum dots could also cause endo-cellular cytotoxicity, especially when they enter the
cells by endocytosis [147]. The authors further suggested that, irrespective of the surface
coating of quantum dots, cell death is highly related to the amount of quantum dots’ uptake
into the cells. Once in the cell, quantum dot metabolism and degradation is largely unknown
and accumulation of quantum dots in the kidney, spleen and the liver has been reported in
several studies [130]. Also it is unknown whether the quantum dots can be cleared from the
body [130]. Researchers in the recent past have proposed silicon based quantum dots as
alternative to potentially toxic quantum dots [148; 149]. These quantum dots, like many
others can allow for surface modification. An even friendlier alternative to heavy metals for
synthesis of quantum dots is zinc. Zinc is one of the most important minerals that are found
naturally in our bodies and assists body functions in a number of ways. At cellular level, zinc
helps in cell division and assists in liver functioning as well as expediting healing of wounds.
It assists in other important functions such as carbohydrate metabolism, prevention of
infections, synthesis of DNA and in male reproductive health. Zinc is mostly found in the
muscle tissue and in the bone. The recommended intake of zinc per day is 7 mg for females
and 9.5 mg for males. On average however, an adult ingests about 10-15 mg of zinc daily as a
nutrient [149]. Of this, about 5 mg is absorbed into the body and this is considered a trace
amount which is unhazardous to human body. Furthermore, zinc based quantum dots such as
ZnSe when doped with manganese or copper can cover an emission range similar to that of

CdSe quantum dots [150]. They are also less sensitive to environmental changes such as
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chemical, thermal and photochemical disturbances. Zinc based quantum dots can therefore
suitably replace the toxic and heavy metal based quantum dots since they pose no toxic risks

to those involved in synthesis as well as those applying them.

2.3.1.4.2 Insolubility of quantum dots

Quantum dots are insoluble in polar solvents because the surface of their core shell is
hydrophobic and in most cases, the surface coatings are also hydrophobic [151]. They are
therefore only soluble in organic solvents. This restricts the extent to which they can be
applied in biological uses and calls for modification of the surface chemistry of these
nanocrystals. Without further modification, quantum dots would not be endocytosed,
therefore limiting their use in biological experiments to studies using electroporation. If water
soluble quantum dots are desired, the method chosen for the core shell synthesis has to allow
for post synthesis modification of the surface to hydrophilise the quantum dots without

significant loss of other properties of the nanocrystals.

2.3.1.4.3 Intermittent blinking

Quantum dots are known to switch between fluorescent and non fluorescent states with
continuous illumination [137; 139], a property commonly referred to as intermittent blinking.
This arises from surface defects on the quantum dots, which acts as temporary “traps”,
affecting electron-hole recombination [137]. Blinking of quantum dots is also associated with
reduced quantum vyield [137]. Whereas intermittent blinking of quantum dots may be
interpreted as a limitation to application of quantum dots in some areas, especially those that
require continuous illumination, it is seen as an added advantage in single molecule studies

since the quantum dots can become periodically available for detection.
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The factors that are interpreted as limitations to particular applications of quantum dots are

therefore put into consideration when designing a method for synthesis.

2.3.1.4.4 Photo bleaching

This refers to the permanent destruction of fluorescence by light- induced conversion of a
fluorophore to a chemically non fluorescent compound. Quantum dots show some degree of

photo oxidation, although they are much photo stable than organic dyes.

2.3.1.4.5 Non specific binding

Depending on the surface functionality, quantum dots have been reported to non specifically
bind to biomolecules such as tissues and cells. This nonspecific binding problem causes a
high level of background fluorescence that degrades the signal-to-noise ratio and limits
tagging specificity and detection sensitivity. Coating of quantum dots with ligands containing
methoxy groups, e.g. polyethylene glycol (PEG 5000) where 5000 represents the molecular

weight (g) have been reported to reduce non specific binding.

2.3.1.4.6 Agglomeration of quantum dots

One of the typical features of quantum dots is their spontaneous self aggregation to form
functional structures driven by the energetic of the system. Self aggregation occurs through
non covalent interactions such as electrostatic forces, host-guest interaction, hydrogen
bonding interaction, charge transfer interaction, acid/base proton transfer, van der Waals
forces as well as m-m interaction [152]. Aggregation of quantum dots is also reported when
they are in biological environments, for instance inside the cells [153], during in situ
hybridisation [154; 155] or when used as markers for molecular recognition cell surfaces

[155]. This limits the biological applications of quantum dots to in vitro studies.
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2.4 Properties of quantum dots

2.4.1 Quantum confinement

Quantum confinement is the phenomenon which is the widening of the bandgap energy of the
semiconductor material when its size has been shrunken to nano scale. The band gap of a
material is the energy required to create an electron and a hole with zero Kinetic energy at a
distance far enough apart, that their coulombic attraction could be ignored [156]. A bound
electron-hole pair called exciton (whose energy is a few meV lower than the band-gap), could
be generated if one carrier approaches the other [156; 157]. This electron-hole (exciton)
behaves like a hydrogen atom, except that a hole, which is not a proton, forms the nucleus.
Since the mass of a hole is small than that of a photon, this affects the solutions to the
Schrédinger wave equation [158] .

The distance between the electron and hole is defined as an exciton Bohr radius (rg). If me
and my, are the effective masses of electrons and holes, respectively, the exciton Bohr radius

can be expressed by the following equation:

re = h.sez(i + ij oy

Me Mh
where ¢, i and e are the dielectric constant, reduced Planck constant and the charge of an
electron respectively [159; 160]. If the radius (R) of a quantum dot is reduced to rB,
especially when R<rB, the motion of the electrons and holes are strongly confined spatially
to the dimension of the quantum dot. Consequently, an increase in the excitonic transition

energy, luminescence and the resulting blue shift in the quantum dot will be observed.
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2.4.2 Radiative Relaxation

Radiative Relaxation is the spontaneous luminescence from quantum dots. It consists of
several types of mechanisms: band edge or near band edge transition, defect or activator

guantum states transition [160].

2.4.3 Band edge emission

The most general Radiative relaxation processes in intrinsic semiconductors and insulators
are band edge and near band edge (exciton) emission [161]. The recombination of an excited
electron in the conduction band with a hole in the valence band is called band edge emission.
An electron and hole pair may be bound by a few meV to form an exciton. The radiative
recombination of an exciton leads to near band edge emission at energies slightly lower than
the band gap.

Radiative emission may also be characterized as either fluorescence or phosphorescence,
depending on the path required to relax. Fluorescence exhibits short radiative relaxation
lifetimes (10°-10°° s) [130; 162]. Radiative relaxation processes with lifetimes longer than
10 s are called phosphorescence. In a typical photoluminescence (PL) process, an electron
in a quantum dot is excited by absorption of an electromagnetic wave, Av, from its ground
state to an excited state. Through a fast vibrational (nonradiative) process, the excited
electron relaxes to its lowest energy excited vibrational state. For electronic relaxation in
molecules, nanoparticles or bulk solids, the emitted photon is red shifted relative to the
excitation photon energy/wavelength (i.e. Stokes shift) because of the presence of vibrational
level in the excited state as well as the lower energy (e.g. ground) states [162]. Both organic
and inorganic luminescent quantum dots exhibit Stokes shift. In organic quantum dots, this

relaxation process may be complicated by crossing from singlet to triplet excited states [130].
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When intersystem crossing happens, the lifetime is long (10°~10 s) and the emission is

classified as phosphorescence.

2.4 .4 Defect emission

Radiative emission from quantum dots also comes from localized impurity and/or activator
quantum states in the band gap. Defect states are called dark states when they lie inside the
bands themselves. Depending on the type of defect or impurity, the state can act as a donor
(has excess electrons) or an acceptor (has a deficit of electrons). Electrons or holes are

attracted to these sites of deficient or excess local charge due to coulombic attraction [163].

2.4.5 Activator emission

Luminescence generated by intentionally incorporated impurities is called extrinsic
luminescence.

The band structure could be perturbed by the impurities, the so-called activators, in the way
of creating local quantum states that lies within the band gap. The predominant radiative
mechanism in extrinsic luminescence is electron-hole recombination, which can occur via
transition from conduction band to acceptor state, donor state to valance band or donor state

to acceptor state [164; 165; 166].

2.4.6 Non-radiative relaxation

In the case of the transition from excited state to the ground state, quantum dot might not emit
the photons. Therefore, deep level traps have a tendency to undergo nonradiative
recombination by emitting phonons. This non-radiative relaxation process consists of three
types: internal conversion, external conversion or Auger recombination. Internal conversion
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is the nonradiative recombination through crystalline and/or molecular vibrations, and is also
one of the reasons for Stokes shift. External conversion is the process where non-radiative
relaxation occurred at surface states, defects due to unsaturated dangling bonds etc. Auger
non-radiative relaxation refers to strong carrier-to-carrier interaction, which is the process
where the excess energy is transferred to another electron that is called an Anger electron

instead of releasing the energy as photon or phonon [167; 168; 169].

2.4.7 Surface Passivation

As described from previous section, we already know that in order to reduce the non-
radiative relaxation, one of the effective ways is to reduce the surface defects, getting rid of
temporary “traps” for the electrons, holes or excitons, resulting better quantum yield for
quantum dots. Therefore, in order to achieve photostable quantum dots product, capping or
passivation of the surface is critical. Generally, there are two ways to accomplish this goal.
One is to cap the quantum dots by organic molecules. The other is of course to cap the
quantum dots by inorganic layers. In general, phosphenes, (e.g. tri-n-octylphosphene oxide,
namely TOPO [25]) or mercaptans (-SH [170]) are the most widely used capping ligands.
Organic molecules however are distorted in shape and, as a result, coverage of surface atoms
with the organic capping molecules may be sterically hindered. Besides, the organic capped
guantum dots are photounstable [171; 172].

The bonding at the interface between the capping molecules and surface atoms is generally
weak, leading to the failure of passivation and creation of new surface states, especially under
UV irradiation. The surface states of nanocrystals are known by sites of preferential
photodegradation and luminescence quenching [172]. Compared with organic passivated
guantum dots, inorganic layer passivated quantum dots have some merits. Uniform coating

could be coated on the surface of the quantum dots in order to accomplish high quantum
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yield. The maximum of core/shell quantum dots is also dependent upon the thickness of the
shell layer. Thicker capping layers lead to formation of misfit dislocations, which are also
non-radiative recombination sites which decrease the Iluminescence intensity [173].
Generally, materials with wider band gap normally play the coating role, while the materials
with narrower band gap are made to be the quantum dots core. In this way, exciton could be
confined into the core region by the band offset potentials. Another factor to consider when
selecting the quantum dots inorganic shell material includes whether it is hydrophobic or
hydrophilic. Most inorganic core/shell quantum dots are not compatible with dispersion in
water due to the hydrophobic surface property of the shell. In order to be biologically
friendly, an appropriate water-compatible coating such as amorphous silica layers is crucial.
For best passivation, the shell material should have a lattice parameter within 12% of the core
to encourage epitaxy and minimize strain, and a thickness below the critical value that results

in misfit dislocations [174].

2.5 Quantum dots synthesis processes

Fabrication of QDs became possible because of the development of epitaxial growth
techniques for semiconductor heterostructures in the early 1970s [175; 176]. Quantum dots
are compounds with specific characteristics and multiple uses. Their high fluorescence and
narrow spectrum shape makes them a unique tagging alternative compared to conventional
fluorescent dyes. For the past decades, extensive research has been performed on the
properties and uses of quantum dots. There are several viable methods to make quantum dots,
but some are limited in producing nanodots that can be used for environmental and biological
testing. Properties and uses of quantum dots are determined in part by the materials that

compose the nanomaterials as well as how the dots are made. All quantum dots (QDs) have a
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core made up of group (I1-VI) elements. Common group (I1) elements are cadmium and zinc
[175; 177]. Common group (VI) elements are selenium, tellurium, and sulphur. The most
studied combination is CdSe and CdTe. ZnS is also prevalent in research (Figure 12A). The
[1-V1 core has very high fluorescence, but also a tendency to flash like a firefly (Chan and
Nie)[139; 156] . To make the fluorescence constant, QDs are often coated with an outer layer
of either a different 11-VI compound, or a buffer, also known as a stabilizer or capper [171,;

178].
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Figure 12. (A) Defines shells and core shells of different quantum dots, (B) Quantum dot
(TGA-CdTe/znS) with two 11-VI layers (Core and shell) capped with TGA and (C)

Quantum dots (3MSA-Ga,Tes) with only the core capped with MSA and MPA.
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Common stabilizers include thioglycolic acid (TGA, also called mercaptoacetic acid,
mercaptosuccinic/mercaptopropionic acid (MSA/MPA), and trioctylphospine (TOP) and
trioctylphosphine oxide (TOPO). This second layer keeps the dots from flashing or blinking
(Chan and Nie), and can adjust the properties of the dots, such as increasing fluorescence or
making them water soluble [156; 179] (Figure 12). Depending on how the nanodots are
formed, they may or may not be suitable for biological tests. For example, dots grown in
organic solvents cannot be used in biological tests [180], while dots grown aqueously can be
(Figure 12 B and C) [181]. This is because aqueous dots are water soluble, which is necessary
for biological uses of quantum dots [182; 183]. Currently, several routes have been used to
synthesis quantum dots. Generally, there are two popular techniques used to synthesise

quantum dots i.e. top-down and bottom-up approach [183].

2.5.1 Top-down synthesis

In the top-down approaches, bulk semiconductor is thinned to form quantum dots. Several
other facilities have been involved in research work like this for decades, e.g. electron beam
lithography (EML), reactive-ion etching, focused ion beams and dip pen lithography [184].
The major shortcomings with these approaches include incorporation of impurities into the
quantum dots materials and structural imperfections by patterning. In this research work, we

are not going to use this method to synthesize our quantum dots [185].

2.5.2 Bottom-up approach

Bottom-up approach means to synthesize the nano scale material by taking advantage of the
chemistry and physics to artificially combine the atoms and molecules in a nanoparticles
cluster [186]. In this method a number of different self-assembly techniques such as wet-

chemical and vapour-phase methods have been used [187].
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2.5.3 Chemical methods

By careful controlling of the parameters for a single solution or mixture of solution to
precipitate, nucleuses are generated and further nanoparticles growth may be achieved [127;
156]. Nucleation may be categorized as homogeneous, heterogeneous or secondary
nucleation. Homogeneous nucleation occurs when solute atoms or molecules combine and
reach a critical size without the assistance of a pre-existing solid interface. By varying factors
such as temperature, electrostatic double layer thickness, stabilizers or micelle formation,
concentrations of precursors, ratios of anionic to cationic species and solvent, quantum dot of
the desired size, shape and composition have been produced [156; 188]. Some of the common
synthesis processes are the famous hydrothermal synthesis process, sol-gel process,
microemulsion process, hot solution decomposition process, and microwave synthesis

process to name just a few [156; 188; 189].

2.5.4 Physical methods

Physical methods for synthesizing quantum dots begin with steps in which layers are grown
in an atom-by-atom process [156]. For example, molecular bean epitaxy (MBE) has been
used to deposit the overlayers and grow elemental, compound or alloy semiconductor
nanostructured materials on a heated substrate under ultra-high vacuum (~10™ Torr)
conditions [190]. Physical vapour deposition (PVD) grows layer by condensing of solid from
vapours produced by thermal evaporation or sputtering. Quantum dots can be self assembled

on a thin film by chemical vapour deposition (CVD) [191; 192].
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2.6 Surface modification and functionalisation of Quantum dots with biomolecules

Surface capping and functionalisation of quantum dots involve introduction of additional
layer(s) or coating(s) on the core shell structure (Figure 12). The process is intended to make
the nanomaterials stable, reduce or eliminate toxicity, avoid agglomeration as well as to
improve their luminescence properties. In the process of functionalisation, particular groups
are introduced on the surface of the quantum dot material to suit particular applications (e.g.
DNA attachment). For example, a carboxylic acid group can be introduced on the surface of a
quantum dot to confer solubility properties. There is a huge diversity of different surface
modifications and these give rise to quantum dots of very different optical and chemical
properties. This diversity of surface modifications allows for multiple applications of the
nanodots. However, the surface coatings of quantum dots affect two key aspects of the
properties of quantum dots. These are photophysical and physicochemical aspects. The
particular photophysical characteristics affected are emission, wavelength, quantum yield and
photostability whereas the physicochemical characteristics are size, charge as well as the
aggregation stability of the particle suspension in biological systems. The most commonly
used surface functionalizing/stabilizing compounds for quantum dots are organic polymeric
materials and small inorganic ligands as mentioned earlier. Whether organic polymeric
materials or small inorganic ligands, two approaches are mostly used to modify quantum dots
in various ways. These approaches are ligand exchange reactions of hydrophobic surfactant
molecules for hydrophilic bifunctional ones [29] or phase transfer methods using amphiphilic
molecules. In both surface exchange reactions and phase transfer mechanisms, two main
approaches are employed to functionalize quantum dots. In one of these methods, a
previously synthesised functionalizing polymeric ligand with the desired groups is grafted

onto the surface of the quantum dots.
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The second method involves initiating growth of the desired functionalizing polymeric ligand
on the surface of the quantum dot when the nanocrystals are nucleating. This approach will
call for balancing between nanocrystal growth conditions and polymerization conditions.
Many polymerization conditions are incompatible with nanocrystals. For example, during
polymerization, radicals that initiate the polymerization process may damage the
nanocrystals. Therefore, controlled radical polymerization mechanisms have to be designed
so that nanocrystal growth and polymerization can take place simultaneously in the same
solution. This approach is therefore cumbersome and not commonly applied in quantum dot
synthesis, capping and functionalisation procedures. On the other hand, the first approach is a
convenient route for introducing macromolecules onto the quantum dot surface and directs
them out towards the environment for solubilisation or bioconjugation. Using this approach,
quantum dot functionalisation can be done during or after synthesis, thus making it a

convenient method for functionalizing commercially available quantum dots.

2.7 Applications of quantum dots

Quantum dots have so many applications in solar cells, light emitting devices, photo bio-
labeling technologies (figure 5) because of the following reasons:

e Absorbance and emissions can be tuned with size

Higher quantum vyields

Broad excitation window but narrow emission peaks

Less photobleaching

Higher extinction coefficients

Minimal interference with each other could be avoided when used in the same assay

Functionality possible with different bio-active agents in order to suit specific

outcomes.
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e More photostable when exposed to ultraviolet excitation than organic dyes. [193]

The diagram below shows different fields in which the nanocrystals can be used (Figure 13).

As mentioned earlier that there are several application of the quantum dots and our interest is

in bio-imaging.

Molecular

Medicine
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*Fluorescent labels in disease detection
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* Labels in cell imaging

pharmacy
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* Display materials
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Figure 13. The versatility of quantum dots application in different branches of science.
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2.7.1 Bio-imaging application of quantum dots

Currently employed, Magnetic resonance imaging (MRI), optical imaging and nuclear
imaging are emerging as key technique in biological systems. These techniques differ in
selectivity, sensitivity, acquisition time, complexity and operational cost. However these
techniques have issues that affect their performance. Currently, a significant amount of
research is aimed at using unique optical properties of QDs in the present application. Much
of optical bio-imaging was based on traditional dyes, but as mentioned earlier that there are
several draw-backs associated with the use of this conventional method. Quantum dots on the
other hand are of much interest in biology for several reasons, which were also mentioned
earlier. Among nanostructure materials, quantum dots based sized-tuned emission colour
offers the potential to develop a multicolour optical coding technique, e.g. by functionalising
different sized nanocrystal (Ga,Tes) with different molecules. The artificial atoms (QDs) are
small, compared with biological tissues, they are robust and very stable light emitters and
they can be broadly tuned simply through size variation, making them become competitive
candidates for biological applications. In the past two years, there has been development of a
wide range of methods for bio-conjugating colloidal quantum dots [194; 195] for cell
labelling, cell tracking, in vivo imaging and DNA detection [195]. General scheme

demonstrating cancer cell bio-imaging is shown in Figure 14.
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Tumour
Normal tissue /

Figure 14. Application of quantum dots in tumour cells.

Applications of nanocrystals as fluorescent labels for cancer cells have been reported.
Maestro et al.,[193; 196] studied the potential use of CdSe quantum dots for two-photon
fluorescence thermal imaging. Two-photon excitation provided the improvement of image
resolution and the temperature-dependent contrast. The proposed system seems to be
especially useful for cell imaging based on non-homogenous distribution of nanocrystals in
cancer cells [196]. QDs might be also ideal probes for real-time fluores-cence detection in
living cells and live animals. Larson et al., [197] have used two-photon excitation confocal
microscopy to image blood vessels in live mice after intravenous CdSe/ZnS QD injection.
The studies demonstrated higher contrast and imaging depth at a lower excitation power than
with organic dyes. Luo et al., [198] observed the changes of CdTe QD fluorescence intensity
during the growth of E-coli allowing dynamic monitoring of total bacterial concentration.

Moreover, this group showed better co-operative antimicrobial activity of CdTe QD-rocephin
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complex against E-coli in comparison to biocidal efficiency of QDs and antibiotic separately.
Recently, a multimodal tumour imaging system based on magnetic resonance imaging (MRI)
and the fluorescence imaging was proposed by Tan et al., [199].This system was prepared by
co-encapsulation of QDs and super-paramagnetic iron-oxide in the nanoparticles of
poly(lactic acid)-D-alpha-tocopheryl polyethylene glycol succinate [199]. After absorption of
polymeric nanoparticles loaded with QDs and iron oxide by the tumour tissue the intensive
fluorescent and magnetic signal were ob-served. Liu et al., [200] have developed other. The
authors fabricated gadolinium-doped zinc oxide QDs with enhanced fluorescence and used
them to label HeLa cells. These QDs were also characterized by strong positive MRI contrast
[200]. A number of useful applications are available on the basis of near-infrared-emitting
QDs to medicine and pharmacy [201]. Near-infrared light exhibits numerous benefits
including minimal overlapping with water and hemoglobin absorption peaks, deeper tissue
penetration than visible light and minimal interference from tissue auto fluorescence . Lately,
the group of Pang presented the work describing synthesis of water-dispersible AgSe
quantum dots with near-infrared photoluminescence emission at 820 nm and their application
for the living nude mouse imaging [202]. Meanwhile, other group prepared CdS-PbS near-
infrared fluorescent nanocrystals and demonstrated their muscle tissue imaging capabilities
[201]. Wang et al., synthesised near-infrared emitting PbS quantum dots and demonstrated

their successful application for in vivo sentinel lymph node mapping of mice [203].

2.8 Electrochemical sensors based on quantum dots and their functions

Generally, a sensor comprises of an active sensing element and a signal transducer, and
produces an electrical, optical, thermal or magnetic output signal. While the sensing element
is responsible for the selective detection of the analyte, the transducer converts a chemical

event into an appropriate signal that can be used with or without amplification to determine
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the analyte concentration, acidity levels (pH) etc, in a given test sample as shown by Figure

15. In general, these devices are composed of a bioactive substance as well as a physical

transducer. There are different types of sensors namely calorimetric, Potentiometric,

amperometric, optical and acoustic biosensors [204; 205]. Below are the components of a

genosensor (DNA biosensor) that can detect the individual nucleotides that comprise a

genome (DNA) molecule. Automated genosensors enable rapid, nondestructive sequencing

of DNA molecules.biosensor as shown in Figure 15.
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Figure 15. Schematics of genosensing process.

Since the new concept of ‘the electrochemical DNA hybridization biosensor’ was first

introduced by Millan and Mikkelsen back in 1993 [1], this exciting research area has received

intense attention from several groups around the world.
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DNA biosensors convert the Watson—Crick base pair recognition event into a readable
analytical signal. A basic DNA biosensor is designed by the immobilization of a single-
stranded (ss) oligonucleotide (probe) on a transducer surface to recognize its complementary
(target) DNA sequence via hybridization. The DNA duplex formed on the electrode surface is
known as a hybrid. This event is then converted into an analytical signal by the transducer,
which can be an electrochemical, optical, gravimetric, surface plasmon resonance-based or
electrical device [206]. Electrochemistry has superior properties over the other existing
measurement systems, because electrochemical biosensors enable fast, highly sensitive
inexpensive, easy-to-use, low-cost detection, portable and compatible with micro fabrication
technologies. Moreover, in contrast with optical detection schemes, the electrical responses
are independent of sample turbidity. In order to make DNA testing more convenient, more
economically feasible and ultimately more widely used, the appealing promise of
electrochemical detection technologies is thus driving an intense research effort by hundreds
of laboratories world-wide. A genosensor is a biosensor which employs an immobilised
oligonucleotide as the biorecognition element or electronic sensors that are able to detect and
measure the presence of biomolecules such as sugars or DNA segments. Specifically,
electrochemical genosensors rely upon the conversion of the base-pair recognition event into
a useful electrical signal. Typically, the design of an electrochemical genosensor involves
immobilisation of the DNA probe, hybridisation with the target sequence, labelling and
electrochemical investigation of the surface. Recent progresses in the development of
electrochemical genosensors have been summarised in some excellent reviews [195]. Hence,
this chapter will focus on electrochemical DNA biosensors and sensors developed using
carbon and gold electrodes as the transducer. Each step in the assays procedure will be

discussed in detail, highlighting advantages and disadvantages of different methods.
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2.8.1 Biosensing applications based on quantum dots

QDs have been widely used in different fields, especicially in biology (DNA and Proteins).
Understanding the interactions between QDs with DNAs could benefit the application of QDs
in genomic studies [207; 208]. Figure 16 distinguishes possible routes for QDs interactions
with DNA/proteins. These interactions include covalent linkage, adsorption, electrostatic
interactions, multiple hydrogen bonds, van der Waals force, hydrophobic interactions, p-p
stacking, and mercapto (—SH) exchange [209; 210; 211; 212]. Covalent interactions of DNAs
to QDs typically occur after QDs surface modification. The modification is done by
introducing functional groups of interests such as of sulphide, amine, or carboxyl groups.
This only means that the interactions between QDs with proteins mainly depend on the
capping reagents [213]. For example, interaction of Ga,Te3; QDs modified with
mercaptosuccinic and mercaptopropionic acid, L-cysteine, and GSH reveals that QDs/MPA <
QDs/L-cysteine < QDs/GSH in the electrostatic interaction with BSA [214]. Due to their
unique physical and optical properties, quantum dots have been used to develop advance
methods of biosensing. In many case the nano-size QDs allow the nanocrystal to become the
central structure component that can accommodate numerous copies of particular
biomolecules (e.g. DNA or proteins) or several different biomolecules simultaneously, as a
result these bioconjugates are referred to as nanosensors. Based on the latter there are several
nanosensors or quantum based sensor which have been developed/fabricated. Recently, Jie et
al., prepared hybrid structures containing quantum dots for electrochemiluminescence
detection of adenosine triphosphate (ATP) [215] and thrombin [216]. In the first case,
magnetic nanoparticles modified with polyamidoamine (PAMAM) dendrimers were linked to
CdSe/CdS quantum dots [215]. In the second case, the system was based on Fe3;O,4 coated

with CdSe quantum dots [216].
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Both structures were characterized by intense electrochemiluminescence, fluorescence and
magnetic properties. Gui et al., developed a biosensor based on I-cysteine capped CdTe
quantum dots to monitor physiological pH changes in fixed and living cells by means of pH-

dependent fluorescence emission color of quantum dots [217].
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Figure 16. Schematic representation of QDs — DNA interactions.

63



CdSe/ZnS quantum dots coated with cyclodextrins for the determination of phenols in water
was studied by Li and Han [218]. The authors demonstrated that a-cyclodextrin-modified
QDs are sensitive toward p-nitrophenol while B-cyclodextrin-coated QDs exhibited
fluorescence sensitivity toward 1-naphthol [218]. Moreover, Chen et al.,[219] reported on the
synthesis of I-cysteine-capped CdTe QDs and their application as fluorescent probe for
selective trinitrotoluene (TNT) detection. The detection consists on Meisenheimer complex
formation between TNT and cysteine and subsequent quenching of nanocrystal fluorescence.
Quantum dots are also commonly used as fluorescent sensors for drugs and drug metabolites.
Algarra et al.,, [220] prepared CdTe QDs coupled with 11-
[(ethoxycarbonyl)mercapto]undecanoyl-B-cyclodextrin showing fluorescence enhancement
after acetylsalicylic acid (ASA) addition. The authors explored the affinity of the
cyclodextrin for ASA and its metabolites to form inclusion complexes. In other work
thioglycolic acid-capped core/shell CdTe/CdSe QDs have been successfully used as pH-
sensitive fluorescent probe for a simple and rapid determination of ascorbic acid in
commercial tablets [221]. It was demonstrated that conjugation of QDs with appropriate
immunomolecules can be used for recognition of specific antibodies or antigens by
measuring the luminescence emission of QDs. An electrochemical immunosensor for the
detection of prostate specific antigen (PSA) being the cancer biomarker was studied by Yang
et al., [222]. The antigen was detected in patient serum samples using CdS quantum dots
functionalized graphene sheets as labels. The group of Yew et al., [223] developed an
immunosensor based on CdSe/ZnS quantum dots for detection of human serum albumin
(HSA). The immunosensor was composed of anti-HSA immobilized on APTES-modified
glass to which HSA captured specifically. After anti-HSA-QD complex conjugation with
HSA molecules the fluorescence signal was converted into photocurrent corresponding to the

amount of QDs specifically conjugated with HSA [223].
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Tian et al., also proposed other quantum dot-based nanosensor for simultaneous detection of
two tumour markers [224] . CdTe quantum dots were used for detection of human serum
alpha fetoprotein and carcinoembryonic antigen by use of fluorescence polarization
immunoassay [224]. The proposed strategy was characterized by wide linear range (from 0.5
to 500 ng mol™), low detection limit (0.36 ng mol™ and 0.28 ng mol™ for carcinoembryonic
antigen and alpha fetoprotein, respectively), high sensitivity, good specificity, ease of use and
short analysis time. Other group [225] developed immunochromatography test strip based on
quantum dots for detection of already mentioned alpha fetoprotein being a valuable marker
for diagnosis of primary hepatic carcinoma. The proposed system combines strong
luminescence and high photostability of CdSe quantum dots with the advantages of
immunochromatography test strip such as fastness, low cost and the ease of use [225]. In our
study we will be developing a genosensor for the detection of Her2/neu oncogene in breast

cancer by using novel Ga,Tes quantum dots.
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CHAPTER 3

Methodology
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This chapter describes the various analytical techniques employed, detailed research
methodology and general experimental procedures for the chemical synthesis of quantum
dots and nanocrystals as well as electrochemical, microscopic and spectroscopic
characterisation of the synthesised quantum dots. Also described in this chapter are
procedures for the fabrication, characterisation and application of voltammetric and
impedimetric sensors and genosenors for detection of selected analytes; mainly
oligonucleotide sequence related to 5-human epidermal receptor growth factor-2-3-phosphate

kinase, a common vector gene in breast cancer.

Experimental procedures

3.1 Reagents and materials

Gallium metal (Ga, 99.99%), tellurium powder (Te, 99.99%), tri-sodium citrate dehydrate
(CsHsNaz07.2H,0, 99.3%), sodium tellurite (Na,TeOs, 99%), sodium borohydride (NaBHy,
99.99%), mercaptopropionic acid (MPA, 99.0%), mercaptosuccinic acid (MSA, 99.0%),
acetone (99.8%),1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS, 98%) and tris-ethylenediamine tetraacetic acid buffer (TE buffer)
which comprised of 10 mM Tris-HCI and 1.00 mM EDTA, pH 8.00 + 0.1, perchloric acid
(HCIO,4) and hydrazine mono-hydrate were all purchased from Sigma-Aldrich. 18-20 base
oligonucleotide DNA sequences were purchased from Ingaba Biotechnical Industries (Pty)
Ltd., Hatfield, South Africa and Hatfield, South Africa and Eurogentec s.a, Rue du Bois Saint

Jean, 5, 4102 Seraing, Dublin. Their base sequences were as shown below:

e An amine terminated DNA with the sequence NH,-5- AAT TCC AGT GGC CAT

CAA-3', was used as the probe DNA
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e Target DNA (complementary): 5'-GAA CAT GAA GGA CCG GTG GGC-3’, which
is a section of ERF gene of HER-2/neu.

e Non complementary: 5'-CAT AGT TGC AGC TGC CAC TG-3'

e 3-base mismatch: 5'-GAT CAT GAA GCA CCG GAG GG-3".
The oligonucleotide DNA stock solutions were prepared with TE and PBs buffer and stored
in a freezer at -20 °C when not in use. Phosphate buffer solution (PBS), 0.1 M, pH 7.0 was
prepared from anhydrous disodium hydrogen phosphate (Na,HPQO,4) and sodium dihydrogen
phosphate (NaH,PO,4). Deionised water (18.2 MQ) purified by a milli-QTM system
(Millipore) was used for aqueous solution preparations. Analytical grade argon (Afrox, South
Africa) was used to degas the system. Sodium hydroxide (99.9%) and hydrochloric acid
(HCI, 75%) used were also purchased from Sigma-Aldrich. These chemicals were of

analytical grade.

3.2 Instrumentation and electrochemical measurements

3.2.1 Instrumentation

Electrochemical experiments were performed using BAS100W Bioanalytical System (Model
No: 100B) and CH instruments Bioanalytical System 600 (Model No: 100B), The three-
electrode electrochemical cell comprised a platinum wire counter electrode, a Ag/AgCl (3 M)
electrode, glassy carbon (GCE) and gold (Au) electrode were used as reference (0.0707 cm?
in thickness and 0.02 cm? in diameter). Fourier Transform Infrared Spectroscopy (FTIR)
experiments were performed on a Perkin Elmer spectrometer (Spectrum Model No 100),
contact angle measurements were performed on drop sensor analyser (DSA100, made in

Germany), Fluorescence experiments were performed on (Type FL3- 2IHR, made in France).
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Uv-vis spectroscopy were performed on (Nicolet Evolution Model No 100, thermo Electron,
made in UK), X-ray diffraction spectroscopy were performed on (XRD, Model No D/MAX-
PC 2500 X-ray, made in UK), X-ray photoelectron spectroscopy (XPS,). Electrochemical
measurements were also performed on electrochemical quartz crystal microbalance (EQCM,
AUTOLAB AUT84864, made in Netherlands) and electrochemical impedance spectroscopy
(EIS, Model No PGZ2402 674R052 NOO6, Radiometer analytical S.A, made in France).
Microscopic analyses were performed by using high resolution transmission electron
microscopy (HR-TEM, Tecnai Model No G2 F20X-Twin MAT 200 kV, made in
Netherlands), scanning electron microscopy (SEM,), atomic force microscopy (AFM,
Nanosurf easyScan2 Model No, made in Japan). Raman spectra were obtained on (Horiba

scientific, Olympus Model No BX41TF MAT 200 kV, made in Japan).

3.2.2 Synthesis of quantum dots using mercaptopropanoic acid (3-MPA) and 3-

mercaptosuccinic acid (3-MSA) as a capping agent (stability)

3.2.2.1 Two-pot synthesis of Ga,Tez capped with 3-mercaptopropionic acid

SH/\J\OH @ — @\SJLOH

Scheme 1. MPA interaction with Ga,Te; quantum dots.

3.87 g of Ga metal was weighed into a round bottomed flask and 2 mL of concentrated
HCIO4 was added. The mixture was refluxed under constant stirring for 8 h at 120 °C, after
which, a white precipitate of Ga(ClO,)3.6H,O was formed. 0.38 g of the gallium salt was

dissolved in 20 mL of distilled water and 138.9 uL (4.06 uM) of concentrated MPA was
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added. The pH of the solution was adjusted to 12 and 7.4 using 1 M NaOH and saturated with
N, for 1 h. Te* was prepared by mixing 0.032 g, of Te powder with 0.016 g NaBH, and
dissolved in 20 mL distilled water; this was done in an inert atmosphere since Tellurium is
susceptible to oxygen. The resulting concentrations were 0.02 M and 0.04 M, respectively.
The mixture was then stirred continuously at room temperature under nitrogen saturation for
8 h after which a dark purple solution was formed. Freshly prepared Te* was added dropwise
into the nitrogen saturated Ga(ClO,4)3/3MPA solution followed by reflux for 4 h resulting in a

yellow solution (Ga,Tes quantum dots in solution).

2Ga+ 6HCIO, + 6H,0— 2Ga(Cl04)s.6H,0 + 3H, (1)

NaBH;+ Te + H,O— NaHTe + H; + sediment (2)

After preparation/formation of the gallium telluride (3MPA-Ga,Tes, see scheme 1:
overall reaction) quantum dots, a precipitation (powder form) of the nanomaterials was
required for further analysis of X-ray diffractive (XRD), X-ray photoelectron
spectroscopy (XPS) and Atomic force microscopy (AFM). These analyses of quantum
dots were carried out to determine their crystallinity, the oxidation/reduction states and
their structural morphology. For the analyses, the solution was cooled in an ice bath,
following a 4 h reflux (100 °C) and precipitated by adding acetone (35 mL), drop-wise
to the reaction mixture under continuous stirring. The precipitate was collected via
centrifugation (10 min, 14,000 rpm) and the materials washed with water several times
in order to remove free ions, using a combination of sonication and centrifugation.
70% vyield of the powdered quantum dots (3MPA-Ga,Te;) was realised and re-

dispersion was possible in 0.2 M phosphate buffer (pH 7.4) when required.
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The quantum dots were redispersed in 0.2 M phosphate buffer (PBS) pH 7.4. Figure 17 show

the preparation method of the synthesised quantum dots.

NaBH, + Te + H,0—~ NaHTe + H, +
sediments

Reduced Te metal

Heating plate 120°C, 4h Ga(Cl0,);.6H,0-3MPA; pH 12 Te-NaBH, Ga,Te,-3MPA
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Figure 17. Two-pot synthesis of Ga, Te; capped with 3-mercaptopropionic acid.

3.2.2.2 One-pot synthesis of Ga, Te; capped with 3-mercaptopropionic acid
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Scheme 2. MSA interaction with Ga,Te; quantum dots.
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MSA-capped Ga,Tes QDs (scheme 2) were synthesised via two modified procedures
according to the previous report [226; 227]. Typically, gallium perchloride solution
(Ga(ClO4)3.6H,0, 0.04 M, 4 mL) was diluted to 50 mL in a one neck flask, with and without
tri-sodium citrate dihydrate (400 mg), Na,TeOs3 (0.01M, 4 mL), mercaptosuccinic acid (MSA,
100 mg) and sodium borohydride (NaBH,, 50 mg) were added under vigorous stirring. When
the solution became green, the flask was attached to a condenser and refluxed at 100°C for
the desired period of time (2 h) under N; flow. An equal volume of acetone was added to the
QDs aqueous solution and the precipitated QDs were collected via centrifugation (145 rpm,
20 min). After decanting the supernatant, the QDs were redispersed in PBS, and

reprecipitated by ethanol.
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Figure 18. One-pot synthesis of Ga,Te; capped with 3-mercaptopropionic acid.
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The same procedure was repeated 3 times to wash away the free ions thoroughly. The QDs
were finally dispersed in Milli-Q water for further characterization. The nanomaterials were

synthesised at pHs 7.4. Figure 18 above shows quantum dots preparation method.

3.3 Preparation of Ga,Te;-MPA/Au and Ga;Tes-MPA/GCE electrodes.

Gold (Au) and glassy carbon (GCE) electrodes were thoroughly cleaned by polishing them
on a soft polishing pad using 1.0, 0.3 and 0.05 uM slurries of alumina, respectively, while
rinsing with de-ionised water after each polish. This was followed by ultrasonication in de-
ionised water for 5 min. The electrodes were drop-coated with Ga, Te;-3MPA solution for 12
h and left to dry in air/oven to form Au/Ga,Te3-3MPA. The modified electrodes were then
removed from the Ga,Tes-3MPA solution and gently rinsed with de-ionized water to remove
any physically or weakly adsorbed nanocrystals. The electrode was then immersed in a
mixture of phosphate buffer (pH 7.40) solution of 0.2 M for electrochemical analyses.
Different scan rates of 5, 10, 15, 20, 25, 30 mV s were carried out on the modified
electrodes. Gold and carbon screen printed electrode (SPE) were also used in our study for
comparison.

3.4 DNA genosensor fabrication (dsDNA/Ga,Tes-MPA/Au)

Hybridization, or pairing, of complementary biomolecules is a basic principle of molecular
biology used in methods such as Southern and Northern blotting and in nucleic acid
amplifications such as the polymerase chain reaction (PCR) [228]. Is the process in which
two DNA or RNA single chains from different biological sources, make the double catenary
configuration, based on contingent sequence homology of the two sources, resulting DNA-

DNA, RNA-RNA or DNA-RNA hybrids [228].
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The main reason is to identify or localize certain nucleic acid sequences (genes) in the
genome of some species. The target molecule representing the DNA, RNA and/or protein
sequence that should be identified or located by the probe DNA molecule (that identifies the
target molecule by hybridisation). Hybridisation on a solid carrier is: Southern blotting,
Northern blotting, and Western blotting. Hybridisation stages is: probe synthesis, probe
marking (radioactively or non-radioactively), target DNA processing, target DNA
denaturation, target DNA transfer to solid carrier, molecular hybridisation [229]. Figure 19

describe this phenomenon.
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Figure 19. Schematic representation of quantum dots-DNA with common DNA
(hybridisation).
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The QDs modified gold electrode (Ga,Tes-MPA/Au) was activated via EDC-NHS
steps (Schematic 3) prior to ssDNA attachment. The hybridisation step was performed
by immersing the probe-modified gold electrode in different concentrations 0.1, 0.2,
0.3,04,05,1, 2, 3,4,5, 6, 7and 8 nM) of the target DNA (complimentary) for 5
min. The as-prepared electrode is labelled as dSDNA/3MPA-Ga,Tes-MPA/Au. A CV
of the hybridised electrode was recorded following the incubation step. The same
protocol was applied for hybridisation reactions of the probe-modified electrode with,

1-base mismatch sequence, 3-base mismatch and non-complimentary DNA.
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Figure 20. Schematic representation of genosensor fabrication.
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3.5 Reaction mechanism electrostatic and covelant bonding between EDC/NHS and

Mercapto Acids (3MPA and 3MSA)

The reaction mechanism for the above schematic (Figure 20) diagram is shown in scheme 3.

In the last decades there has been a much interest in the use of both (EDC) and (NHS). Much
interest is in the modification of the solid surface/substrate and the possibility to cross-link
and couple molecules e.g. acid (3MPA or 3MSA etc.). With its allene functional group,
carbodiimide has shown great potential to attain this, and is a known tool in the field of
bioconjugation [230], peptide synthesis [230] and modifications of polysaccharides [231].
The advantage of the carbodiimide reaction is the use of non-hazardous reagents and the
reaction being done in aqueous medium. In addition, the carbodiimide-mediated amidation is
done at room temperature, which most likely preserves the molecular distribution of native
RCOO;, in our case 3MPA [232; 233; 234]. Carbodiimide reaction is known to have low
toxicity since its been transformed into a non-toxic urea derivative in the coupling reaction
[235]. There are a couple of other carbodiimides, such as dicyclohexylcarbodiimide (DCC)
and N,N’-diisopropylcarbodiimide (DIC), but they are allergens and since they are water-
insoluble they require organic solvents, in which molecules such as 3MPA are not soluble.
The carbodiimide reacts with carboxylic groups of e.g. Acid (3MPA), which is shown briefly
in scheme 1; the reaction between a carboxyl group and carbodiimide results in a urea, which
a nucleophile — a primary amine— can attack, resulting in an amide bond. The coupling is a
zero-length crosslinker, meaning no additional residues besides the amide bond and amine

have been added to 3SMPA.
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Scheme 3. Reaction mechanisms for the formation of amide bonds with (a) EDC and (b)

NHS.

A thorough research has been made by Nakajima and Ikada [232] to unravel the mechanism
of EDC with other molecules such as 3MPA. This mechanism has been accepted as true since
is often referenced to in literature. The mechanism is shown in scheme 3A. The first step is
the protonation of the carbodiimide, EDC, giving a carbocation 1, which is hydrolysed into a
urea derivate 1 in the absence of a dissociated carboxylic acid. In the presence of carboxylate,
carbocation 2 is attacked giving O-acylisourea 3. Up until this step the stoichiometric of H”

shows that one proton is consumed for each O-acylisourea 3 formed. From here on different
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scenarios are possible depending on the reaction conditions. Since the EDC forms an unstable
amide bond formation due to the regeneration of the carboxylic group and hydrolysis will
occur (more water formation) rather than the formation of primary amine, thus a product
called N-acylurea is formed. For the reasons mentioned above N-hydroxysuccinimide (NHS)
is employed since it is more advantageous than the later (EDC). NHS is a less hydrolysis-
sensitive compound, and is more reactive towards primary amines. When NHS reacts with O-
acylisourea, a succinimidyl ester is formed, which is more stable towards hydrolysis (ty/, of
40 min at pH 6.0 [236]), Scheme 3B. In addition, the formation of N-acylurea is hindered
since the succinimidyl ester can not undergo N— O displacement as is the case for EDC. The
mechanism is as follows; the dissociated hydroxyl group of NHS 4 makes a nucleophilic
attack on O-acylisourea 3, giving urea derivative and succinimidyl ester 5, which can then be
attacked by a non-dissociated primary amine, resulting in the amide 6 and regenerating NHS
5. The conversion of O-acylisourea to a succinimidyl ester has enabled the formation of

amide [233; 234; 236; 237; 238].

3.6 Methodology for genosensor-cation interaction (Mechanism)

0.1 M of both CsCI and LiCl were prepared for further analysis of genosensor response. The
two solutions were used as the electrolyte in place of the normal phosphate buffer. The idea
was to study the effect of these cations with the genosenor after hybridisation. Briefly, the
bulk glassy carbon electrode was cleaned as mentioned previously and the cleaned electrode
was immobilised with both 3MPA-Ga,Te; and ssSDNA. After adsorption for 16 h, the
GC/3MPA-Ga,Tes/ssDNA was immersed in the electrochemical cell compromising of 3mL
of 0.1 M CsCI/LiCl as an electrolyte before hybridisation. After electrochemical
measurements the genosensor was then removed from the cell and was washed with

deionised water (d.w), after which it was immersed in 0.1 nM common ssDNA (analyte) for
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Sminutes, then into the electrolyte for genosensor detection. After acquiring the
voltammograms the GC/3MPA-Ga,Tes/dsDNA was remove from the cell and washed again
with d.w then into the second concentration of the common ssDNA for further hybridisation

(0.1-8 nM).

3.7 Sample preparation for cytotoxicity studies of SMSA/Ga,Te; on lung cancer cells
3.7.1 Experimental

3.7.1.1 Apparatus

All electrochemical measurements employed a CH Instruments Inc CH1630C potentiostat
with single use carbon-Ag/AgCl screen printed electrodes (4 mm?) or prototype TOXOR
electronic sensing devices (3.8 mm?). Spectroscopic assays were made on transparent flat

bottom 96 well plates (FL medical) using a Biotek synergy H1 Hybrid Reader.

3.7.1.2 Reagents and materials

Sodium acetate (99%), 2-naphthol (99% ), 2-naphthyl phosphate (98%), pentachlorophenol
(98% ), dimethyl sulfoxide ( 99.6%), cadmium chloride (99.99%), (98%), phosphate buffered
saline tablets, RPMI media containing 25 mM HEPES, trypsin 0.5%-EDTA 0.2%, fetal
bovine serum, penicillin 10,000 units per ml/streptomycin 10 mg per mL, L-glutamine 200
mM, polystyrene (35,000 Daltons) were all obtained from Sigma Aldrich. Silver/Silver
chloride and carbon ink were supplied by Gwent, polyester 339 white 250 um and polyester
O 100 pum were melinex brand. Polyester A grade 500 um was mylar brand. Other chemicals
and suppliers used included acetic acid (99% Riedel de Haen), tetrahydrofuran (99.9% Lab
scan analytical sciences), scotch crystal 19 x 66 mm tape and 0.22 pum hydrophilic filters

(Whatman) and 3 M adhesive A4 sheets.
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3.7.1.3 Sample preparation for electrochemical cytotoicity assay

3MSA-CdTe and 3MSA-Ga,Tes were selected as model toxins for this electronic cytotoxicity
assay. Briefly, a 96 well plate was seeded with 4 x 10* cells per microwell and incubated for
24 h under previously described conditions. Following incubation the medium was removed
and each microwell washed three times with PBS. Fresh medium (100 uL) was added to each
microwell plus 100 pL of 3MSA-Ga,Tes (0 - 500 pg mL™Y), 3MSA-Ga,Tes (0 - 1000 pg mL”
1) prepared in either deionised water or PBS. All toxins were pre-sterilised using a 0.22 um
hydrophillic filter [9]. The controls were prepared such that no greater than 0.1% v/v DMSO
was present in each sample. Cells were exposed to toxins for 24 h after which time the toxins
were removed and 2-naphthol generation measured by chronocoulometry following the
previously described method. All cytotoxicity experiments (including controls) were carried

out in triplicate.

3.7.1.4 MTT cell viability assay

The cytotoxic effect of toxins was also assessed using the colorimetric MTT assay Kit
(Cayman chemical). Cells were seeded on a 96 well plate and exposed to toxins as described
previously. After 24 h of incubation, 10 pl of 5 pg mL™ MTT reagents were added to each
sample. The plate was placed on an orbital shaker for 1 min and then incubated for 4 h in a
tissue culture incubator. After this time the toxin and medium was removed from the
microwells and 100 pL of crystal dissolving solution was added to each well. The plate was
then placed on an orbital shaker for 5 min and then back in the tissue culture incubator for 10
min to ensure dissolution of formazan crystals. Formazan generation was measured at 570 nm

using a microplate reader.
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3.7.1.5 Design and fabrication of a TOXOR prototype for cellular enzyme measurement

3.7.1.5.1 Design and fabrication of prototype TOXOR device and GenoDot
microanalyzer (GDMA)

The GDMA and TOXOR integrated mesofluidic/electronic detection devices were designed
using CorelDraw Graphics Suite X5 software and constructed using a thin film lamination
approach (5 layers of polyester materials) bonded via chemical adhesion (Figure 21). Each
layer was machined individually using an Epilog Zing CO; laser cutter. The TOXOR and
GDMA prototype were designed in such a way so as to allow a simplified version of the
electrochemical AP cytotoxicity assay and genosensor to be carried out using a single shot
device. Since the same procedure of preparing the prototype devices was used, only TOXOR

will be discussed.

The on-card subcomponents (Figure 21A and B (a)-(e)) include combined fluidic and
detection elements comprising: (a) Sealed reagent cavity — pear-shaped (capacity 175 uL) in
fluidic contact with the microwell and filled with enzyme substrate. This patented
“membrane touch” activated component functions by the application of a manual (fingertip)
force to a membrane above the cavity [26]. Fluid inside the cavity is then focussed towards a
breakable valve and expelled into the microwell via a mesofluidic channel (0.2 x 7.96 mm).
(b) Microwell — polystyrene coated polyester (capacity 40 pul, area 44.4 mm?) which allows
for cell immobilisation and growth. During a cytotoxicity assay, the cells immobilised in the
microwell were exposed to a toxin for a defined exposure time, following which it was then
flooded with substrate (2-NP 10 mM) contained in the reagent cavity. (c) Two “sinks”
(volume 3.8 pL, area 11 mm?), enable drainage sites for cell media, toxin and excess
substrate following flooding of the microwell and are connected via a channel (3.5 x 2.0

mm). (d) Electrochemical detector (volume 2.44 pL) consisting of stencil printed carbon
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working electrode (3.8 mm?) and Ag/AgCl reference electrode (2.8 mm?) (Gwent Ag/AgCl
paste). The detector is also connected to the microwell through a channel (0.2 x 1.94 mm)
facilitating electrochemical analysis as the final stage in the assay. (e) Suction pump
consisting of a sealed air filled cavity (volume 25 plL) activated by application of external
pressure to a membrane above the cavity expelling air into the microwell. When force is no
longer applied to the membrane, liquid from the microwell is drawn into the electrochemical

cell (d) for measurement.

A: GDMA § B:TOXOR
o
GenoDot Microanalyser (GDMA) Complete CARD (GDMA)
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Detectors- working,
counter and
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15 mm

Figure 21. Fully assembled A) GDMA and B) TOXOR sensing devices. Displayed is the
reagent cavity, microwell with immobilised cells, sink-overflow device and printed

sensor for enzyme activity and ssDNA/3MPA-Ga,Te; measurements.
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3.7.1.6 Sample preparation for TEM analysis

Samples for transmission electron microscopy (TEM) were first fixed in 2.5% glutaraldehyde
in 0.1 M phosphate buffer for a minimum of 1 h at room temperature and post fixed in 1%
osmium tetroxide in Sgrensen’s phosphate buffer for 1 h at room temperature. Subsequently,
the specimens were dehydrated in a graded ethanol series (30%, 50%, 70%, 90%, 100%).
When dehydration was complete samples were transferred from 100% ethanol to a mixture of
1 part of ethanol and 1 part of epoxy resin for 1 h. To complete the resin infiltration the
samples were placed in 100% resin at + 37 °C for 2 h. Finally samples were embedded in

resin, placed at + 60 °C for 24 h until polymerisation was complete.

For orientation purposes sections from each sample were cut at 500 nm, stained with
toluidine blue, and examined by light microscopy. From these survey sections areas of
interest were identified and ultrathin (80 nm) sections were obtained using a Leica EM UC6
ultramicrotome (Leica Microsystems, Wetzlar, Germany). These sections were collected on
200 mesh thin bar copper grids, stained with uranyl acetate (20 min) and lead citrate (5 min)
and examined by transmission electron microscopy (Tecnai G2 12 BioTWIN using an

accelerating voltage of 120 kV).

3.8 Spectroscopic characterisation of the quantum dots

3.8.1 Utraviolet-visible spectroscopy

Note: all measurements were carried in solution and in the region of 200-600 nM.
Freshly prepare samples of DNAs and 3MPA-Ga,Te; quantum dots were used for UV-vis
analysis. UV-visible (UV-vis) absorption measurements of samples were obtained in quartz
cuvettes using a Nicolet Evolution 100 UV-visible spectrometer (Thermo Electron, UK).

Absorbance spectra of quantum dots at different refluxing times (0 - 2, 4 and 16 h) were
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carried out. UV-vis spectra of both quantum dots and probe DNA were acquired,
respectively. Additionally, an absorbance spectrum of ssDNA + 3MPA-Ga,Te; was acquired

before and after different addition of the target DNA (Her2/neu oncogene).

3.8.2 Fluorescence spectroscopy

Fluorescence spectra of quantum dots at different refluxing times (0 - 2, 4 and 16 h) were
carried out. Liquid samples were recorded using Horiba NanoLog™ 3-22- TRIAX (USA),

with double grating excitation and emission monochromators at a slit width of 5 nm.

3.8.3 Fourier transforms infra red spectroscopy (FTIR).

Before analysis, liquid samples of quantum dots from the mother solution were
preconcentrated by centrifuging at 14000 rpm for 30 min. The preconcentrated sample of
each quantum dot was mounted on a CaF; disk/window for FTIR analysis. The FTIR spectra
were recorded spectrum 100 FT-IR spectrometer (PerkinElmer, USA) in the region 400-
4000 cm™.

3.8.4 X-ray diffraction spectroscopy (XRD) and X-ray photoelectron spectroscopy
(XPS).

Before analysis, liquid samples of quantum dots from the mother solution were
preconcentrated by centrifuging three times at 14000 rpm, each for 30 min. The
preconcentrated quantum dot samples were then precipitated in absolute ethanol
followed by a further 30 min centrifuging at 14000 rpm. Nitrogen gas was gently
bubbled through the precipitate until all solvent was driven out. The XRD of the
powdered samples was recorded in the range 20 — 70 degrees using a Rigaku D/MAX-

PC 2500 X-ray diffractometer with a CuK, (A = 1.54°A) radiation source operating at
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40 kV and 200 mA. And the XPS of the powdered quantum dots samples were also
recorded using the same protocol.

3.8.5 Raman spectroscopy

The powdered quantum dots were analysed using Raman spectroscopy to observe their
stretching vibration. A naked tape was analysed before mounting the powered MSA, Liquid
MPA and the powdered quantum dots for further analysis. Raman analysis of the mounted
quantum dots was done using a XploRA Horiba scientific, Olympus BX41TF MAT 200kV

made in Japan.

3.9 Microscopic characterization of the quantum dots and nanocrystals

3.9 .1 High resolution transmission electron microscopy (HRTEM)

Before analysis, liquid samples of quantum dots or from the stock solution were
preconcentrated by centrifuging at 14000 rpm for 30 min. The preconcentrated samples were
dispersed in water and ultrasonicated for 5 min. A small drop of a dilute solution of the
quantum dots in water was placed on a copper coated HRTEM grid and the solvent was left
to dry. HRTEM analysis of the mounted quantum dots was done using a Tecnai G2 F20X-
Twin MAT 200 kV field emission transmission electron microscope from FEI (Eindhoven,

Netherlands).

3.9 .2 Atomic Force microscopy (AFM).

The preparation of samples for AFM analysis was as follows: 10 pL of liquid quantum dots
sample was dropped on silicon wafer substrate and left to dry in air. The samples were
scanned with a silicon tip at a spring constant of 1-5 N/m and resonance frequency of 60 -
100 kHz. The experiment was carried out in air using a non-contact mode cantilever. The

scanned AFM images were taken using (Nanosurf easyScan 2, made in USA). Contact angle
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measurements were performed by placing 0.5 g of 3 MPA-Ga,Te; and Ga,Tes on solid
surface of the drop-sensor analyser on which 10 pL of deionised water was dropped before

taking video measurements.

3.10 Parameters used for our techniques

Table 1. Parameters used for CV at different scan rates and EQCM at different

additions of analytes

EQCM microscopy Cyclic Voltammetry Parameters

Sensitivity 100 nA Sensitivity 100.00 nA

Scan rate 25mV st Scan rate 5,10, 15, 20, 25,30 mV 5!
Driving force 0.88 Amplitude 50

Initial step 1000 mV Initial step 1000 mV

Final step -1000 mV Final step -1000 mV

Table 2. Parameters used for CV and SWYV for different additions of Analytes

Cyclic Voltammetry Parameters Square Wave Voltammetry Parameters
Sensitivity 100 nA Sensitivity 1.00 nA

Scan rate 25mV s™ Scan rate 25mV s™
Amplitude 50 Stepping potential 1

Initial step 1000 mV Amplitude 50

Final step -1000 mV Frequency 5Hz
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Table 3. Parameters used UV/vis and EIS Spectroscopy for characterisation and

different additions of Analytes

UV/Vvis spectroscopy Electrochemical Impedances spectroscopy
Wavelength 350 -700 nm Potentials 400 mV
Bandwidth 2 Stepping potential 50
Cycles 1 Frequency 1 kHZ- 25 MHz
Number of runs 14 Time 60 s

Cycles bare and modified, 1

Table 4. Parameters used chronocoulometry and time based-amperometry for different

additions of analytes

Chronocoulometry

Time based Amperometry

Sensitivity 100 nA Sensitivity 1nA
Scan rate 25mV s™ Scan rate 25mV s™
Amplitude 50 Stepping potential 1

Initial step 1000 mV Amplitude 50

Final step -1000 mV Frequency 5 Hz
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Electrochemical spectroscopy and microscopy techniques used

88



3.11 Electrochemical techniques

3.11.1 Electroanalytical techniques.

Electrochemistry affords some of the most sensitive and informative analytical techniques in
the chemists arsenal. Electroanalytical methods such as cyclic voltammetry, stripping
voltammetry, differential pulse polarography, square wave and chronoamperometry
complements other analytical techniques such as chromatography and spectroscopy and are
not only capable of assaying trace concentrations of an electroactive analyte, but also supply
useful information concerning its physical and chemical properties. Electrochemical methods
of analysis include all methods of analysis that measure current, potential and resistance and
relate them to analyte concentration. Quantities such as oxidation potentials, diffusion
coefficients, electron transfer rates, and electron transfer numbers are readily obtained using
electroanalytical methods which are difficult to obtain using other techniques. Arguably, the
most popular electroanalytical techniques are cyclic voltammetry and square wave
voltammetry. This section describes the basic components of the modern electroanalytical

system, the principles of cyclic voltammetry and square wave voltammetry.

3.11.2 Basic components of an electroanalytical system

The basic components of a modern electroanalytical system for voltammetric measurements
are a potentiostat, an electrochemical cell and a computer. The role of the potentiostat is to
apply accurate and controlled potential and monitor the current produced. The
electrochemical cell, where the electrochemical measurements are carried out, consists of a
working (indicator) electrode, reference electrode, and counter (auxiliary) electrode. The
working electrode is where the reaction or electron (e°) transfers of interest take place hence

usually referred to as the indicator electrode.
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In this three electrode system, voltage is carefully regulated between the working and the
reference electrodes, while the current passes between the working and the counter electrode.
It is noteworthy that at no time does current pass through the reference electrode; this is

ensured by the use of a potentiostat. Figure 22 show a three electrode arrangement.

Pt: counter electrode

——

Au: working electrode Ag/AgCl: reference electrode

Figure 22. Representation of an electrochemical cell consisting of three electrodes.

Electrodes used were gold (Au) and glassy carbon (GCE) working electrode, Ag/AgCl

reference electrode and Pt wire as the counter electrode.
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Working electrode (indicator electrode)

This is the electrode at which the electrochemical phenomena investigated takes place. The
commonly used materials for working electrodes include platinum, gold or glassy carbon in

my case we used boron doped diamond.

Reference electrode

This is the electrode with a constant and a known potential. Its potential is taken as the
reference, against which the potentials of the other electrodes are measured. The commonly
used reference electrodes for aqueous solutions are the saturated calomel electrode (SCE) and

silver/silver chloride (3 M Ag/AgCl).

Counter electrode (auxiliary electrode)

It acts as a sink for electrons so that current can be passed from the external circuit through
the cell. Reactions occurring at the counter electrode surface are unimportant as long as it
conducts current well. In most cases the counter electrode consists of a metallic foil of thin

platinum wire, although gold and sometimes graphite may be used.

3.11.2.1 Cyclic voltammetry (CV)

It is a technique which is widely used in the study of oxidation/reduction reactions and the
detection of reaction intermediates. It is a type of potentiodynamic electrochemical
measurement. The aim of cyclic voltammetry is to provide qualitative information about
electrochemical processes under various conditions. In a cyclic voltammetry experiment the
working electrode potential is ramped linearly versus time like linear sweep voltammetry.
Cyclic voltammetry takes the experiment a step further than linear sweep voltammetry which

ends when it reaches a set potential.

91



When cyclic voltammetry reaches a set potential, the working electrode's potential ramp is
inverted. This inversion can happen multiple times during a single experiment. The current at
the working electrode is plotted versus the applied voltage to give the cyclic voltammogram
trace. Cyclic voltammetry is generally used to study the electrochemical properties of an
analyte in solution; it is widely applicable in the study of oxidation/reduction reactions. The
utility of cyclic voltammetry is highly dependent on the analyte being studied. The analyte
has to be redox active within the experimental potential window. It is also highly desirable
for the analyte to display a reversible wave [239]. A reversible wave is when an analyte is
reduced or oxidized on a forward scan and is then reoxidized or rereduced in a predictable

way on the return scan as shown by Figure 23.
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Figure 23. A cyclic voltammogram of 5 mM ferricyanide using boron-doped diamond

(BDD) electrode at a scan rate of 25 mV s,
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Important parameters are usually obtained from cyclic voltammogram for analysis of redox
properties of an electroactive sample. These parameters include peak potentials (Epc, Epa) and
peak currents (lpc, lpa) for the cathodic and anodic peaks, respectively.Consequently,
important information about the sample under investigation can be obtained from the above
peak parameters. This includes whether the electrochemical process displayed by the sample
is reversible, irreversible or quasi-reversible. It also gives an insight into how fast the
electron process is, relative to other processes such as diffusion. For instance, if the electron
transfer is fast relative to the diffusion of electroactive species from the bulk solution at the
surface of the electrode, the reaction is said to be electrochemically reversible and the peak

separation (AEp) is given below;

For reversible reaction, the concentration is related to peak current by the Randles-Sev¢ik

equation (at 25 °C)

I, =2.69x10°n*? AD?v"*C 2)

For an irreversible reaction:

I, =(2.99x10° Jn(an, )2 ADY2 V2 3)
where, |, is the peak current in amperes, v is the rate at which the potential is swept in V s, A
is the electrode area (cm?), n is the number of electrons transferred, D is the diffusion
coefficient (cm? s™) « is the transfer coefficient, n, is the number of electrons involved in a
charge-transfer step and C is the concentration in mol cm™. Several voltammograms
performed at different scan rates can lead to linear plots whose slopes could give further

information about the redox properties of the sample in question.
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For, instance, when the peak current is plotted against the square root of the scan rate, the
slope of the linear plot can be used to estimate the diffusion coefficient according to the
Randles-Sevc¢ik, equation shown above. When plotted, the log of peak current versus the log
of scan rate gives a linear plot whose slope distinguishes between diffusion controlled peaks,
adsorption peaks or even a mixture of the two. At plot of the log I, versus log v there's
linearity, in which a slope of 0.5 for diffusion peak and a slope of 1 for an adsorption peak is
obtained. Intermediate values of the slope are sometimes observed, suggesting a “mixed”
diffusion-adsorption peak in some cases, the sample to be characterized may be deposited on
the surface of the electrode (chemically modified electrodes). In such cases, one can estimate

the surface concentration of the adsorbed material by the use of the Brown-Anson equation:

| P A
S == (4)
v 4RT

where, " represents the surface coverage concentration (mol cm™) R is the gas constant and F

is Faraday's constant (96485 C mol™). [204; 240; 241]

3.11.2.2 Squre wave voltammetry (SWV)

It is a large amplitude differential technique in which waveform composed of a symmetrical
square wave: (a) is superimposed on a base staircase potential and (b) it is applied to the

working electrode (Figure 24) below,
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Figure 24. Square-wave waveform showing the amplitude, Esy; step height, E; square-
wave period, delay time, T4; and current measurement times, 1 (forward pulse) and 2

(reverse pulse).

The current is sampled twice during the end of the forward pulse and once at the end of the
reverse pulse. The difference between the two measurements is plotted versus the base
staircase potential. A dimensionless plot of the theoretical forward, reverse and difference in

currents for a rapid reversible redox system is shown below (Figure 25)
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Figure 25. Square-wave voltammograms for reversible electron transfer. Curve A;

forward current. Curve B: reverse current. Curve C: net current.

The resulting peak-shaped voltammogram is symmetrical about the half-wave potential, the
peak potential is proportional to the concentration. Its excellent sensitivity occurs from the
fact that the net current is larger than either the forward or the reverse components (since it is
the difference between them. The sensitivity is higher than differential pulse polarography (in
which the reverse current is not used). Very low detection limits near 1 x 10°® can be attained
for reverse and irreversible cases. For reversible and irreversible cases the square-wave
currents are 4-3.3 times higher than DPV or CV. The peak potential and peak current are

described by the following equations:
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where, Do is the diffusion coefficient of species O (cm? s?), Co is the concentration of
species O (mol cm™), t, is the experimental time scale (1/2 Square period - Sample window),
E1 is the half-wave potential and 4y, is a dimensionless peak current parameter depends on,

number of moles.

Advantages of Square wave voltammetry is its speed, the effective scan rate is given by
frequency (f) and AEs (E; static potential). Frequency of 1-100 cycles per second permit the
use of extremely fast potential scan rates (e.g. f = 50 Hz AEs = 10 mV, then the effective scan
rate is 0.5 V s%) as a results the analysis time is drastically reduced, a complete
voltammogram can be recorded within few seconds and kinetic studies can also benefit from
the rapid scanning capability and the reversal nature of square-wave voltammetry [241; 242;

243].

3.11.2.3 Chronocoulometry

Chronocoulometry (CC) is a measure of the time dependence of the quantity of electricity
(integrated current: which is the amount of charge passed) as a function of time under
chrono-amperometric conditions. The usual observables in controlled-potential experiments
are currents as functions of time or potential. In some experiments, it is useful to record the
integral of the current versus time (chronocoulometry). In this work chronocoulometry was

used for the response of the quantum based genosensor (Figure 26).
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Figure 26. Typical chronocoulometry of SMPA-Ga,Tes.

The coulometry mode was popularized by Anson and co-workers. It is widely employed
instead of chronoamperometry because it offers crucial experimental advantages: (a) The
measured signal often grows with time; hence the later parts of the transient, which are most
accessible experimentally and are least distorted by non ideal potential rise, offer better
signal-to-noise ratios than the early time results, (b) The act of integration smooths random
noise on the current transients; hence the chronocoulometric records are inherently cleaner
and (c) Contributions to Q(t) from double layer charging and from electrode reactions of
adsorbed species can be distinguished from those due to diffusing electro reactants. An
analogous separation of the components of a current transient is not generally feasible. This
latter advantage of chronocoulometry is especially valuable for the study of surface
processes. Chronocoulometry is useful to study adsorption on an electrode surface. When
adsorbed species exist on an electrode surface, it is electrolyzed immediately, whereas
solution species must diffuse the electrode in order to react. The total charge Q is measured in

a potential step experiment.
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As mentioned earlier that chronocoulometry was taken by one treatment of
chronoamperometry in which the current response was integrated to give a response to the
charge. The charge-time curve of the forward step for chronocoulometry is the integral of eq.

7: this is called the Anson equation (eg. 8).

nFACD?"? 2
I = W = kt (7)
1/241/2
Q- V”FASZ?,Z £ ke ®)

As shown in Figure 26A, Q rises with time, and a plot of its value vs. t"2

is linear. The slope
of this plot is useful for evaluating any one of the variables n, A, Do, k or C, given knowledge
of the others. Equation 9 shows that the diffusional component to the charge is zero at t = 0,

yet a plot of the total charge Q vs. t2

generally does not pass through the origin, because
additional components of Q arise from double-layer charging and from the elctro-reduction of
any molecules that might be adsorbed at E-v (Figure 26B). The charges devoted to these

processes are passed very quickly compared to the slow accumulation of the diffusional

component; hence they may be included by adding two time-independent terms (eq. 9-10):

nFACDY?tY2
Q:T-'_Qads_'_Qd/ 9
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Q.4 = NFAT (10)
where, Qq is the capacitive charge, Qags is the adsorbed specie charge and nFAT quantifies
the faradaic component given to the reduction of the surface excess, I" (mol cm™) is the
amount of adsorbed species. The intercept of Q vs. t2 is therefore Qg + NFAT (equation 10).
Qtotal is obtained by summing Q, Qags and Qq;. As the expression of Q in eg. 9, a plot of Q vs.
t2 is a straight line. The Anson plot should be linear with intercept that is equal to the second
and third terms in eq. 9. If Qg is known, then the value Qa,gs can be calculated for an electrode

of the known electrode area. When double step chronocoulometry is used, the difference in

the intercepts of forward and reverse steps is Qqgs. [204; 244]

3.11.2.4 Electrochemical quartz micro-balance (EQCM)

An electrochemical quartz crystal microbalance (EQCM) is an electroanalytical method,
which is capable of measuring minute mass changes on its surface while providing
conventional electrochemical data in the same time. A quartz crystal microbalance (QCM)
can also be defined as a mass-sensing device, capable of measuring mass changes equivalent
to the formation of a monolayer. The QCM is based on the converse piezoelectric effect,
discovered by Curie brothers, where a mechanical stress in a quartz crystal was induced upon
the application of an electrical potential. The QCM is composed of a thin quartz wafer
sandwiched between two metal disks, attached to an oscillator circuit. AT-cut quartz crystals
are commonly used because of their frequency stability as a function of temperature. When
an alternating potential is applied perpendicular to the crystal surface, a shear stress is
induced in the crystal, and the atomic displacement of quartz occurs in the direction parallel

to its surface. The shear vibration results in acoustic waves travelling perpendicular to the
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surface. When extra mass is uniformly added on top of the quartz crystal, the thickness of the
quartz crystal changes and a change in the resonance frequency is observed. If the added
mass is less than 2% of the mass of the quartz crystal, the relationship between Af and mass

change is linear, and described by the Sauerbrey equation;

Af =-C,.Am (11)

where, Af is the observed frequency change, in Hz, Am is the change in mass per unit area, in
gcm, and C; is the sensitivity factor for the crystal used (i.e. 56.6 Hz pug cm™ for a 5MHz
AT-cut quartz crystal at room temperature. The negative sign in the Sauerbrey equation
indicates that Af decreases when mass is added to a QCM electrode and vice versa.
Sauerbreyl was the first to recognize the potential usefulness of the Quartz Crystal
Microbalance (QCM) technology and demonstrate the extremely sensitive nature of these
piezoelectric devices towards mass changes at the surface of QCM electrodes. The results of
his work are embodied in the Sauerbrey equation, which relates the mass change per unit area
at the QCM electrode surface to the observed change in oscillation frequency of the crystal,
(eq. 1). The Sauerbrey equation relies on a linear sensitivity factor, C;, which is a
fundamental property of the QCM crystal. Thus, in theory, the QCM mass sensor does not
require calibration. However, it must be kept in mind, that the Sauerbrey equation is only
strictly applicable to uniform, rigid, thin-film deposits. Vacuum and gas phase thin-film
depositions which fail to fulfill any of these conditions actually exhibit more complicated

frequency-mass correlations and often require some calibration to yield accurate results.
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For many years, QCMs were just regarded as gas-phase mass detectors; however, more
recently their application has been extended since scientists realized that they can be operated
in contact with liquids and viscoelastic deposits. In this case, both frequency and series
resonance resistance of the quartz oscillator are important to completely characterize the
material in contact with the crystal electrode. Due to its high sensitivity the development of
QCM Systems for use in fluids opened a new world of applications, including
electrochemistry and microrheology. More recent developments have focused on tailoring
electrode surface chemistry (i.e. specialized polymer coatings) so that these devices can be
applied as discriminating mass detectors for (1) specific gas detection, (2) environmental
monitoring, (3) DNA-biosensing and (3) basic surface-molecule interaction studies. [245;

246; 247, 248]

3.12 Spectroscopic Methods

3.12.1 UV/vis spectroscopy

UV-vis is a reliable and accurate analytical laboratory assessment procedure for analysis of a
substance. Specifically, ultraviolet and visible spectroscopy measures the absorption,
emission, or scattering of electromagnetic radiation by atoms or molecules. It comprises only
a small portion of the wide range electromagnetic radiation spectrum. Although lower in
frequency and therefore lower in energy than cosmic, gamma or X-rays, ultraviolet and
visible light are of a higher frequency and, therefore of higher energy, than infrared,

microwave and radio waves.

The technique is also used to study the electronic transition of materials with transition
energy in the approximate range between 10 and 10° kJ mol™, which span the near IR

through the visible to the UV region of electromagnetic spectrum.
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For most semiconductors, the energy required for promotion of an electron from valence
band to conduction band is in the same energy region, and thus UV-vis spectroscopy is a
powerful technique to study the interband electronic transition in semiconductors. The study
of optical absorption is therefore important to understand the behaviour of semiconductor
nanocrystals. A fundamental property of semiconductors is the band gap-the energy
separation between the filled valence band and the empty conduction band. The band gap

energy is calculated using the following equation.

E == (12)

where, Ey is the band gap energy, h is the Plancks constant = 6.626 x 10°*J.s (4.136 x 10"
eV.s), C is the speed of light = 3.0 x 10° cm s, A is the wavelength. Optical excitation of
electrons across the band gap is strongly allowed, producing an abrupt increase in absorption
at the wavelength corresponding to the band gap energy. The absorption of light at a
particular wavelength is determined by the ratio of transmitted light and incident light (I/10).

Therefore absorbance can be expressed as:

A=- Iog(—j (13)

Each molecule in a solution absorbs a certain amount of light. Beer’s Law quantifies the
absorbance of each molecule at a wavelength to its concentration and the length of the light

path.
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A= ébc (14)

where, ¢ is the molar extinction coefficient at wavelength 4, ¢ is the concentration and | is the
length of light path. Typically the light path is a constant equal to the quartz cell length of
1cm, while the concentration may vary. Based on experimentally measured absorbance, it is
possible to determine € or ¢ if one of the values is known. UV-vis absorption spectroscopy is
also an effective technique used to study particle growth of nanocrystals [223]. According to
the effective mass model, the radius of the particle is related to the absorption band [224].
UV-vis characterisation gives an idea about the size of the particles under investigation since
the band edge depends on the particle size. Absorption peak occurring at lower wavelengths
imply a blueshifted absorption edge resulting from quantum confinement of the excitons
present in the sample. The excitons present in the sample cause a more discrete energy
spectrum of the individual nanoparticles. If no visible absorption is seen in the visible region,

the system can be said to be a non-linear optical (NLO) material.[241; 249]

3.12.2 Fluorescence spectroscopy

Fluorescence is one of the different luminescence techniques or processes in which molecules
emit light. Fluorescence is the emission of light by a molecule (fluorophore) that occurs
within microseconds after the absorption of light (excitation) of shorter wavelength. The best

representation of fluorescence is the energy diagram.
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Figure 27. A Jablonski diagram representing the energy levels for a fluorescent

molecule and several important transitions.

The characteristic molecular states and relaxation process involved in fluorescence emission
are as illustrated in Figure 27. The diagram is known or refered to as the Jablonski diagram.
So and S; are the single electronic states, and T, is the lowest energy triplet state for the
molecule. Triplet and singlet states are distinguished by the orientation of the electron spins.
The closely spaced levels within each electronic state represent the vibrational levels of the
molecule. The vibrational levels are sometimes very similar for different electronic states.
Due to the quantum mechanical nature of the underlying processes, energy is absorbed or
emitted in discrete units (photons). A single photon has energy hv, as defined in the figure

caption.
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3.12.2.1 Absorption and Fluorescence relaxation pathways

At room temperature a fluorescence molecule will normally occupy the ground state (So) of
electronic and vibrational energy levels. Before fluorescence emission can occur, an energy
source i.e. an absorbed photon of energy hvA, is require to excite the molecule. The energy of
the absorbed photon will lift the molecule to higher level electronic and vibronic energy
states, a simple absorption transition, Figure 27. Subsequent photon absorption, an excited
molecule will rapidly relax to the ground vibrational level of S1. This fast vibrational process
is called internal conversion and it occurs on the picoseconds (10™2s). One drawback of rapid
internal conversion is that all subsequent relaxation pathways proceed from the lowest
vibrational level (S1). Once reached the ground state of the excited state, there are three main
pathways by which the molecule may depopulate the S1 state: (1) fluorescence emission, (2)

nonradaiative relaxation and (3) intersystem crossing to the triplet state (Figure 27).

3.12.2.2. Fluorescence emission

Fluorescence is generated when a molecule occupying the singlet electronic excited state
relaxes to the ground state through spontaneous photo emission, an incoherent radiative
process. There are several parameters used in characterising fluorescence emission, only

Stokes’ shift and nonradaiative relaxation will be discussed.

3.12.2.3 Stokes’s shift

From the information gathered thus far one can conclude that the energy of any photon
emitted via fluorescence is less than that of the originally absorbed photon due to the energy

lost to internal conversion.
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Fluorescence emission will thus have a redder colour (i.e. longer wavelength and lower
energy photons) than the original excitation source. This shift in wavelength or the red shift is
called the Stokes’ shift. The actual extent of the red shift depends on the particular molecule

and solvent. An example of the Stokes’ shift is shown in Figure 28.
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Figure 28. Overlaying of absorbance and fluorescence spectra showing the Stoke’s shift.

It is worth noting that the Stokes’ shift is very important for the extremely high sensitivity of
fluorescence imaging measurements. The red shift allows the use of optical filters, which can
block the excitation source from reaching the detector so that fluorescence detection (unlike

absorption) is measure against a very low background.

3.12.2.4 Nonradiative relaxation

This is a mechanism which allows an excited molecule to relax back to the ground state
without any associated fluorescence emission. The reason for this behaviour may be due to

intramolecular or intermolecular relaxation pathways and are said to quench the fluorescence.
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Quenching pathways compete with the fluorescence relaxation pathways and will thus reduce
fluorescence emission. Examples of nonradiative relaxation mechanisms include resonance
energy transfer a process in which an excited state molecule (the donor) transfers its energy
to a nearby molecule (the acceptor) through near-field electromagnetic interaction, excited
chemical reaction, static quenching occurs when a fluorophore forms a non-fluorescent
complex with another molecule and collisional quenching refers to the loss of the
fluorophore’s excited state energy upon colliding with a quenching agent. Example of
fluorescence quenchers includes e.g. oxygen and metals

3.12.2.5 Intersystem crossing and phosphorescence and/or the radiative transition of an
excited molecule.

Intersystem crossing occurs when an excited molecule relaxes to the triplet excited state. The
triplet state is distinguished from singlet states by the opposite orientation of an electron spin
(Fig3). From a triplet excited state, a molecule may undergo a radiative transition to the
ground state. This is accompanied by a spontaneous emission of (photon) light and the
process is called phosphorescence. A radiative electron-hole recombination may also occur,
causing a direct transition from a singlet excited state to the ground state. This produces a
photon emission spectrum and the process is called fluorescence. The photon energies
produced in both fluorescence and phosphorescence reflect the various energy states that are
present in the quantum dot. These different energy states are produced by different defects as
well as the many different ways though which impurities are incorporated into the lattice.
Typically, fluorescence results from a transition between the lowest energy level of the first
excited singlet state and some vibrational level of the ground state. The delay between
absorption and emission in fluorescence is of the order of 10-8 seconds or less whereas it is

much longer in phosphorescence.
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The emission delay in phosphorescence is believed to result from the presence of vacant
lattice sites (trap states), impurities, lattice defects, and/or irregularities in the host lattice that
detain or trap the charge carriers (electrons/holes) before their radiative recombination with
the luminescent centres. Fluorescence therefore exhibits shorter life time than
phosphorescence, a property that allows for fast analysis. The use of fluorescence as an
analytical probe tool was inspired by J.B Birk’s work., [250] who used fundamental
fluorescence to study the photophysical properties of simple aromatic molecules in solution.
Since then, fluorescence spectroscopic studies have been extended to more complex systems.
Today, fluorescence spectroscopy has been established as a sensitive, selective, non-
destructive, and versatile tool for probing various systems such as solutions, colloids, organic

and inorganic solids, and polymers.[251; 252; 253]

In characterisation of colloidal quantum dots, fluorescence emission spectrum provides
information about the nature of a point defect of a material by determining not only the
presence, but also the type of vacancies, interstitials, and impurities in the lattice. It is
however important to mention that, single-wavelength emission spectrum can be limited for
the analysis of complicated multicomponent samples, or even a simple mixture which
contains grossly overlapping emission and/or excitation spectra. This is because conventional
fluorescence spectra reveals the fluorescence of a sample within one spectral region, and may
not provide enough data to distinguish between two or more closely related emitting
molecules. Advanced fluorescence measurements known as three-dimensional excitation—
emission matrix (EEM) fluorescence spectroscopic analyses are therefore necessary for
analysis of quantum dot point defects, trap states, types of vacancies, interstitials and

impurities in the lattice.
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EEM produces fluorescence spectra at many excitation wavelengths providing an overall
view of all features existing within the selected spectral range. It has been proven to be a
useful technique to differentiate the changes and transformations of organic matters in natural
environments [250; 254]. The prominent advantage of the EEM fluorescence spectroscopy is
that the information regarding the fluorescence characteristics can be completely obtained by
changing the excitation wavelength and emission wavelength simultaneously. By analyzing
different spectral regions, EEM could be also used to distinguish the fluorophores present in

colloidal quantum dot samples. [255]

3.12.2.6 Quantum yield

The quantum yield of a fluorescence is a measure of its fluorescence efficiency, defined as
the fraction of all excited molecules that relax by fluorescence emission, as the probability
that a given excited molecule will produce a fluorescence photo or simply as a measure of
how bright the sample/fluorophore is (in our case the Ga,Te; quantum dots). The quantum

yield is also defined in terms of the rate constants as:

r
Q= '+ K (19

where, K is the adsorption rate constant. From the equation it is apparent that the quantum
yield would reach its maximum value of unity only when fluorescence is of single allowed
relaxation process. Fluorescent molecules commonly used as probes in microscopy have
guantum yields ranging from very low (< 0.05) to near unity. High quantum vyield is desirable
in most imaging applications. In this study the quantum vyield of the quantum dots which is
used as an imaging probe is compared with that of rhodiamined 6G and was calculated to be
higher than that of the later as expected.
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Quantum Yield was calculated using the following equation (eq. 16):

Y =y .25 I s (16)

where, Ys = Yield of the sample, Y, = Yield of the reference, which was known as 0.95 (or
95%) (Qu and Peng), Fs = Peak fluorescence intensity of the sample, F, = Peak fluorescence
intensity of the reference, measured as 234.4169, A, = Absorption of the reference at the
excitation wavelength (must be <0.1), measured as 0.089358, As = Absorption of the sample
at the excitation wavelength (must be <0.1), Gs = Index of the reference material of the
sample; water was used, and the index is 1.3329, G, = Index of the reference material of the

reference; ethanol was used, and the index is 1.3611.[256; 257]

3.12.3 Electrochemical Impedance Spectroscopy (EIS)

EIS is an electrochemical technique with applications in corrosion, biosensors, battery
development, fuel cell development, paint characterization, sensor development, and physical
electrochemistry. EIS can even be used to test the quality of food, Robinson et al., [200]. The
reason for this popularity is the high information content. EIS provides a more thorough
understanding of an electrochemical system than any other electrochemical technique. Its
principle aim is to measure the impedance between the current and the potential at a fixed DC
potential during frequency scan with a fixed superimpose AC signal of small amplitude. The

physical values are the phase (@) shift and modulus (Z).
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In cyclic voltammetry and other dynamic electroanalysis, an applied potential is either
constant (potentiostatic) or changing (potentiodynamic) when ramped at a constant rate of v
=dE/dt. However, in impedance, a small perturbing potential is applied across a cell or
sample and changes in a cyclic sinusoidal manner and generates a current resulting from the
over potential (1) caused by the small displacements of the potential from the equilibrium
value. Because the potential is only perturbing, it has the advantage of minimizing the
concentration change after the experiment. The induced current alternates because the voltage
changes in a cyclic manner, and hence the term alternating current (AC). The term impedance
is therefore a measure of the ability of a circuit to resist the flow of an alternating current
(AC). It is synonymous to resistance (R) used in direct current (DC), which is defined by

Ohm’s law (eq. 17) as the ratio between voltage (E) and current (1)

R=-" (17)

EIS is an excellent, non-destructive, accurate and rapid insitu technique for examining
processes occurring at the electrode surface. During a controlled-potential EIS experiment,
the electrochemical cell is held at equilibrium at a fixed DC potential, and a small amplitude
(5-10 mV) AC wave form is superimposed on the DC potential to generate a response from
the equilibrium position. The response to the applied perturbation, which is generally
sinusoidal, can differ in phase and amplitude from the Z" (usually, the positive y-axis
correspond to -Z" = Zq), over a wide frequency range normally ranging from 100 kHz to 0.1
Hz. The Nyquist plot of impedance spectra includes a semicircle portion and a linear portion
(but these is not always the case), with the former at higher frequencies corresponding to the
electron transfer process and the latter at lower frequencies corresponding to the diffusion

process (Figure 29). The electron transfer resistance (R.) at the electrode surface is equal to
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the semicircle diameter, which can be used to describe the interface properties of the

electrode (Figure 30)
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Figure 29. Nyquist plot.
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Figure 30. A typical Nyquist plot.
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Another way of presenting impedance data is a Bode plot in which the logarithm of the
absolute value of Z' (Ziea) and the phase angle (¢) are plotted against the logarithm of the
frequency (f) (Figure 31). This can be plotted together or separately. Nyquist plots are more
commonly displayed for historical reasons, the data is however often poorly resolved
(particularly at high frequencies), and the explicit frequency dependence is not displayed in
the plot. In contrast, bode plots directly displays the frequency dependence; in addition, the
data is well resolved at all frequencies, since a logarithmic frequency scale is used. When the
frequency of the AC waveform is varied over a wide range of frequency (ca about 10 and >
106 Hz), the impedance obtained for the system is a function of the operating frequency.
Spectra of the resulting impedance at different frequencies do reveal the different
electrochemical kinetics involved in the system. While dipolar properties are manifest at the
high frequency regions, bulk and surface properties will be evident at intermediate and low
frequencies respectively. The total impedance of a system is determined by the impedances of
the various components of the electrochemical cell; for example, electron transfer kinetics,
diffusion and passivating layers. The relative contribution of the various components
typically varies with frequency; for example, electron transfer. Measuring impedance over a
wide frequency range allows processes with different time scales such as electron transfer,
mass transport and chemical reaction to be detected within the same experiment. Impedance
data is commonly analyzed by fitting it to an equivalent circuit model. The frequently used
circuit, called the Randles equivalent circuit (Figure 32) is composed of different elements
such as resistors, capacitors, and inductors joined in series or in parallel. Figure 31 below
shows the impedance diagram for the real impedance (x-axis) and imaginary impedance- (y-
axis) with low frequency data being on the right side of the plot and higher frequencies are on

the left.
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3.12.3.1 Electrical circuit elements

Electrochemical Impedance plots often contain several time constants, but often only a
portion of one or more of their semicircles is seen. The shape varies depending on the
equivalent electrical circuits for the system. Figure 32 is a typical equivalent circuit of a

capacitor and a resistor in parallel.

Any electrochemical cell can be represented in terms of an equivalent electrical circuit that
comprises a combination of resistances and capacitances. There could also be contribution of
inductances at very high frequencies. Contributions to the resistance of a cell are the solution
resistance (Rs), the charge transfer resistance (R.), Warburg impedance (Z,) while
contribution to the capacitance could be as a capacitor (C) and constant phase element (CPE).
These elements are described briefly underneath.

Solution resistance (Rs): The solution resistance is the resistance between the working
electrode and the reference electrode. This is indicated as a small offset on the real impedance
axis. It is measured at high frequency intercept near the origin of the Nyquist plot. The
resistance of an ionic solution depends on the ionic concentration and type of ions the
electrolyte is made up, temperature and the geometry of the area in which current is carried.
In a bounded area with area A and length I carrying a uniform current the resistance is defined
as:

R=p (18)

1
A
The conductivity of the solution, p, is more commonly used in solution resistance
calculations. Its relationship with solution resistance is:

Charge transfer resistance (Rc): This is the resistance associated with the charge transfer

mechanisms for electrode reactions.
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It is the resistance to electron transfer at the electrode interface. It is deduced from the
kinetically controlled electrochemical reaction at low over-potentials. The equation for

Charge transfer resistance below is deduced from Bard and Faulkner.

R, - RT
nFl 4

(19)

From this equation the exchange current density (l) can be calculated when R is known.
The charge transfer resistance is estimated from the diameter of the semicircular region on
the real impedance axis of the Nyquist plot. When the chemical system is kinetically
sluggish, the R¢ will be very large and may display a limited frequency region where mass
transfer is a significant factor. However, if the system is kinetically facile, then the mass

transfer always plays a role and the semicircular region and R is not well formed.

Warburg Impedance (ZW): This is the resistance associated with the diffusion of ions
across the electrode/electrolyte interface. This impedance is associated with the difficulty of
mass transport of electroactive species. Layers of ions at the electrode interface behave like
an RC element (i.e. a resistor and a capacitor in parallel) and this produces infinite sum of RC
elements called the Warburg impedance. It is characterised as a linear portion at an angle of

45° and slope of unity on the Nyquist plot and a slope of -0.5 on the Bode plot.

Capacitor (C): The capacitance (C) is the ability of an electrochemical system to store or
retain charge. An electrical double layer exists on the interface between an electrode and its
surrounding electrolyte. This double layer is formed as ions from the solution "stick on™ the
electrode surface. The potential at the terminals of this double layer (capacitor) is

proportional to its charge. The impedance of a capacitor is given by the equation
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© =% Tac (20)
Therefore; Z is the imaginary value, Z" is Z real impedance, C is the capacitance and w is the

frequency

Constant phase element (CPE): A constant phase element is a non-intuitive circuit element
that was invented while looking at the response of real-world systems. Often, a CPE is used
in a model in place of a capacitor due to deviation of capacitance parameters from expected
values. In some systems the Nyquist plot was expected to be a semicircle with the center on
the x-axis. However, the observed plot may be an arc of a circle with the center being some
distance below the x-axis. These depressed semicircles have been linked to a number of
phenomena, depending on the nature of the system being investigated. This behaviour was
traced to the non-homogeneity of the system or that there is some distribution (dispersion) of
the value of some physical property of the system. The impedance of a CPE is represented by

equation

CPE=Z=A(jw)" = (21)

(Cjw)
This is similar to that of a capacitor except that the constant A = 1/C (the inverse of the
capacitance) and the exponent « = 1 for a true capacitor. For a constant phase element, the
exponent « is less than one. When a = 0.5, a 45° line is produced on the complex plane graph
and could be used for an infinite length of warburg element. During circuit fitting, the CPE is
defined by two values, i.e., the capacitance, C, and the CPE exponent, a, which has a value
between 0.5 and 1 for a non-ideal capacitor. If n equals 1, the equation is identical to that of a
capacitor and smaller values can be related to surface roughness and in-homogeneities, which

lead to frequency dispersion [240; 258].

118



3.12.4 Fourier Transform Infrared Spectroscopy (FTIR).

Infrared spectroscopy reveals information about the vibrational states of a molecule. Intensity
and spectral position of IR absorptions allow the identification of structural elements of
molecule. Among them are typical functional groups, hydrogen bonding, but also
determination of conformations or even investigation of chemical reactions. Typical
vibrations of functional groups make infrared spectroscopy also an important analytical tool.
In the gas phase a rotational fine structure can often be observed from which the moment of
inertia of the molecule can be determined. When a spectrum is recorded using a conventional,
dispersive IR spectrometer, each data point reveals the transmitted light at the respective
frequency. The signal provided by the FTIR technique, however, contains information about
the complete spectrum of the probe. This signal has to be transformed from the time-domain
into the frequency-domain in order to reveal the spectrum. This transformation is called

Fourier transformation [239].

3.12.5 Raman spectroscopy

Raman spectroscopy is a spectroscopic technique based on inelastic scattering of
monochromatic light, usually from a laser source. Inelastic scattering means that the
frequency of photons in monochromatic light changes upon interaction with a sample.
Photons of the laser light are absorbed by the sample and then reemitted. Frequency of the
reemitted photons is shifted up or down in comparison with original monochromatic
frequency, which is called the Raman effect. This shift provides information about
vibrational, rotational and other low frequency transitions in molecules. Raman spectroscopy
can be used to study solid, liquid and gaseous samples. The Raman effect is based on

molecular deformations in electric field E determined by molecular polarisability a. The laser
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beam can be considered as an oscillating electromagnetic wave with electrical vector E. Upon
interaction with the sample it induces electric dipole moment P = aF which deforms

molecules. Because of periodical deformation, molecules start vibrating with characteristic

frequency v,
harsy A
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Figure 33. Energy-level diagram showing the states involved in Raman signal. The line

thickness is roughly proportional to the signal strength from the different transitions.

Amplitude of vibration is called a nuclear displacement. In other words, monochromatic laser
light with frequency v, excites molecules and transforms them into oscillating dipoles. Such
oscillating dipoles emit light of three different frequencies (Figure 33) when: 1) A molecule
with no Raman-active modes absorbs a photon with the frequency vo. The excited molecule
returns back to the same basic vibrational state and emits light with the same frequency v as

an excitation source.
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This type if interaction is called an elastic Rayleigh scattering. 2) A photon with frequency
vo IS absorbed by Raman-active molecule which at the time of interaction is in the basic
vibrational state. Part of the photon’s energy is transferred to the Raman-active mode with
frequency vm and the resulting frequency of scattered light is reduced to vo - vy, This Raman
frequency is called Stokes frequency, or just “Stokes”. 3) A photon with frequency vg IS
absorbed by a Raman-active molecule, which, at the time of interaction, is already in the
excited vibrational state. Excessive energy of excited Raman active mode is released,
molecule returns to the basic vibrational state and the resulting frequency of scattered light
goes up to v + vy This Raman frequency is called Anti-Stokes frequency, or just “Anti-
Stokes”

Raman scattering is a spectroscopic technique that is complementary to infrared absorption
spectroscopy. Raman offers several advantages over mid-IR and near-IR spectroscopy,

including:

o Little or no sample preparation is required

o Water is a weak scatterer - no special accessories are needed for measuring aqueous
solutions

e Water and CO; vapours are very weak scatterers - purging is unnecessary

« Inexpensive glass sample holders are ideal in most cases

« Fiber optics (up to 100's of meters in length) can be used for remote analyses

e Since fundamental modes are measured, Raman bands can be easily related to
chemical structure

« Raman spectra are "cleaner” than mid-IR spectra - Raman bands are narrower, and

overtone and combination bands are generally weak
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« The standard spectral range reaches well below 400 cm™, making the technique ideal
for both organic and inorganic species
e Raman spectroscopy can be used to measure bands of symmetric linkages which are

weak in an infrared spectrum (e.g. -S-S-, -C-S-, -C=C-). [259; 260; 261]

3.12.6 X-ray diffraction spectroscopy (XRD)

English physicists Sir W.H. Bragg and his son Sir W.L. Bragg developed a relationship in
1913 to explain why the cleavage faces of crystals appear to reflect X-ray beams at certain
angles of incidence (theta, #). The variable d is the distance between atomic layers in a
crystal, and the variable lambda 2 is the wavelength of the incident X-ray beam; n is an
integer, Powder diffraction patterns are typically plotted as the intensity of the diffracted X-
rays vs. the angle 26. Peaks will appear in the diffraction pattern at 26 values when

constructive interference is at a maximum, that is, when Bragg’s Law (eq. 22) is satisfied.

nA =2dsiné (22)
This observation is an example of X-ray wave interference Roentgenstrahlinterferenzen,

commonly known as X-ray diffraction (XRD), and was direct evidence for the periodic

atomic structure of crystals postulated for several centuries (Figure 34).
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Figure 34. X-ray diffraction pattern schematic.

X-ray diffraction spectroscopy is a versatile non destructive technique that reveals detailed
information about the chemical composition and crystallographic structure of natural and
synthetic compounds. A crystalline lattice is a regular three dimensional distribution (cubic,
rhombic) of atoms in space. The atoms are arranged in such a manner that they form a series
of parallel planes separated from one another by a distance (d), which varies according to the
nature of the material. When a monochromatic x-ray beam with a wavelength lambda (1) is
projected onto a crystalline material at an angle theta (), diffraction occurs only when the
distance travelled by the rays reflected from successive planes differs by a complete number

of wavelengths. To calculate the size of the crystallite the Bragg’s equation (eq. 23) is used;

d- 0.944
[ cosé

(23)
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The parameters are as mentioned in the paragraph above. From the given or acquired spectra
of the crystallite, each crystalline substance has a unique X-ray diffraction pattern (Figure 3).
The number of observed peaks is related to the symmetry of the unit cell (higher symmetry
generally means fewer peaks). The d-spacings of the observed peaks are related to the
repeating distances between planes of atoms in the structure. And finally, the intensities of
the peaks are related to what kinds of atoms are in the repeating planes. The scattering
intensities for X-rays are directly related to the number of electrons in the atom. Hence, light
atoms scatter X-rays weakly, while heavy atoms scatter X-rays more effectively. These three
features of a diffraction pattern: the number of peaks, the positions of the peaks, and the
intensities of the peaks, define a unique, fingerprint X-ray powder pattern for every
crystalline material. For example, the X-ray diffraction patterns of the as prepared 3MPA-

Ga,Tes are as shown in Figure 35.
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Figure 35. XRD spectra of 3aMPA-Ga,Te; showing lattice patterns and phase angles.
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From the spectra it can be noted that the relative peak intensities of the nanodots differ
magnificently this can be due to several reason and large cell unit can be one of them. X-ray
powder diffraction is a powerful tool for characterizing the products of a solid state synthesis
reaction. At the simplest level, diffraction patterns can be analyzed for phase identification
(determining what crystalline substances are present in a given sample). More quantitatively,
the peak positions can be used to refine the lattice parameters for a given unit cell. Unit cells
in three-dimensional repeating structures have different shapes based upon the symmetry of
the structure. In all cases, the unit cells are parallelepipeds, but the different shapes arise
depending on restrictions placed on the lengths of the three edges (a, b, and c) and the values
of the three angles (6, 4, and f). The seven different unit cell shapes or seven crystal systems

that result from these restrictions are listed below in Table 5.

3.12.6.1 Applications of XRD

« XRD is a non-destructive technique
« To identify crystalline phases and orientation
* To determine structural properties:
> Lattice parameters (10-4 A), strain, grain size,
» expitaxy, phase composition, preferred orientation
» (Laue) order-disorder transformation, thermal expansion
* To measure thickness of thin films and multi-layers*
* To determine atomic arrangement
* Detection limits: ~3% in a two phase mixture; can be ~0.1% with synchrotron

radiation.[262; 263; 264; 265]
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Table 5. The seven crystal systems and the restrictions placed on the lattice parameters

of the unit cell.

Crystal system Lattice parameter restrictions

Cubic al=h=lc
a=b=g=90°
Tetragonal a=b#c
a = — g: 90°
Orthorhombic azb#c
a=b=g=90°
Monoclinic azb=zc

a =g=90° b =#90°

Triclinic A—=lIo-C
alzllh £g = 90°
Hexagonal al=hi# ¢

a=b=90%g=120°

Trigonal a=h#c
a=hb= 905l =190

A
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3.12.7 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) also known as electron spectroscopy for chemical
analysis (ESCA) is a technique for analyzing the surface chemistry of a material. The
technique is used to measure the elemental composition, empirical formula, chemical state
and electronic state of the elements within a material. XPS spectra are acquired by irradiating
a solid surface with a beam of X-rays and in parallel measuring the kinetic energy and
electrons that are emitted from the top 1 - 10 nm of the material being analysed. A
photoelectron spectrum is acquired by counting ejected electrons over a wide range of
electron kinetic energies, Figure 36. Peaks are observed in the spectrum from atoms emitting

electrons of a particular characteristic energy.

X-rays

Photoelectron

hv w

Figure 36. Ejection of photoelectrons.
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The energies and intensities of the photoelectron peaks enable identification and
quantification of all surface elements (except hydrogen).There is a high increase for material
performance as is the importance for surface engineering. Problems associated with modern
materials can be solved by understanding the chemical and physical interactions that occur at
the surface or at the interfaces of a material’s layers. Surface chemistry will influence such
factors as corrosion rates, catalytic activity, adhesive properties, wettability, contact potential

and failure mechanisms.

The material’s surface is the point of interaction with the external environment and other
materials. Therefore, surface modification can be used in a wide variety of applications to
alter or improve the performance and behaviour of a material. XPS can be used to analyze the
surface chemistry of a material after an applied treatment such as fracturing, cutting or
scraping. From non-stick cookware coatings to thin-film electronics and bio-active surfaces,

XPS is the standard tool for surface material characterization.

3.12.7.1 The Photoemission Process

When an atom or molecule absorbs an X-ray photon, an electron can be ejected. The kinetic
energy (KE) of the electron depends upon the photon energy (#v) and the binding energy
(BE) of the electron (i.e., the energy required to remove the electron from the surface), Figure

37.
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Figure 37. The photoemission process involved for XPS surface analysis.

The round circles represent electrons and the bars represent energy levels within the material

being analyzed. The equation governing the process is:

KE =hv—-BE (24)
By measuring the kinetic energy of the emitted electrons, it is possible to determine which
elements are near a material’s surface, their chemical states and the binding energy of the

electron. The binding energy depends on several factors, such as the following:
e The element from which the electron is emitted.
e The orbital from which the electron is ejected
e The chemical environment of the atom from which the electron was emitted.
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XPS is a quantitative technique because the cross-section for the emission of a photoelectron

is not dependent upon the chemical environment of the atom.

3.12.7.2 Spectroscopy

To demonstrate an XPS spectrum, a survey spectrum of 3 MPA-Ga,Te; quantum dots was
produced using a wide energy range (Figure 38). The spectrum shows elemental Ga, Te, S, C

as well as the O peaks, which are the main components of the nanodots.

X410
Name Pos. FWHM Area At%
O 1s 530.663 3.16607 11826.3 33.88 Te /O
C1s 284.663 3.50157 5741.9 48.19 -
N 1s 399.663 4.90049 2614 1.22
4 Ga2p 1117.66 2.57655 6385 0.16
Nals 1070.66 281886 6768.4 6.67
S2p 163.663 324536 8094 4.04
Si2p 101.663 329901 568.1 5.84
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Figure 38. Spectrum from 3 MPA-Ga, Te; showing various sulphur, gallium, oxygen

and carbon peaks.
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There is a significant background beneath the peaks in the spectrum, which is caused by
electrons that are inelastically scattered before leaving the sample surface. Such scattering
reduces the kinetic energy of the electrons and reduces intensity from the peaks. The

background must be removed from the spectrum before quantifying the spectrum see Figure

39 below.
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Figure 39. The C 1s region of the XPS spectrum from spin-cast and sheet 3 MPA-

Ga,Tes Carbon is present in three distinct chemical states.

It is also possible to determine chemical states from an XPS spectrum. The C 1s region of the
XPS spectrum from Ga,Tes is shown in Figure 39. The method of preparation was a spin cast
the carbon atoms are present in three chemical states, which are reflected in the three peaks of

the XPS spectrum above.[266; 267; 268]
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3.13 Microscopic techniques

3.13.1 High resolution transmission electron microscopy

Nanotechnology materials enable scientists to improve bulk physical properties for different
applications and, with the resulting products, open new markets for the nanotechnology
industry. The physical properties of nanotechnology materials are strongly correlated with
their crystalline structure. It is, however, the real structure complete with interfaces and
defects that is of importance and not just the ideal crystalline structure. Hence a thorough
understanding of interfaces and defects is required to be able to correlate microscopic
structures with macroscopic physical properties. High resolution transmission microscopy
which is an imaging mode of the transmission electron microscope that allows the imaging of
the crystallographic structure of a sample at an atomic scale becomes a valuable tool to study
nanoscale properties of crystalline material such as semiconductors and metals. HRTEM
allows the direct imaging of nanoparticles and provides more information on the quality of
individual particles. Useful information about the morphology of a material include its size,
shape and the arrangement of the particles which make up the specimen as well as their
relationship to each other on the scale of atomic diameters. The crystallographic information
includes the arrangement of atoms in the specimen and the degree of order and detection of
atomic scale defects in areas a few nanometers in diameter. This technique can therefore be
used to determine whether particles that make up the specimen are either dispersed or
agglomerated. Coupled with energy dispersive spectrometric techniqgue, HRTEM can further
give the elemental composition of a sample and their respective ratios. A typical example is
the quantum dots used in our system which were characterised using the technique.[269; 270;

271; 272]
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3.13.2 Scanning Electron Microscopy (SEM)
A scanning electron microscope (SEM) uses an electron microscope to image samples by

scanning it with a high-energy beam of electrons in a raster scan pattern. The electrons
interact with the atoms that make up the sample producing signals that contain information
about the sample's surface topography, composition, and other properties such as electrical
conductivity. In a typical SEM, an electron beam is thermionically emitted from an electron
gun fitted with a tungsten filament cathode. Tungsten is normally used in thermionic electron
guns because it has the highest melting point and lowest vapour pressure of all metals,
thereby allowing it to be heated for electron emission, and because of its low cost. When the
primary electron beam interacts with the sample, the electrons lose energy by repeated
random scattering and absorption within a teardrop-shaped volume of the specimen known as
the interaction volume, which extends from less than 100 nm to around 5 um into the surface.
The size of the interaction volume depends on the electron's landing energy, the atomic
number of the specimen and the specimen’s density. The energy exchange between the
electron beam and the sample, results in the reflection of high-energy electrons by elastic
scattering. All samples must also be of an appropriate size to fit in the specimen chamber and
are generally mounted rigidly on a specimen holder called a specimen stub. Several models
of SEM can examine any part of a 6-inch (15 cm) semiconductor wafer, and some can tilt an
object of that size to 45°. For SEM, a specimen is normally required to be completely dry,
since the specimen chamber is at high vacuum. Hard, dry materials such as wood, bone,
feathers, dried insects or shells can be examined with little further treatment, but living cells
and tissues and whole, soft-bodied organisms usually require chemical fixation to preserve
and stabilize their structure [273; 274]. The data was analyzed using associated EDAX

Genesis 2000 software.
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3.13.3 Atomic force microscopy (AFM)

The atomic force microscope is an instrument that can analyze and characterize surfaces of
samples at a microscope level (from 100 um to < 1 um). The instrument was invented by
Gerd Binnig in 1986 (Figure 40) to overcome the main limitation of scanning tunnelling

microscope that it could only image materials that conduct tunnelling current.

9.3 um

Figure 40. AFM schematic system with sample topography.

In AFM imaging, a sharp tip, usually a few microns long and less than 100 A is brought into
contact or in a very close proximity with the sample being imaged. The tip, normally located
at the end of a 100 to 200 um long cantilever scans the sample beneath it. During scanning,
some forces either attract or repel the tip, causing deflections that are recorded and processed
using imaging software. The resulting image is a topographical representation of the sample
being imaged. The main advantage of AFM is that it can measure a number of characteristic

properties of a sample that other forms of microscopy cannot give.
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For instance, AFM provides extraordinary topographic contrast height measurements with
unobstructed surface feature as opposed to scanning electron microscope. Whereas HRTEM
gives 2 dimensional profiled images viewed from cross-sectioned samples, AFM vyields 3
dimensional images with in-depth information without expensive sample preparation. Unlike
scanning tunnelling microscopy, SEM and HRTEM, AFM does not require the sample to be
conductive. AFM can also be used to study a wide variety of samples i.e. plastics, metals,

glasses, semiconductors, biological samples such as cell walls and bacteria.[275; 276; 277]

3.14 Drop shape analyser

Contact angle is one of the common ways to measure the wettability of a surface or material,
Figure 41. Wetting refers to the study of how a liquid deposited on a solid (or liquid)
substrate spreads out or the ability of liquids to form boundary surfaces with solid states. The
wetting, as mentioned before is determined by measuring the contact angle, which the liquid
forms in contact with the solids or liquids. The wetting tendency is larger, the smaller the
contact angle or the surface tension is. A wetting liquid; is a liquid that forms a contact angle
with the solid which is smaller than 90°. A non-wetting liquid creates a contact angle between

90° and 180° with the solid.

Hydrophobic drop Hydrophilic drop

0 0

)

Hydrophilic solid Hydrophilic solid

Figure 41. Hydrophobic surface (left) and hydrophilic surface (right) [279].
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o The smaller the contact angle - cohesive forces are weaker then adhesive forces and
molecules of the liquid tend to interact more with solid molecules then liquid
molecules.

e The larger the contact angle - cohesive forces are stronger then adhesive forces and
the molecules of the liquid tend to interact more with each other then with the solid

molecules.
3.14.1 Thermodynamics

Thomas Young (13 June 1773 — 10 May 1829) proposed treating the contact angle of a liquid
with a surface as the mechanical equilibrium of a drop resting on a plane solid surface under
the restrains of three surface tensions: ylv (at the interface of the liquid and vapour phases),
ysl (at the interface of the solid and liquid phases) and sv (at the interface of the solid and

vapour phase), Figure 42. This lead to Young'’s equation:

V& T HsF ]/IVCOSG (25)

This equation is deceptively simple, but there are a few difficulties with it because of the

definitions of the surface tension of the solid-vapour and solid liquid phases.

Another approach avoids specifying the field of intermolecular forces between solid and
liquid and instead offers a thermodynamic solution. This lead to Young and Dupre’ equation
which introduces the reversible work of adhesion of liquid and solid and it’s relation to the

surface tension between liquid and vapour phases and the contact angle:

W, =7,(1-COs0) (26)
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where, Wy is the reversible work of adhesion of the liquid to the solid when coated with an

adsorbed film of the saturated vapour.

YSG

Figure 42. Demonstration of the 6/2 method (Young’s modulus) [278; 279].

3.14.2 Applications

The interest in contact angles is because it plays a significant role in a number of
technological, environmental and biological phenomena. Water imbibition into porous media
theory has been shown to have a multidisciplinary validity in food, soil physics, geology,
printings and more. Imbibition of a liquid by a porous solid is a phenomenon highly
dependent on wetting. Capillary imbibition is a mechanism that plays a significant role during
rehydration of dry food particles that are considered as porous media. Imbibition is highly
dependent on the wettability of the porous media, which is usually determined by measuring

contact angles which liquids form with the solid [278; 279].
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CHAPTER 4
Results and discussion 1

Characterisation of SMPA-Ga,Te; quantum dots
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4.1 Introduction

Investigation of materials at nanoscale has become one of the major priorities in the research
world. This nanometrials have unique magnetic and electronic properties which can be
manipulated easily. Their unique properties give researchers a great platform to explore and
investigate their versatile appplications in different fields (e.g. electronic, molecular,
analytical chemistry etc.). Zero dimensionless semiconductors (Quantum dots) were found to
possess these properties hence they were investigated in this project. Chalcogenide quantum
dots, depending on the composition of the transition metal may exhibit structural vacancies
that give rise to numerous electronic, structural and optical properties. For instance,
semiconductors consisting of group Il and VI elements are typically characterised by sp®
hybridised bonding, accommodating all eight electrons in each cation-anion pair. These
semiconductors therefore exhibit valence match and crystallize to form either zinc blende or
wurzite structures. For semiconductors consisting of group Il and VI however, the sp®
hybridised bonding is difficult to form and their crystalline structure stabilises by forming
structural vacancies. The aim in this chapter is to discuss the morphological structure,
crystillinity, conductivity, composition and photoluminescence of the Ga,Tes; quantum dots

by characterising them using several microscopic and spectroscopic techniques.
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4.2 Atomic force and electron microscopy (AFM, HR-TEM, TEM, STEM and SEM)

4.2.1 Characterisation of SMPA-Ga,Te; quantum dots

The structural morphology and particle size of the synthesised Ga,Te; quantum dots were
characterised using TEM, HR-TEM, SEM, STEM and AFM. HR-TEM was also used in
determine the crystal structure of the quantum dots. Both the copper grid and the silicon grid
were used as sample holders for the immobilisation of Ga,Te; quantum dots. Images of the
synthesised Ga,Te; quantum dots were as observed in Figure 43, 44, 45, 46 and 47. The
nanodots were well distributed on the surface of the copper grid, confirming the nature of the

zero dimensional structures.
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Figure 43. TEM (i), HRTEM (ii) and FFT (insert) images of 3aMPA- Ga,Te;s,

Typical TEM and HRTEM images of the synthesised Ga,Tes quantum dots with size
distribution are as observed in Figure 43 (i and ii), From the TEM and HRTEM studies, the
average diameter (n = 10) of the QDs was estimated to be 5 + 0.5 nm. HRTEM images
showed the uni-directional lattice fringes (d spacing 0.2 nm), confirming the mono-
crystallinity of the material [280; 281]. FFT images are shown in Figure 43 (ii: insert), this
images were obtained from the same areas as in TEM images (Figure 43 ii). The observed
results from the FFT were in good agreement with that obtained from HRTEM, evident by

mono-crystallinity of the nanodots.
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Images and data obtained from the STEM (Figure 44 i) were in tally with the results acquired
from HRTEM. SEM images also confirm the oval structure of the quantum dots and their
particle size (Figure 44 ii). However, only bigger particles were observed (200 nm) in SEM

due to lower sensitivity of the technique.
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Figure 44. STEM (i) and SEM (ii) image of 3BMPA- Ga,Te; quantum dots.

The EDS and mapping analyses (Figure 45 i-ii) were used to quantify the nanomaterials. The
energy-dispersive X-ray spectroscopy (EDS, Figure 45 i) analysis further confirm the
presence of Ga and Te in Ga,Tes quantum dots sample which are the main components of the
material. Other metal (copper, Cu) was observed in the spectrum as a result of the sample

preparation (sample stub) used in TEM/EDS analysis.
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Mapping also confirmed the presence of the two elements in the as-synthesised Ga,Tes
quantum dots (Figure 45 ii-iv). From both the EDS and mapping the image intensity/density
is almost proportional to the square of the Z number of elements (Ga: 69.72 g mol™ and Te:

127.60 g mol™) which also confirms the ratio of the metals been 2:1.
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Figure 45. EDS (i) and mapping (ii-iv) images of SMPA-Ga,Te; quantum dots.

145



4.3 Atomic force microscopy (AFM)

4.3.1 Characterisation of SMPA-Ga,Te; using AFM

The particle size, roughness, particle distribution, topography and 3D images of the
synthesised Ga,Tesz QDs were characterised by using AFM. The aim here was to compare the
results obtained from SEM, TEM, STEM and HR-TEM and also confirming the surface
modification of the nanodots onto the silicon wafer substrates. This was done by comparing
the topography of the bare and modified silicon substrate, in which the roughness of each
substrate was calculated or estimated. The results acquired from the AFM are as shown in

Figure 46, 47 and 48.

nm
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Figure 46. AFM images of 3MPA-Ga,Te; quantum dots.

AFM analyses were carried out using silicon wafer as a substrate for the characterisation
of the nanodots. AFM images of bare silicon wafer, silicon-wafer/3MPA-Ga,Te; and 3D of
as-synthesised quantum dots were carried out using a non-contact mode cantilever (Figure 46
and 47). Compared to bare substrate, modified substrate showed clear images of the as-
prepared 3AMPA-Ga,Tes quantum dots, evident by round structures like dots (Figure 46 A
and B). The particle size/diameter of the nanodots ranged from 10-20 nm (Figure 46 B and
47). There were few small agglomerated nanodots on the substrate-surface, which were

related to over-refluxing, less centrifugation and sonication of the 3SMPA-Ga,Te; QDs.
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Figure 47. AFM images of 3AMPA-Ga, Tez quantum dots.

The roughness (Ra’) of both bare and modified silicon wafer was calculated using
AFM technique and was found to range from 0.03 - 26.60 nm, respectively (Figure
46 A and 47). From the obtained data and acquired images one can clearly distinguish
between the modified and unmodified substrate, apparent by a change in substrate
roughness. Figure 48, shows the particle distribution of the quantum dots on the silicon
substrate. From the observed histogram the particle height was found to range between 19.2
- 86.2 nm and percentage was from 0 - 80%, which suggests that the nanomaterials were
almost evenly-distributed on the silicon substrate surface and thus showed less

agglomeration.
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Figure 48. AFM images of 3MPA-Ga,Tes quantum dots.

4.4 X-ray diffraction analysis of 3MPA-Ga, Tez quantum dots

X-ray diffraction (XRD) is one of the crucial methods in characterising materials especially
nanomaterial. It is used to measure the average spacing between layers or rows of atoms,
determine the orientation of a single crystal or grain, find the crystal structure of an unknown
material, measure the size, shape and internal stress of small crystalline regions. The as-
prepared Ga,Te; quantum dots were characterised using this technique. And diffraction
patterns of as-prepared Ga,Tes crystals, taken with graphite monochromated CuKao radiation

are shown in Figure 49.
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Figure 49. X-ray diffraction pattern of 3AMPA-Ga,Te; quantum dots.

XRD analysis was employed for the structure and size verification of the synthesised
material. The diffraction peaks observed indicates the nanocrystalite nature. The peaks
situated at angles (2 0) of 27.6°, 28.0°, 39.5°, 43.4°, 50.0°, 51.5°, 62.9°, 73.8°, 83.0°
corresponds to the reflections from: (111), (200), (220), (311), (222), (400), (420) and (333)
crystal planes, respectively. From the careful analysis of peak positions, lattice parameters
and in accordance with the literature, [282; 283] XRD patterns of the nanodots were
indexed/associated to the cubic phase (zinc blende) structure for Ga,Tez with lattice constant,
a = 5.89 A [284]. In the XRD patterns, the (111) plane was found to be very clear and

abundant which indicates preferential growth of the crystallites in this particular direction.
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Based on this observation the average crystal size was calculated based on the width of the
peak by using the Scherre’s equation (eq. 23) [285]. The average particle size was calculated
to be 6 nm, which confirms or is within the average values obtained from the HRTEM, TEM
and STEM. The peak at 57.02 could be assigned to (321/2), corresponding to chalcopyrite
structure, indicating the existence of chalcopyrite type orderings in as-grown Ga,Tes crystals.
Few additional peaks (Figure 49) were observed in the diffraction pattern which could be
either due to different Te species or due to the existence of chalcopyrite type orderings, which
requires further experimental investigations.

4.5 Fourier Transform Infra-Red spectroscopy (FTIR) analysis of 3MPA-Ga,Te;
guantum dots

Fourier transform infrared spectroscopy (FTIR) is a powerful technique that provides
information about the chemical bonding or molecular structure of materials. FTIR works on
the principle that bonds and groups of bonds vibrate at characteristic frequencies. Upon
exposure of a molecule to infrared rays, the molecule absorbs infrared energy at frequencies
that are characteristic to that molecule. During FTIR analysis, a spot on the specimen is
subjected to a modulated IR beam. The specimen’s transmittance and reflectance of the
infrared rays at different frequencies is translated into an IR absorption plot consisting of
reverse peaks. The resulting FTIR spectra is then analyzed and matched with known

signatures of identified materials in the FTIR library.
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Figure 50. FTIR spectra of A) 3 MPA and B) 3AMPA-Ga,Tes.

With the aim of determining the vibrational stretches and ensuring stable and well capped
quantum dots FTIR analyses were employed. Surface capping and functionalisation of
quantum dots involve introduction of additional layer(s) or coating(s) on the core shell
structure. The process was intended to make the quantum dots stable, reduce or eliminate
toxicity, avoid agglomeration as well as to improve their luminescence properties. In the
process of functionalisation, particular groups are introduced on the surface of the quantum
dots material to suit particular applications. For instance, a carboxylic acid group can be
introduced on the surface of a quantum dot to confer solubility properties. In our synthesis of
guantum dots, 3-mercaptopropionic acid was incorporated as an amphiphilic molecule. It was
expected that the thiol group (HS-) of the 3-mercaptopropionic acid which is hydrophillic
would covalently bind with the hydrophobic surface of the quantum dot while the carboxylic

acid group (-COOH) extends to a water molecule to make the quantum dot soluble.
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It was therefore necessary to analyze the quantum dots to check if the 3-mercaptopropionic
acid was truly retained on the quantum dot surface. The FTIR was thus carried out to mainly

check the presence of 3-mercaptopropionic acid in the synthesised quantum dots Figure 50 B.

Figure 50 A shows the spectrum of 3MPA alone, with the vibrational stretches at 3000 cm™,
2500 cm™, 2000 cm™ and 1500 cm™ which were due to OH, -SH, C=0 and C-H respectively.
Compared to the control (Figure 50 B and A; MPA alone and Figure 50 A and B-QDs), the
intensity of -SH vibrational strectches in the quantum dots sample decreased with a slight

shift in wavenumbers, indicating that the quantum dots were sufficiently capped with 3SMPA.

4.6 Raman spectra of 3MPA-Ga,Ta; quantum dots, 3MPA and the naked
substrate

In the present work, structural change of powder 3MPA-Ga,Tes and 3MPA on a glass + tape
substrate were investigated by Raman spectroscopy. The behavioural change of 3MPA-
Ga,Te; against 3MPA was scrutinised by observing changes in intensities and shifts in
wavenumbers. Raman measurements were made at room temperature in backscattering
configuration, using the 532 nm lines of an Ar” ion laser. The spectra acquired form Raman

spectroscopy was obtained with a power of the incident laser light, Figure 51.
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Figure 51. Raman spectra of A) 3 MPA, Ga,Te3-3 MPA, tape and B) Chemical structure
of BMPA and 3 MPA-Ga,Te; (Abbreviations: v, stretching; 8, in-plane bending; g, out-

of-plane bending; r, rocking, wagging).

Raman spectra gave information about the structure and the composition of the samples.
Figure 51A shows typical Raman spectra of substrate (tape), 3MPA and 3 MPA-Ga,Tes in
the range between 50 and 4000 cm™. As can be seen in Figure 51, there are no Raman bands

observed on a naked substrate. However there are strong 3MPA Raman bands observed at
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195 cm™ (C-C), 385 cm™ §(SCC), 1228 cm™ tw(CH2), 1628 cm™ vw(C=0), 1946 cm™
v(OCO). The most intense bands are observed at 308 crn'l, 771 Cm'l, 943 Cm'l, 670 Cm'l,
2562 cm™ and 2961 cm™ these bands are characteristic of very weak 8(SCC), strong v(SC)r,
weak p(CH2), v(CS)g, very strong v(SH) and v(CH2), respectively. The observed bands
and/or wavenumbers are in agreement with literature reports [286; 287] for 3MPA (Figure
51B). Furthermore these bands confirm the composition of the pure 3MPA structure. Raman
spectra of 3MPA-Ga,Tes with chemical structure observed in Figure 51B, was also studied
(Figure 51A). Literature values for Ga;Te; and Te crystal were found to occur at different
wavenumbers. There are peaks at 140, 118, and 93 cm™ which correspond to the phonon
frequencies of Te and the formation of Ga,Te; was assumed to be at 119 cm " due to the co-
existence of Te at this location [288; 289]. These peaks were observed in our spectrum,
Figure 51A. A strong peak at 93 cm™ was observed and very weak peaks at 140, 118 cm™
were acquired in our spectrum. Again our obtained data agrees with literature values.
Compared to 3MPA, 3MPA-Ga,Te; showed a vast decrease in the Raman intensities at 308
cm?, 771 em™, 943 cm™, 670 cm™, 2562 cm™ and 2961 cm™ and red shift from; 670 - 714
cm™, 771 - 847 cm™, 943 - 993 cm™, 1228 - 1285 cm™ and 2562-2732 cm™ was also
observed. Based on the data obtained it can be concluded that quantum dots were well capped

with MPA (Figure 51B) and the results are comparable with that of FTIR and XPS.
4.7 X-ray photo-electron spectroscopy (XPS) analysis of SMPA-Ga,Te; quantum dots

As both FTIR and EDS, XPS is also used as one of the techniques for analysing the surface
chemistry of a material. The technique is used to measure the elemental composition,
empirical formula, chemical state and electronic state of the elements within a material. The

components of the as-synthesised 3AMPA-Ga,Te; quantum dots are as shown in Figure 52.
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Figure 52. XPS spectra of SMPA-Ga, Tes.

Chemical states of the elements C, O, Ga and Te can be identified from the high resolution
spectra during XPS analysis, Figure 53 a and b. Ga:Te surface concentration was found to be
1:5.6 which is higher than the expected Ga:Te composition. This indicates that surface is Te
enriched and possibly Ga and Te may present in more than one oxidation state. From careful
analysis it is observed that Ga and Te are present in more than one oxidation state; Ga,Tes
(42.70%), Ga,03 (15%), Ph,Te,/Te (35.4%) and TeO3 (6.80%). The difference in observed
composition may arise from the following factors; (i) surface composition vs. bulk
composition, surface is Te enriched, (ii) overlapping of O and Ga/Te signal may give rise to

variation in composition.
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Figure 53. XPS spectra of SMPA-Ga, Tes.

There was a substantial amount of oxygen, however, due to co-existing oxygen and
oxygenated carbon species, it was difficult to distinguish the contribution from
oxidised Ga/Te in the corresponding O 1s spectra. The higher surface composition of
Te compared to nominal composition also confirm that Te is present in different
oxidation state (elemental tellurium, TeOs;, Ga,Te; etc). In addition, from the
bimetallic compositions other than Ga,Tes crystals it is possible that Te is segregated
at Ga,Te; surface based upon surface free energy arguments. However, in such cases
the bimetallic compositions are notably affected by adsorbates from the surrounding
gaseous environment and the metal having the highest affinity for these adsorbates will
preferentially segregate to the surface. The C-1s spectra consists of peaks arsing due to
C-C, C-H, C-O, C-OH, C=0) functionalities arising due to the use of MPA as a
capping agent during quantum dots synthesis and interaction with environmental

oxygen.
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In order to investigate the oxidation states and surface species together with surface
composition of Ga and Te in the nanomaterial, X-ray photoelectron spectroscopy
(XPS) analysis was performed. Figure 53a-b summarises the XPS results with Ga 2p,
Te 3d, O 1s and C 1s core level regions examined. Doublet peaks for Ga and Te result
from 2p and 3d photo- electron transitions due to spin—orbit coupling. The asymmetry
in the peaks is indicative of the presence of more than one oxidation state for Ga and
Te. The peaks are fitted with a doublet separation characteristic of Ga and Te and full

width half maximum (FWHM) is constrained for different chemical states.

4.8 Hydrophilic and hydrophobic nature of the quantum dots (capped and

uncapped Ga,Tes)

Contact angle is a principal control of the flow of multiple fluid phases through porous
media. Mercapopropionic acid (3MPA) is known to be an amphiphilic molecule,
which assist other molecules or compounds to become more water-soluble. In this
study contact angle measurements were carried out to investigate or confirm the effect
of 3MPA on capped quantum dots (3 MPA-Ga,Tes3). Additionally the hydrophilic and
hydrophobic nature of the two samples (3 MPA-Ga,Te; and Ga,Tes) was investigated
by employing drop sensor analyser where by a contact angle measurement of each was
determined. We have conducted several measurements, and we investigated two
different powdered phase samples on a solid surface, water being the only aqueous

phase: Figure 54 (A) Deionised water, (B) Ga,Tez and (C) 3 MPA-Ga,Tes.
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Figure 54. Hydrophobic surface and hydrophilic surface of A) Solid surface
(blank), B) Ga,Tez and C) 3 MPA-Ga,Tes.

The hydrophilic nature of the capped quantum dots were confirmed by contact angle
measurements, evident by contact angle of 12.2° which showed good wetting compared to
that of uncapped quantum dots 79.9°. Compared to the naked quantum dots (Ga,Tes), it can
be concluded that the capped quantum dots (3 MPA-Ga,Tes) are strongly water-wet and
confirm that the 3MPA had an effect on the wettability or the partly solubility of the capped
Ga,Te; quantum dots. The obtained results put a clear picture in understanding the
hydrophilic nature of the quantum dots and also giving us an opportunity to investigate other

capping agent which can aid in the solubility of the QDs for biological applications.
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4.9 UV/vis and Fluorescence Spectroscopy

UV/vis and Fluorescence analyses of 3SMPA-Ga,Te; and 3-MPA were carried out before and
after refluxing (Figure 55 and 56). The analyses were carried out to investigate the
absorption, emission and excitation wavelength of 3MPA-Ga,Te; quantum dots. The
absorption wavelength (Amax) 0f 3-MPA capped (3MPA-Ga,Tesz) was observed at 238 nm and
that of MPA alone was observed at 298 nm, (Figure 55). Behaviour suggests that the
absorption of a photon at this Amax by QDs causes electronic transition from the valence band

to the conduction band, thereby leaving an electron-hole pair known as an exciton.
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Figure 55. UV/vis of 3BMPA-Ga,Tejs in solution (before and after refluxing).
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Electrons in the valence band are tightly coupled with their respective nuclei, whereas
electrons in the conduction band are somewhat separated from their nuclei therefore allowing
for free motion within the solid. The effect of reflux (during QDs synthesis) over the different
time period (for 2 - 16 h, at 100° C) was also monitored and the results are shown in Figure
55 A-C with absorption peaks evident at 238 nm (2 h), 241 nm (8 h) and 340 nm (16 h). This
red shift over longer refluxing periods indicates size increment and decrease in band gap
energies. This increment in size is due to quantum confinement effects, which may be
observed when the size is sufficiently small, that the energy level spacing of the nanocrystal
exceeds Kgt (Kg is Boltzmann’s constant and t is temperature), 1.3806488x10%J K™ (= m?
kg s K). This effect allows the tuning of the energy-band gap with changes in quantum dots
size, as it is observed in the absorption spectra, Figure 55. This also proves that the
wavelength is inversely proportional to the band gap energy (E) of the material. Even though
the nanodots increased in size they were still within limits (2 - 20 nm) of the semiconductors.
In conclusion this behaviour confirms that the nano-materials are of conducting material
(semiconductors). Fluorescence analysis for SMPA-Ga,Te; was carried out (Figure 56 A and
B). The Ga,Te; QDs was shown to emit at wavelength of 430 nm and excite at lower
wavelengths of 380 nm and 228 nm. The Ga,Te; QDs was found to be blue shifted (50 nm),
the shift in wavelength was associated with Stokes shift. The energy of the emitted (430 nm)
and excited (380 nm) molecule (Figure 55 and 56 A) and the band gap energy from
fluorescence and UV-visible were calculated using eq.12. The energy of the emitted electron

was calculated to be 4.62 x 10%2J for excitation and 5.37 x 102 for the absorption.
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Figure 56. (A) Fluorescence spectra of SMPA-Ga,Te; showing and (B) Both emission

and excitation in solution (before and after refluxing).

These energy values confirm that, larger energies are required to excite the molecule. The
band gap of the material which is defined as the energy distance between the valence and
conduction bands was calculated to be 3.30 eV for fluorescence and that of UV/visible was
found to be 3.50 eV. These values were found to be reasonably smaller, within limits and
comparable with literature values [10-17]. The values obtained from the two techniques are
significantly comparable and suggest that the material is more electrically conductive
(semiconductor). There is sufficient thermal energy to excite electrons from the valence band

to the conduction band in this case.
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Further analysis on the Ga,Te; quantum dots were carried out using the three dimension
fluorescence (Figure 57). The aim was to investigate the nature and the availability of the

fluorophores in the bi-metallic (3MPA-Ga,Tes).
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Figure 57. (A) 3D-Mesh and (B) Contour plots of 3SMPA-Ga,Tes in solution.
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Figure 57 A, represents the 3D mesh and contour plots of the 3SMPA-Ga,Te; quantum
dot. The 3D mesh plot agrees well with the intensities of both the emission and
excitation plots. The contour plots (Figure 57 B) confirmed that there is only one
molecule or fluorophore in our sample (3MPA-Ga,Tes), which was true in the

emission and excitation plots, evident by a narrower emission peaks.

4.10 Quantum vyield Comparison between 3MPA-Ga,Te; quantum dots with

Rhodamine 6G

Photophysical properties of rhodamine 6G (with quantum yield 0.95) and 3MPA-
Ga,Tes were analyzed using ultraviolet—visible (UV-vis) and photoluminescence (PL)
spectrometer. The aim of the study was to compare the conventional methods with the
modern methods. The absorbance and the fluorescent intensities of the as-synthesised
nanodots and rhodamine 6G are as shown in Figure 58 A and B. Both rhodamine and
3MPA-Ga,Te; exhibited weak UV-vis absorption peak at 257 nm and 527,
respectively. The quantum yield of the conventional-dye and the nanodots was
calculated (as previously reported form literature) [290] from both the UV-vis
absorption peak and Fluorescent emission peak intensities. There are different
equations that are been used in calculating the quantum vyield i.e. a single or
comparative ways. In this study comparative alternative was used. Fluorescent
molecules commonly used as probes in microscopy have quantum yields ranging from
very low (< 0.05) to near unity. High quantum vyield is desirable in most imaging

applications.
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The quantum yield of the 3 MPA-Ga,Te; quantum dots (1.20) which is used as an
Imaging probe was compared with that of rhodamine 6G (0.90) and was calculated to
be higher than that of the later as expected. Quantum yields were calculated using (eqg.
16) [290]. The results suggest that the nanodots have shown to be much more stable
against photobleaching than fluorescent dyes as was observed in other results (Chan
and Nie), in addition to being much brighter. It was estimated by Chan and Nie that
‘the fluorescence intensity of a single CdSe QD is equivalent to that of ~20 rhodamine
molecules.” This photostability means that quantum dots have been considered as an

alternative to fluorescent dyes, notably in biological uses, since the 1980s.

4.11 Genosensor response using, electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy is a well known technique for interrogating
interfacial electrical properties of surface modified electrodes. Figure 59 A below depicts the
Nyquist plots for bare Au, Au/Ga,Tes3-3MPA/ssDNA and Au/Ga,Te;-3MPA. Figure 59 C
also shows the corresponding Randle’s equivalent circuit consisting of a solution resistance
(Rs), charge transfer resistance (R.) and constant phase element (CPE). R represents the
resistance to the charge transfer between the electrolyte and the electrode and contains
information on the electron transfer kinetics of the redox probe at the electrode interface. The
Nyquist plots were accompanied with the bode plots to show the electrochemical properties
of the materials Figure 59 B. A Bode Plot is actually a collection of 2 plots. The first shows
the frequency content of a given signal. The x-axis of this plot is a frequency on a log scale
and the y-axis is the weight of that frequency to the signal as a whole. Because the y-axis

shows a weight in comparison to the signal as a whole, the units are in dB.
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The frequency is shown in a log scale because there is so much frequency to cover in a single
Bode plot. The second plot is generally positioned just below the first. This plot has the same
x-axis: frequency on a log scale. The y-axis is in units of degrees or radians. This plot shows

the phase offset at each frequency.

Figure 59 A depicts the Nyquist plots for bare Au, Au/Ga,Tes;-3MPA and Au/Ga,Tes-
3MPA/ssDNA electrodes. The aim of the experiment was to investigate the behaviour of the
modified and unmodified electrodes at an applied potential of E, = 400 mV (observed from
CV measurements, Figure 60). The R values of bare Au and Au/Ga,Tes;-3MPA and
Au/Ga, Tes-3MPA/sSDNA electrodes were 11.93, 9.02 and 10.32 Q, respectively. The results
obtained prove that the modified electrodes are more favourable than unmodified electrode,
due to lower R values. The behaviour in charge transfer resistance suggests a faster electron
transfer, thus showing a more conducting system of Au/Ga,Tes-3MPA than both the bare Au
and Au/Ga,Tes;-3MPA/ssDNA. Furthermore, the ssDNA incorporated in the Au/Ga,Tes-
3MPA modification behaves as an insulator thus masked or impeded the change transfer of
the modified gold electrode (Au/Ga,Tes-3MPA). Additionally the electron movement or the
rate of electron transfer (ke;) from the electrolyte solution and sSDNA become very sluggish
to reach the semi-conductor (Ga,Te;-3MPA) at the electrode interface, hence the higher
charge transfer (Rc). This behaviour supports the theory/phenomena that states; the higher the

charge transfer resistance the slower the electron movement at the electrode interface.
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3MPA/ssDNA modified electrodes in 0.1 M PBS (pH = 7.4). (B) Bode plots and
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The surface coverage (0) of the modified gold electrode was calculated using eq. 27.

01— R, (bare— Au) 27)
R, (Au/Ga,Te, —3MPA)

The surface coverage (0) of Au/Ga;Tes-3MPA was calculated to be 0.78 cm s™ and the
electron transfer rate constant (ke) for bare Au and Au/Ga,Tes;-3MPA and Au/Ga,Tes-
3MPA/ssDNA at 500 mV was calculated to be 1.79 x 10 s™, 2.22x 10" s* and 1.48x 10™%°
s respectively. The behaviour of the modified electrodes suggest that the electron transport
between the electrode interface and solution is faster as compared to bare electrode, evident
by conductivity shown in bode plots (Figure 59 B). The bode plot (Figure 59B) confirms the
electrical properties of the nano-material. The plot is in agreement with the nyquist plot, in
which the modified electrode show more conductivity based on the phase angle of the
material. As it is known that between 20 6 - 45 6 the material posses’ semiconductor
characteristic compare to 0 6 (insulator) and 90 6 which is of pure metal (more conducting).
The Au/Ga,Tes-3MPA is more conducting due to the (Rs + Rt + CPE) which are more
predominant than in Au/Ga,Tes-3MPA/ssDNA which has a mixture of (Rs +Rs + Rc;) Figure
59 A. The total impedance, Z, data of Figure 59B confirmed the conductive nature of the
Ga,Tes-MPA/Au. At log F =0, the log Z(Ga,Tes-MPA/Au) = 4.3, whereas log Z(bare Au) =
log Z(ssDNA/Ga,Tes-MPA/Au) = 4.7. This means that when the electrode systems were
subjected to minimal frequency effects the QDs (which has additional metals in the system
and without insulating oligonucleotide chains) is more conducting than the semiconducting
gold electrode. There is a shift log 2 magnitude shift (increase) in frequency on changing
from Au/Ga,Te;-3MPA electrode to Au/Ga,Tes;-3MPA/ssDNA genosensor, due to the

incorporation of the insulating probe-ssDNA in the sensor system. The values obtained
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(decreased/shifted in frequency) from the graph are as follows: bare 1.99, Au/Ga,Te;-3MPA
1.74 and Au/Ga;Te3-3MPA/ssDNA 1.05; from these values it was clear that frequency is
related to change in R. and thus conductivity due to a decrease in conductivity of the
materials (Au/Ga,Tes-3MPA) (Figure 59 B) upon addition of ssDNA. In addition, the rate of

electron transfer is also affected.

4.12 Sub-conclusion

As established, the morphology of the as-synthesised quantum dots was proven to be
spherical with the lattice fringes of nanodots possessing single crystallinity and thus
following the zinc-blende structure. The spherical Ga,Te; quantum dots were proven to emit
colours (green and brick red) at low to higher wavelengths and were found to be conductive,
evident by the calculated band gap energies from both the UV-vis and Fluorescence
spectroscopy. The conductivity of the quantum dots was confirmed by electrochemical
impedance (EIS), apparent by higher phase angles and frequencies. From the obtained results
it can be plainly stated that the 3MPA-Ga,Te; quantum dots were synthesised successfully,
apparent by the elemental composition and vibrational stretches observed from both the EDS,

Raman, XPS and FTIR spectroscopy.
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5.1 Introduction

Quantum dots (QDs) have attracted vast interest owing to their many novel properties such as
unique optical, electrochemical and electrochemical luminescence properties. One of the
most dynamic trends is the application of QDs in electrochemical and biological sensing, due
to their high surface-to-volume ratio, high reactivity and small size. Minor changes in the
external environment will contribute to significant changes in particle valence and electron
transfer. Furthermore, modifications can be made to the nanostructures to better suit their
integration with biological systems, leading to such interesting properties as enhanced
aqueous solubility, biocompatibility or bio-recognition. Based on these significant changes,
QDs can be used to construct electrochemical biosensor with biological macromolecules,
which is characterised by high sensitivity, rapid response and high selectivity. In this chapter,

we review their applications in electrochemical luminescence sensors and DNA sensors.

5.2 Electrochemical responses of Her2/neu Oncogene genosensor

5.2.1 Detection mechanism

Cyclic voltammetry was employed to ascertain the successful attachment of DNA on the
GCE/Ga,Tes-3MPA electrode and its ability to bind the target DNA (complimentary). Due to
high sensitivity compared to cyclic voltammetry, square wave voltammetry was employed.
The aim of the study was to compare the sensitivity, limit of detection as well as the linear
dynamic range of the genosensor from the two systems (CV and SWV). The behaviour of the
capture probe and different redox species at the electrode interface is shown by cyclic

voltammograms, Figure 60A-B and 61A-B.
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Figure 60. (A) Voltammetric plots of (a) bare GCE (b) GCE/3MPA (c) GCE/Ga,Te; and
(d) GCE/Ga,Tes-3MPA and (B) Cyclic voltammetry data of ssDNA on bare glassy
carbon electrode (GCE/ssDNA), all the measurements were perfomed in PBS, pH 7.4 at
a scan rate of 25 mVv s,
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Redox properties of glassy carbon electrode immobilised 3MPA-Ga,Te; quantum dots were
investigated prior to DNA sensing. Figure 60 A shows the response for the bare, 3MPA,
Ga,Tes and 3MPA-Ga,Tez modified glassy carbon electrodes. From the comparison of MPA
capped (Figure 60 A, d) vs. uncapped quantum dots samples (Figure 60 A, c), a shift in peak
potential from E, = 350 mV to E, = 450 mV (for Te oxidation process at E, = 270 mV) as
well as significant increment in anodic and cathodic current (E, = -700 mV Ga>") reduction
wave) responses were observed, which may be attributed to the particle size effect. The
capping agent may also have a co-catalytic effect, evident by an increase in peak current of
the capped (GCE/Ga,Te;-3MPA) QDs compared to the uncapped (GCE/Ga,Tes). For
comparison cyclic voltammetry response for ssSDNA on bare glassy carbon electrode
(GCE/ssDNA) in phosphate buffer solution was also recorded (Figure 60 B). The GC
electrode was chosen specifically for this purpose due to additional gold oxidation and
reduction peak currents which might interfere with the sSDNA peak currents (base pairs). As
noted from Figure 60 B, there are prominent oxidation peaks at E, = 400 mV (Figure 60 B, a)
and E, = 800 mV (Figure 60 B, b). These oxidation peaks are associated to the peak
potentials of guanine as reviewed from literature. The redox properties of bulk materials,

quantum dots and the genosenser response are as shown from Figure 61 A and B.

Figure 61A shows the cyclic voltammetry responses for (a) GCE/Te, (b) GCE/Ga,Te;-3MPA
and (c) GCE/Ga,Te;-3MPA/ssDNA and (d) bare GCE in phosphate buffer solution. The
GCE/Ga,Tes-3MPA electrode surface results in anodic peak current at 350 mV, which
shifted to 500 mV, upon introducing the sSDNA. The ssDNA oxidation (Figure 60 B) was
also observed at around this potential (E, = 400 mV) as well as appeared at (E, = 850 mV),
and are associated with guanine. Since there’s a shift and a catalytic effect observed at this
peak potential (E, = 400 mV), this peak was employed to monitor the interaction of the

probe-modified electrode with the target DNA.
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Figure 61. (A) Voltammetric plots of (a) GCE/Te, (b) GCE/Ga,Tes;-3MPA and (c)
GCE/Ga;Te3-3MPA /ssDNA and (d) bare GCE and. (B) Cyclic voltammetry response
for Bare (Au) and Au/Ga,Tes;-3MPA/ssDNA modified electrodes at a scan rate of 25

mVs™. All the measurements were perfomed in PBS, pH 7.4.




A comparison between GCE and Au electrodes was also carried out to see the associated
electrochemistry, Figure 61 A and B. A clear reduction wave at -120 mV (peak labelled as c,
Figure 61 B) on Au electrode was observed, which is associated with the oxidation products
of the quantum dots. Whilst the redox reaction or the electrochemistry of gold electrode was
also observed, Figure 61 B, b’ and B, b”. Au electrode was used as the working electrode or
transducer for further genosensor studies due to its capabillity with MPA interaction.
Schematic 4 represent the reaction mechanism for Au electrode fabrication, which was
selected due to its compatibility with the MPA capped quantum dots. We functionalised core
Ga,Te; quantum dots with short-chain 3-mercaptopropionic acid to render these nanodots
semiconductor water-soluble. The surface provides coupling sites for amine modified DNA
attachment, via the formation of an amide linkage. The coupling was promoted by 1-ethyl-3-

(3-dimethylaminopropyl) carbodiimide hydrochloride and N-hydroxysuccinimide.
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Figure 62 A and 62 B shows the response of the modified electrode at different scan rates.
Gold metal solid electrodes (Au) are commonly considered to be inert [291; 292], and under
certain electrochemical conditions these electrodes are highly active [292]. A general
advantage of metal electrodes is their high conductivity. Gold electrodes offer a relatively
large anodic potential ranges and very favourable electron transfer kinetics, but they have a
limited cathodic potential range in aqueous solutions compared to glassy carbon [293; 294].
Because of the low hydrogen overvoltage at these noble metal electrode limits, cathodic
ranges in aqueous solvents are limited (depending on the pH) [294]. In comparison to gold
electrode, glassy carbon electrode is slow in electron transfer rates than gold electrodes [295].
Typical cyclic voltammograms of bare Au/GCE electrodes with preadsorbed fractions of
Ga,Te; different sizes in buffer solutions pH 7 are observed Figure 62 A and B. The oxidised
peak current (lpc) associated with Ga,Tesz quantum dots at E, = 500 mV increased as a
function of increasing scan rate (Figure 62 A, d and 62 B, a). These results show that the
semiconductors adsorbed on the surface of the electrode. Cyclic voltammetry with redox
properties of gold electrode were observed with an oxidation peak potential (l,.) at E, = 1000
mV and a reduction peak potential (lI,c) at E, = 500 mV, Figure 62 A, b’ and b”. Shoulders or
small reduction peaks were observed at oxidation peak potential (I, ) of E, = -100 mV which
can be due to the products of QDs, E, = -500 mV wich was associated with redox properties
of Ga** (Figure 63 A, d and 63 B, a) and at Ep = -850 mV wich was associated with redox
properties of Te*, Figure 63 A, e and 63 B, d. Nonetheless, an oxidation peak potential (1,2)
at E, = 400 mV was chosen as the peak of interest, due to an increasing in peak current when
3MPA-Ga,Te; was introduced on the electrode surface (Figure 63A, a and 63 B, a). From
both the voltammograms a significant increase in current as a function of scan rate was

observed.
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Figure 62. Voltammetric plots of (A) Au/Ga,Tes-3MPA and (B) GC/Ga,Tes-3MPA. All

measurements were perfomed in PBs pH = 7.4 at a scan rate of 5-30 mV s™.
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Genosensors (or DNA biosensors) are devices that combine a biological recognition agent
(ssDNA, also called a probe) that confers selectivity, and a transducer that provides
sensitivity and converts the recognition event into a measurable electronic signal.
Electrochemical DNA devices have recently received considerable attention in the
development of sequence specific DNA biosensors through combination of two
complimentary single nucleic acids into a single molecule (hybridisation). Figure 63 A shows
the response of the genosensor and the behaviour thereof. Cyclic voltammetry was carried out
at different scan rates. The redox properties of gold electrode were observed with a oxidation
peak potential (I,2) at E, = 1000 mV and a reduction peak potential (l,c) at E, = 500 mV,
Figure 63 A, a and c. There is a clear reduction peak observed at E, = -800 mV which was
associated with redox properties of Ga®*', Figure 63 A, d. However, an oxidation peak
potential (l,2) at E, = 500 mV was chosen as the peak of interest, due to an increasing in peak
current when 3MPA-Ga,Te; was introduced on the electrode surface (Figure 63A, b). An

increase in current was observed as a function of increasing scan rate.
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Figure 63. Voltammetric plots of (A) Au/Ga,Te;-3MPA/ssDNA and (B) Randel-Sev¢ik
plot of data from ‘A’. All measurements were perfomed in PBs pH = 7.4 at a scan rate

of 5-30 mV s

From the calibration plot of current vs. the root of scan rate (Figure 63 B), several parameters
were calculated in order to show the behaviour of the genosensor. The system was found to
be diffusionally controlled, evident by an increase in scan rate as a function of current. The
calculated diffusion coefficient was found to be 3.42 x 10 cm? s™ with the correlation
coefficient of (r?) 0.92. The values were calculated using an irreversible equation (eq. 3). The
Laviron equation (eq. 4) was used to demonstrate the relationship between the current and
amount of adsorbed species at a solid surface. The peak current is directly proportional to the
surface coverage, 7" and the potential scan rate, v [296]. The scan rate dependence plot of the
voltammetric peak currents of Ga,Tes confirmed the behaviour of the system and its response

are plotted in Figure 63 B.
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The surface coverage of the genosensor was calculated using equation 2 above and was found
to be 3.42 x 10® cm s™. The sensitivity and the detection limit of the system were calculated
to be 2.45 x 10° nA M™ and 2.22 nM. These results suggest that our system can be able to
detect samples or material from lower (nM) to higher (uM) concentrations. The electron
transfer coefficient was calculated to be 2.45 x 10% cm s, using the following equation (eg.

28)

(28)

1/2
kS(Ep):2.18{ Daan}

RT

where, ks is the electron transfer rate constant and other parameters are as discussed earlier.

5.2.2 Cyclic and square wave voltammetry responses

DNA biosensors, also known as genosensors, are analytical devices for the detection of
specific DNA “target” sequences in solution, upon hybridization of the targets with
complementary “probes” immobilized on a solid substrate [297; 298] or hybridization sensor
that confirms the sequence specificity of the amplified product within about 45 min, even if
the product is present in extremely small concentrations [299; 300]. A DNA sensor based on
electrochemical cyclic voltammetry is a device that transduces changes in interfacial
properties between the electrode and the electrolyte solution induced by DNA hybridization,
conformational changes or DNA damage into an electrical signal. Different electrochemical
systems/techniques were employed to ascertain the successful attachment of DNA on the
Au/Ga,Tes;-3MPA electrode and its ability to bind the target DNA (complimentary). Due to
high sensitivity compared to cyclic voltammetry, square wave voltammetry was also
employed. The behaviour of the genosensor with the target analyte at the electrode interface

is as shown in Figure 64 A-B and 65 A-B.
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Cyclic voltammetry was carried out to determine the binding event of the probe-DNA and the
target DNA, which is our complementary DNA. The oxidation peak potential (I,.) at E, =
500 mV (Figure 64 A, a) was used as the peak of interest. As we introduce different
concentrations of the target molecule, the peak current decreases (Figure 64 A), suggesting
interaction between the probe-DNA and the complementary DNA. This interaction was by
stabilising the immobilized probe DNA on the surface of the transducer, by covalently
attaching it through a linker bound to one of its ends. To achieve this, the probe DNA and the
surface onto which the DNA is to be immobilised may be modified by introducing reactive
functional groups that will allow for covalent coupling [301]. Several functionalities on either
the electrode or the probe ssSDNA have thus been reported for stable anchoring of the probe
on the electrode surface. Commonly used reactive functional groups include thiols, carboxyls
and amino groups among others [302]. Covalent coupling via functionalized probe or
electrode surfaces are usually accompanied by chemical activation steps, which have also
been developed according to the combination of the introduced functional groups [303; 304].
After the surface has been activated, functionalised and modified with the probe DNA, the
target analyte was introduced to the system, in order to measure the behaviour of current with
respect to concentration. The binding-event occurred after the introduction of 0.5 nM of the
target molecule (Figure 64 A, a). The plot showed a decrease in current as the concentration
increases, which confirm the binding of the analyte and the probe DNA at the electrode
interface. A shift in peak potentials (50 mV) was also observed, which is a characteristic of
electrode reactions having slow electron transfer kinetics. The binding behaviour of the two
DNAs was also confirmed from the calibration curves of Her2/oncogene genosensor (Figure
64 B). It was clear from the plot that the sensor reached its point of saturation around 3 nM,

suggesting that there is a little binding taking place between the two DNAs.
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The sensitivity of the genosensor was found to be 7.59 x 10 pA ng™* mL™ with regression
coefficient of (r> = 0.95), linear range was found to be in the range of 0.5 - 3.0 nM and its
detection limit was calculated to be 0.2 pg mL™, Figure 65. The results obtained were found
to be significantly low than the physiological value of the Her2/neu in blood and

comparatively low than literature values [11; 12].
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Figure 65. Calibration curve of Her2/oncogene with data from ‘64 B’.

Square wave voltammograms of Au/3MPA-Ga,Tes/ssDNA at different concentration of
Her2/neu oncogene are shown in Figure 66 A. SWV showed two unresolved peaks, at
oxidation peak potential (l,2) of E, =400 mV and E, = 900 mV (Figure 66 A, a and b). These
two peaks are denoted to the 3MPA-Ga,Tes/ssDNA and the unreacted tellurium (Te®),

respectively.
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The two peaks merged into single distinctive peak after the addition of target analyte. After
each addition of the target analyte, the peak current at E, = 400 mV decreased with increasing
concentration (Figure 66 A, a). The saturation point of the genosensor was reached upon the
addition of 2 nM of the target analyte, apparent by slight decrease in current after adding 3

nM of the target analyte, Figure 66 B.
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Figure 66. Voltammetric plots of Au/3MPA-Ga,Tes/ssDNA at different concentration of
Her2/neu oncogene (0.1—1), (A) SWV responses to Her2/oncogene and (B) Calibration

curves of Her2/oncogene genosensor in ‘A’.

From the calibration curve (Figure 66 B and 67), the sensitivity and the linear range of the
system were found to be 10.49 pA ng* mL™ and 0.1 - 1.0 nM respectively (r? = 0.99). The
detection limit of the genosensor from the SWV was calculated to be 0.2 pg mL™. These
values were obtained by reploting the linear dynamic range values from Figure 66 B and the
calibration curvet obtained is shown in Figure 67. Table 1 shows the summary of the results
obtained and compared with literature. The proposed genosensor proven to be better and well
within limits for HER2/neu detection (2 - 15 ng mL™) and is comparable with literature

values [11; 12].

188



5] @ 0.99
] Slope 10.49

00 01 02 03 04 05
[Her2/neu})/ nM

Figure 67. Calibration curves of Her2/oncogene with data from 66 B’.

The results demonstrated the potential of the proposed system as an effective genosensor in
detecting the target analyte. Some of the systems which were used in detecting Her2/neu
oncogene are listed in Table 6. The two systems showed very similar limit of detection but
different dynamic range. It is well known that square wave voltammetry has a higher
sensitivity that the cyclic voltammetry hence a difference in the data obtained. The
genosensor’s DLR is comparable to those reported in the literature for other methods. More
importantly, the DLR values of the genosensor are within the physiological Her2/neu
oncogene concentrations in the blood of normal (2-15 ng mL™) and breast cancer (15 - 75 ng

mL™) patients [11; 12].
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Table 6. Comparison of different systems for detection of HER2/neu oncogene (The

original values are all converted to ng mL™)

Sensors DLR Sensitivity LOD
(ng mL™) (hg mL™) (hg mL™)

Genosensor (Ga,Tez-3MPA/ssDNA) | 1.8-740 1.0 - 2.80x10” | 0.00007
PZT/glass PEMS [305] - 13 111

PCR [306] 28 0.06 5.5
ELISA [307; 308; 309] 185 - 46250 | 100.00 0.1
Fluorescent silica nanosphere [310] | 18 - 185 - 1.9

FISH and IHC [307] - - >0.01

5.2.3 Stability of the probe-modified electrode and Sequence-specific hybridisation

studies

Cross-reactivity (Selectivity and non-specific adsorption) experiments were performed to

assess whether the Au/Ga,Tes-3MPA/ssDNA responded selectively to the complementary

target (Figure 68). In this work, the complementary target DNA, the single-base mismatch

target, the three-base mismatch target, and the non-complementary sequence DNA were used

to study the sequence-specificity of the sensor. The CVs of the genosensor (Au/Ga,Tes-

3MPA/ssDNA) responses for 5 nM of the different target DNA molecules are plotted in

Figure 68.
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Figure 68. Voltammetric plots of Au/3MPA-Ga,Tes/ssDNA in 0.1M PBS pH = 7: at
different analytes (0.5 nM) of Her2/oncogene, (Complimentary, 1-Base mis-match, non-

complimentary and 3-Base mis-match) (A) Responses to Her2/oncogene.

The sensor exploits selective binding of certain biomolecules. The high specificity and
affinity of these biochemical binding reactions lead to highly selective and sensitive sensing
devices. Figure 68 shows the comparison of the peak currents between the blank and the four
target DNA sequences with the same concentrations 5 nM. The oxidation signal responded
differently with different analytes. These findings indicate that some of the analytes
hybridization did not occur. A decrease in signal was observed when the probe electrode was
hybridised with the 3-base mismatch and non-complimentary sequence, suggesting that

hybridisation occured at the electrode interface.
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However, there was a high decrease in signal after the probe DNA was hybridised with both
the complimentary and 1-base mismatch sequences. This could be due to the fact that the
target analytes and the capture probe are fully bound. These results demonstrated that the
complementary target sequence could form double-stranded DNA with the probe-DNA
producing a significant decrease in signal. The stability and reproducibility of the genosensor

(AUu/BMPA-Ga,Tes/ssDNA) was carried out as shown in Figure 69.
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Figure 69. The stability of the genosensor (3MPA-Ga,Tes/ssDNA) in 0.1M PBS pH = 7:

at a scan rate of 25 mV s>,
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From Figure 69, Cyclic voltammograms of the redox properties of gold electrode were
observed with an oxidation peak potential (I,a) at E, = 1000 mV and a reduction peak
potential (l,c) at E, = 500 mV, Figure 69 b’ and b”. And unresolved reduction peaks were
observed at reduction peak potential (l.) of E, = -100 mV which can be due to the products
of the QDs and E, = -500 mV wich was associated with redox properties of Ga** (Figure 69
d). However, the detection signal at (l,.2) of E, = 400 mV was chosen to study the stability or
reproducibility of the sensor. The stability and reproducibility of the probe-modified
electrode was done by leaving the electrode for 5 days in the freezer (20 °C) and cycling the
modified electrode 20 times, Figure 69. After been used for CV analysis, the same electrode
was used after several days and the reduction peak of the sensor was observed. The peak
current of the electrode started decreasing but remained constant after the several cycles
(Figure 69). Statistical analyses were performed based on the stability of the sensor. The
average sum of n = 9 was calculated to be 16.98, whilst the calculated standard deviation
(SD) and the mean values were calculated to be 0.23 and 1.69, respectively. The results
suggest that the genosensor only degraded by 23%. Thus the modified electrode proved that

our electrode can be used for several analysis without been depleted fully.

5.2.4 Impedimetric responses

In impedimetric genosensor, the presence of the target molecule causes electrical changes
(e.g. capacitance or resistant changes) on the sensing surface. Figure 70 shows nyquist plots
of modified Au electrode (Au/3MPA-Ga,Tes/sSDNA) in the presence of target DNA.
Compared with the bare Au electrode in PBs the modified Au electrode had a small charge

resistance, as shown in our earlier results (Figure 59 A).
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Figure 70. EIS/Nyquist plots of Au/3MPA-Ga,Tes/ssDNA in 0.1M PBS pH = 7: at
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When the probe DNA was introduced on the modified Au surface becoming Au/3MPA-
Ga,Tes/ssDNA, the diameter of semicircle increased, suggesting that the probe DNA film
acted as an insulating layer that made interfacial charge transfer inaccessible Figure 70 A.
Then, different concentrations of the target DNA strand were introduced into the system and
the diameters of semicircles become higher than that of Au/3MPA-Ga,Tes/ssDNA, showing
that another insulating molecule was added into the system. The charge transfer resistance
(Rey) values increased with increasing concentration of the target DNA in the hybridisation
reaction (Figure 70 B). The behaviour suggests a sluggish electron transfer. The sensitivity of
the genosensor was found to be 1.43 Qn M™ (r? = 0.99). Its linear range was found to be 0.5-
4.0 nM which is in good agreement with the one obtained in cyclic voltammetry and its limit

of detection was calculated to be 5.00 x 10°° nM, Figure 71.
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Figure 71. Calibration curve of Her2/oncogene with data from 70 B’.
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5.2.5 Chronocoulometric responses

Chronocoulometry (CC) involves measurement of the charge vs. time response to an applied
potential step waveform. The shape of the resulting chronocoulogram can be understood by
considering the concentration gradients in the solution adjacent to the electrode surface. The
technique was used to calculate the diffusion coefficients and rate constants for chemical
reactions coupled to electron transfer reactions.

Chronocoulomtric response of Au/3MPA-Ga,Tes Au electrode modified to sSDNA was
investigated in the unstirred of 0.20 M PBs pH 7.4. Figure 72A, represents the
chronocoulograms of the genosensor response (Au/3MPA-Ga;Tes/ssDNA) in the presence of

the target DNA molecule at the electrode interface.
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Figure 72. Chronocoulometric plots of Au/3MPA-Ga,Tes/ssDNA in 0.1 M PBs pH = 7.4:
at different concentration of Her2/oncogene (A) Responses to Her2/oncogene and (B)

Calibration curve of Her2/oncogene in ‘A’.

As observed from the chronocoulogram the charge (C) of the genosensor decreases
drastically as we introduce different concentration of the target DNA. This behaviour shows
that the surface of the modified Au electrode has be insulated or hindered, thus a decrease in
charge (Q). The diffusion coefficient of system was calculated using the Cottrell equation
(eq. 8). The calculated value for the diffusion coefficient with correlation coefficient (r?) of
0.92 was found to be 1.58 x 10 cm? s, the obtained values confirms that the system was
diffusionally controlled and that the movement of electrons was fairly fast. And its surface
coverage was calculated using the Cottrell’s equation (eq. 10). The calculated values of the
adsorbed species (analyte) at the electrode interface were found to range from 3.58 - 8.25 cm
s, this shows that the surface of the (Au/3MPA-Ga,Tes/ssDNA) become depleted each time

the target analyte accumulates at the electrode surface, suggesting that hybridization of the
197



two DNA molecules occurred. A plot of Q vs. t*2

was used to determine the slope of the
system. The slope of the system was found to be 0.12 nC M™. Since the slope is directly
proportional to the sensitivity, the smaller the slope the smaller the sensitivity of the system
and thus the slower the rate of electrons (k). The gradient of the slope (r*: 0.99) decrease with

a decrease in charge, from each time we introduce the target analyte. The ks was calculated

from the following equation;

Q = (kC,t)"? (29)

where, Q is the charge of the electroactive species and C, is the concentration of the active

analyte (mol mL™).
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Figure 73. Calibration curve of Her2/oncogene with data from ¢72B’.
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The calculated values for the rate constants were found to be in the range 0.34 - 0.05 cm s™.
The rate at which the electroactive species were travelling towards the electrode interface
become sluggish after addition of 1 nM of the target analyte into the system. This behaviour
was monitored by calculating the electron transfer rate constant (k). The calculated values (k)
for both EIS and CC were in good agreement. The limit of detection and the sensitivity of the
two systems were found to be 0.34 nC M™, 0.005 x 10 nM, 1.43 Qn M and 0.12 Qn M7,
respectively (Figure 73). The linear dynamic range of the system was reploted as shown from
Figure 73 in order to determine the LOD and the sensitivity. The two systems (EIS and CC)
were found to be comparable with the linear ranges of 0.5 - 5 nM and reached the saturation
point after the sixth addition of the target DNA (Figure 71 B). The saturation point at the
Au/modified electrode interface confirms a little or no interaction between the target analyte

with probe DNA.

5.2.6 Time-based Amperometry responses

Compared with the cyclic voltammetry, constant-potential amperometry is more attractive for
an evaluation of kinetics of continuous inhibition properties. Figure 74 A, shows typical
current-time profile of the Au/GC/3MP-Ga,Tes/ssDNA electrode at a fixed applied potential
of 0.4 V (vs. Ag/AgCl). After the current baseline had been established with buffer solution,
0.5 nM of target DNA was added into the measuring cell, with constant stirring. Then, aliquot
of target DNA was added stepwise to electrolyte buffer (0.5 - 8.0 nM). As expected, the
current response for the electrode Au/GC/3MP-Ga,TesA/ssDNA in 0.10 M PBs (pH7) was
higher than for the Au/GC/3MP-Ga,TesA/ssDNA in the presence of the target DNA, the

cause for this behaviour can be due to the high affinity of the DNA-DNA interaction.
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Figure 74. Time-based chronoamperometric plots of Au/3MPA-Ga,Tes/ssDNA in 0.1M
PBS pH = 7: at different concentration of Her2/oncogene (A) Responses to
Her2/oncogene and (B) Calibration curve of Her2/oncogene in ‘A’.
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Figure 74 B shows the genosensor responce which correlates well with the behaviour
observed in Figure 74 A. Different additions of sSSDNA (0.5 - 4 nM) induced a decrease in the
current, which reached to another steady-state current after each 100 s (Figure 74 A). After
the fourth addition of the target DNA, the genosensor reached its saturation point showing
less binding of the target sSDNA and the capture probe at the electrode interface (Figure 74
B). Form Figure 74 B the linear response range of target sSSDNA concentration was from 0.5
nM - 4 nM with a correlation coefficient (r?) of 0.84 (n = 5). From the slope of 0.049 nA nM"
! (Figure 75), the lower limit of detection was estimated to be 0.09 pM at a signal to noise
ratio of 3. The system confirms the signal response of the DNA-DNA interaction and is

comparable with other systems i.e. CV and SWV, evident by a current response and linear

range.
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Figure 75. Calibration curve of Her2/oncogene with data from’74 B’.
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5.3 Spectroscopic genosensor response

5.3.1 UV-vis responses of Her2/neu oncogene genosensor

UV-Vis was carried out to determine the interaction of the probe DNA and the target DNA in
solution. Equimolar concentrations of the quantum dots and probe ssSDNA and 3MPA-Ga,Te;
were prepared and analysed before the introduction of the target DNA, Figure 76. After
acquiring the spectrum of the probe ssDNA at 255 nm, 3MPA-Ga,Tes/ssDNA at 257 and
3MPA-Ga,Tez at 220 nm, the interaction of the SAMPA-Ga, Tes/ssDNA with the target analyte

was carried-out, Figure 77 A.
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Figure 76. UV/vis plots of (A) DNA, 3MPA- Ga,Te; and Au/3MPA-Ga,Tes/ssDNA.
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From the absorbance spectrum (Figure 76) it is evident that the quantum dots capped with
3MPA has a catalytic effect evident by an increase in the absorbance peak intensity at 257,
when compared with absorption peaks at 220 nm and 255 nm. From the calculated molar
absorption coefficient (€) it was evident that the combination of both quantum dots and probe
DNA had higher absorptivity. The Beer-Lambard equation (eq. 14) was used for the
absorptivity values: A = ebc and the values were calculated to be 3 MPA-Ga,Tes: 149, DNA:

20.8 and 3 MPA-Ga,Te; 7.5.
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Figure 77. (A) UV/vis plots of 3MPA-Ga,Tes/ssDNA at different concentrations of

Her2/oncogene (0.5-8 nM) and (B) Calibration curve of Her2/oncogene in ‘A’.

The interaction between the probe DNA and the target DNA was studied as shown in Figure
77 A. Introducing different concentrations of the target DNA resulted in a decrease the
absorbance peak intensity. This behaviour suggests that the target DNA is acting as an
insulator. Figure 77 B shows a calibration curve of the genosensor response in solution. As
observed from the spectrum an increase in target DNA concentration resulted in a decrease in
the absorbance peak intensity and thus the sensitivity. The linear range and the detection limit
of the genosensor were found to be 0.5-5 nM and 0.37 x 10 nM. The sensitivity was found
to be 0.21 nM with the correlation coefficient (r?) of 0.99, Figure 78. The results obtained are

in good agreement with the obtained electrochemical measurements.

204



0.10' 2

|r 0.994
0.08 Slope 0.21
0.06 -

0.04 -

0.02-

Absorbance a.u

0.00-

o 1 2 3 4 5
[Her2/neu]/nM

Figure 78. Calibration curve of Her2/oncogene with data from ‘77B’.

5.4 Sub conclusion

Conclusively the redox properties of the bimetallic-quantum dots were determined and found
to possess an irreversible behaviour having both the reduction and oxidation peak currents.
Consequently the semiconductors (QDs) were found to have enhanced the conductivity of the
used biomolecule, Her2/neu oncogene in this regard. The peak currents of the adsorbed
species (BMPA-Ga;Tes/ssDNA) were found to be lower than that of 3MPA-Ga,Te; as
expected since the sSDNA acts as an insulator and the opposite is true. The binding event of
the genosensor was monitored both in solution and on the electrode interface. The results

obtained were comparable in both instances, since the current of the measured ssDNA
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decreased as we introduced the analyte DNA. The genosensor attained a higher sensitivity
with very lower detection limit (pg mL™). The linear dynamic range with the r? ranging from
0.92 - 0.99 was found to be very lower (nM). The viability of the Her2/neu oncogene was
also confirmed by UV-vis spectroscopy and it was observed that the DNA was still interacted

and can be used for our applications.
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CHAPTER 6
Results and discussion 3

EQCM and micro-fluidic responses of Her2/Neu Oncogene genosensor
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6.1 EQCM of genosensor

6.1.1 Genosensor response of SMPA-Ga, Tes/ssDNA

An EQCM study was carried out in concert with the CV in order to investigate in more detail
the electrochemical processes taking place at the electrode interface (SMPA-Ga,Tes/sSDNA).
Figure 79 A, shows a change in current while Figure 79 B shows variations in mass as a
function of potential (-1.0V/Ag/AgCIl<E< 1.0V/Ag/AgCl) for various ssDNA concentrations.

The scan rate used for all the measurements was 25 mV s 1.

120 | — Au/3MPA-Ga,Tes/ssDNA

100 —0.1nm
{|—o0.2nm
804 —o0.3nm

60: ——0.4 nM
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Figure 79. EQCM Voltammetric plots of CE/3MPA-Ga,Tes/ssDNA at different
concentration of Her2/neu oncogene (0.1—1), (A) CV responses to Her2/oncogene and

(B) Calibration curves of Her2/oncogene genosensor in ‘A’.

From cyclic voltammetry the first redox reaction of 3MPA-Ga,Tes/ssDNA showed an
oxidation peak current (lp,a) at E, = 0.55 V (Figure 79 A, a), the peak current observed was
denoted as a characteristic of both the 3MPA-Ga,Tes/ssDNA with traces of the unreacted
bulk Te. And reduction peaks (lp,c) at E, = -0.4 V and E, = -0.8 V (Figure 79A, c and d)
which are associated with Ga>* and Te? were also observed. Additional redox peak potential
of Au also occured at E, = 0.38 V and E, = 0.88 V. The genosensor response was monitored
at 0.55 V, since both the ssDNA and the catalyst (QDs) occur at this potential range. A
decrease in current as a function of Her2/neu oncogene concentrations was observed at 0.55

V, Figure 79 A, a. An introduction of a target sSDNA showed an effect on the electrode
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interface of Au/3MPA-Ga,Tes/ssDNA, thus hybridisation was concluded. Furthermore, a
shift in peak potentials (E, ) at the oxidation peak current (l,,2) were observed: 0.55 V, 0.53
V, 0.49, 0.45 V t0 0.43 V, Figure 77 A, a. These potential shifts with a potential difference of ¢
0.004 V) were denoted as a characteristic of electrode reactions having slow electron transfer kinetics

but most significantly proves that the genosensor can be employed as the potentiometric
sensor. Figure 79 B, shows a genosensor response to Her2/oncogene genosensor. From the
calibration curve it was noted that the sensor reached its saturation point at 0.5 nM, proving
that the sensor can detect even lower concentrations. The sensitivity of the genosensor
calculated from Figure 80, was found to be 0.29x10° nA M™ (r* = 0.98). Its limit of detection

was calculated to be 0.04 pM with a linear range of 0.1- 0.5 nM.
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Figure 80. Calibration curves of Her2/oncogene genosensor with data from *79 B’.
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From figure 81 A, a total frequency change of 0.38 Hz was observed at first oxidation current
at 0.55 V which was due to 3MPA-Ga,Tes/ssDNA assembly, at Au electrode interface in the
presence of 0.1 nM ssDNA. This frequency change corresponds to gain in mass of 20.5 ng
cm 2 from the electrode surface (see table 5). The EQCM data reveal that mass is gained
during the oxidation 3MPA/Ga,Tes/ssSDNA and the gain in mass means there is an
accumulation of the target DNA at electrode interface evident by a decrease in current, Figure
79 A. From figure 81 B it is clear that as we introduce more target DNA the frequency
decrease while mass increases (Af vs. conc.) and the reverse is true for current vs. conc. The
sensitivity of the genosenor was found to be 17.7 nM s* (r? = 0.92), Figure 82. These
frequency changes have been previously interpreted as indicative of anion or cation loss (or

gain) from the monolayer, which is consequent to the injection (or removal) of electrons

[311; 312].
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Figure 81. EQCM plots of CE/3MPA-Ga,Tes/ssDNA at different concentration of
Her2/neu oncogene (0.1—1), (A) EQCM responses to Her2/oncogene and (B)

Calibration curves of Her2/oncogene genosensor in ‘A’.

The frequency changes were calculated by using the Sauerbrey’s equation (eq. 11). The
EQCM data is in good agreement with the results obtained from both EIS and
Chronocoulometry as far as frequency and electro active species at the electrode interface is

concern.
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Figure 82. Calibration curves of Her2/oncogene genosensor with data from *81B°.

Table 7. Difference in frequency and mass as we introduce target HER2/neu oncogene

Concentration of target Am (ng cm™) Af (Hz cm™)
DNA, HER2/neu (nM)

0.00 4.00 12.50

0.10 8.00 7.50

0.20 13.00 5.00

0.30 15.50 4.00

0.40 16.50 2.40

0.50 20.20 0.38
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6.2 Micro-Fluidics of genosensor

6.2.1 Scan rate dependence of 3SMPA-Ga, Te; and genosensor response of SMPA-

Ga,Tea/ssDNA

Our genosensor was moved from the typical bulk electrode to the micro-fluidic system. The
sense here was to evaluate and compare the detection systems of the two DNA sensors.
Extraction of DNA using PCR method was not done at this stage, the same method applied
for the bulk DNA sensor was also employed here. All data are from single experiments with
measurements made in triplicate. A carbon paste was used as conducting material or
transducer. The sample or quantum dots were immobilised in the form of an injection through
an opening onto the transducer. The nanomaterials were left to dry for 2 h since this was a

closed system. A scan rate and concentration dependence studies were carried out using

cyclic voltammetry.
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Figure 83. Micro-fluidics voltammetric plots of GC/3MPA-Ga,Tes/ssDNA in 0.1M PBS

pH = 7: (A) CV plots for 5-30 mV s™ and (B) Randel-Sev¢ik plot of data from ‘A’.

The electrochemistry of 3MPA-Ga,Te; was examined using cyclic voltammetry (Figure 83
A). From the cyclic voltammogram of 3MPA-Ga,Tes, an oxidation peak current (l,) was
evident at E, = 0.40 V vs. Ag/AgCl which was used to study both the scan rate and
concentration dependence studies. No reduction peak currents were observed during the
reverse scan at the chosen potential window. The oxidation peak current (l,.) at E; = 0.4 V
was found to increase with scan rate from 0.05 - 0.35 V s™ while E, at 0.40 V showed a slight
shift towards more positive direction, confirming electrochemical irreversibility [29]. A graph
of peak current versus the square root of scan rate (Figure 83 B) resulted in a linear
relationship (r> = 0.99) confirming that electrochemical oxidation of 3MPA-Ga,Te; was
under diffusion control. The calculated value of D = 5.0 x 10° cm?s™ was used to prove that

the system was diffusionally controlled.
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current from “‘A’.

216



The current arising from CE/3MPA-Ga,Tes/ssDNA in 0.1 M PBs buffer pH 7.4 was
measured using CV (Figure 84 A). A decrease in peak current was observed with
introduction of the target analyte (common ssDNA). The genoDot (genosensor) showed
binding of the analyte at the electrode interface (Figure 84 B) with a calculated limit of

detection (LOD) of 0.07 nA M™.

6.3 Sub-conclusion

Microfluidic sensor system (GenoDot Microanalyzer: GDMA) was successfully developed.
This microanalyzer prototype card was used effectively in the construction of DNA sensor
which proves that the prototype was effective and can be employed for further analysis. The
method applied on normal bulk electrode sensor for detection of Her2/neu oncogene was
achieved on this system. On a carbon paste conducting material 3MPA-Ga,Tes/sSDNA was
immobilised successfully and scan rate dependence studies were carried out in which an
increase in current as function of root scan rate was observed. Furthermore detection of
Her2/neu oncogene was successfully attained, evident by a decrease in current as we
introduce different concentration of the target sSSDNA. EQCM technique was able to confirm
the hybridisation event of the DNA genosensor to the common DNA. The EQCM data
confirmed that the electrons are been hindered as we introduce different concentration of the
target analyte. These results are in good agreement with the data obtained from micro-fluidics

system.
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Table 8. Analytical parameters of the genosensor obtained by various techniques

LDR (nM) LOD (pg mL™) Sensitivity*
CcVv 0.50-3.00 0.07 0.02pA ng mL™
SWV 0.10-3.00 0.02 0.10 pAng'mL™?
EIS 0.50- 4.00 0.05 1.49 QnM™
EQCM 0.10- 0.50 0.07 17.7nM s™
cC 0.50-4.00 0.12 0.02QnM*
CA 0.50-4.00 0.20 0.16 AnM™

*The unit of sensititvity vary with technique.
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Mechanism of DNA-QDs interaction
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7.1 Introduction

This chapter describes/discusses and show the mechanism of DNA-QDs interaction before
and after hybridisation. In unison give evidence of the detection signal from both quantum
dots and the ssDNA. An important property of quantum dots is that they can easily transfer
energy when excited. In our case the nanodots transferred energy in the form of a signal
(current, A) when the voltage was passed on the quantum dots. Since quantum dots are
semiconductors they passed this energy on to a nearby molecule which is through the capping
ligand attached to the quantum dots to the ssDNA-capture probe, which eventual gave a
current signal due to the quantum energy. Consequently different experiment/analyses have
been carried out in order to confirm and prove the DNA-quantum dots binding event and also
pin-pointes the role of 3 MPA-Ga,Te; with sSDNA and how the cations/anions affect the

detection-signal (sSSDNA-QDs).

7.2 Electrochemical genosensor mechanism

7.2.1 Genosensor response using metal ions as electrolytes

Since the oxidation potential was shown to be dependent to the reduction potential of the
quantum dots (the reverse is true), a potential dependence study was carried out to prove that
the later is true. Figure 84 shows the behaviour of the peak current and peak potential of the
3MPA-Ga,Te; quantum dots at the same scan rate but different potential windows. An
oxidation peak current (I,2) was evident at E, = 0.43 V vs. Ag/AgCI (Figure 85A, b and 86
A, b) and a reduction peak current at (I, c) was observed at E, = -0.65 V vs. Ag/AgCl, Figure
85A, b and 86 A, b. The two redox peaks were used to monitor the potential dependence of

3M PA-GazTeg.
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Figure 85. Voltammetric plots of A) GCE/3BMPA-Ga,Tes/ssDNA at different potential

windows (-1.0 V to 1.0 V) and B) Calibration curve of potential windows in ‘A’.
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From Figure 85 A, it is evident that as we move from higher potentials to lower potentials (-
10V toO0Vand 1.0 V to 0 V) the peak current at 0.4 V decreases in intensity. And
simultaneously a shift in peak potential was also observed as we move towards lower
potentials, confirming an irreversible system. A calibration plot of potential vs. current was
used to clearly show this behaviour, Figure 85 B. It is clear from this figure that at higher
potentials (-1.0 to -0.5 V), higher peak currents are observed and at lower potentials of -0.4 VV
to -0.1V the peak currents decreases and are almost constant. Additionally, the behaviour in
peak potentials and peak currents proves that both the oxidation and the reduction peaks are
dependent to each other. Hence a wider potential window was chosen. From the observed
data more experiments had to be carried out in order to account for the peculiar behaviour in
peak potentials. At first glance the behaviour in peak potentials was associated with the
anions and cations that interacted with the unreacted Te from the quantum dots (3MPA-
Ga,Tes) surface. From the bimetallic point of view it’s common knowledge that when two
metals interact to form a compound or a quantum dot in our case, one of the metals tends to
move towards the surface of the overall bulk material (some unreacted metals). It is this
unreacted nanomaterials on the surface of the quantum dots which are been investigated. The
aim here is to determine the effect of quantum dots (3MPA-Ga,Tes) which are Te enriched,
interacting with the ssDNA whilst studying the overall reaction of genosensor (3MPA-
Ga, Tes/ssDNA) with the cations. Figure 86, shows the behaviour of different cations with the
genosensor (3MPA-Ga,Tes/ssDNA) before hybridisation. From Figure 86 A, both lithium
ions and cesium ions were two species that clearly showed a good interaction with the
genosensor. The ionic radii of Cs* was higher 1.65 (Figure 86 B) compared to other cations
showing that there’s more steric hindrance. However Li* with the smallest sensitivity and
smallest peak current was also noted to have the smallest ionic radii 0.45 (Figure 86 B) thus

showing less steric hindrance.
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Figure 86. Genosensor response of A) CV of GCE/3MPA-Ga,;Tes/ssDNA with different
cations but same concentrations (0.1M) and B) Table showing the electronegetivity of

different cations together with a periodic table with elements from group 1 and 2.

The obtained data suggests that as we go down the period there’s higher electronegativity and
the opposite is true. Based on these observations further analysis were carried out to
investigate the behavior of the two cations with the genosensor (3MSA-Ga,Te3) before and
during hybridisation. Figure 87 A and 89A, shows the genosensor interaction with different
concentrations (0.1 - 8 nM) of target analyte while introducing more cations on the electrode
surface. Before introducing the analytes or the electrolyte into the system there were redox
peaks observed from both Figure 87 A and 89 A; Cyclic voltammograms with redox
properties of GC/3MSA-Ga, Tes-ssDNA were observed with an oxidation peak potential (lp2)
at E, = 600 mV (Figure 87 A, aand 89 A, a) and a reduction peak potential (I,.) at E, = -500
mV which was associated with redox properties of Ga>*, Figure 87 A, b and 89 A, b. An
additional reduction peak was observed at reduction peak potential (l,) of E, = -700 mV

which can be due to the products of the Te %.
223



2'4 PRV FITVP s (G0 VE o v o T LT v o I ot TT Vo (Y
21
18
1.5
14
09
0.6
03
0
0.3
0.6
0.9
1.2
49

77§ R S Sy
'

40 08 06 04 02 0 02 04 06 08 10

E(Ag/AGCI) V

I/pA

3.041 B 5

2.5] ¢
20 % 0.99

1.0
0.5-
0.0-

00 05 10 15 20 25 3.0
[Her2/neu]/nM

Figure 87. Effect of electrolytes on genosensor responses: (A) CsCl and Calibration

curves of Her2/oncogene genosensor in (B) CsCl electrolyte.
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The introduction of cations was done by washing the immobilized electrode with 0.1M of
Cs'/Li" solutions after each binding or hybridisation with target analyte and also using the
aliquots as the electrolytes. Compare to the phosphate buffer (K*) system the two systems
(Cs* and Li*) showed higher sensitivity (2.74 - 3.69 nA M™: r> = 0.99) and very low
detection limits (0.0004 pM) with the linear dynamic range starting from 0.1-1 nM), Figure
88 and 90. The genosensor cation interaction showed a decrease in peak current after the first
addition of the target analyte (Figure 87 A and 89 A) and reached its point of saturation after
adding 1 nM of Her2/neu concentration (Figure 87 B and 89 B). The observed behaviour
suggest an interaction between the tellurium enriched 3 MSA-Ga,Te; with cations whilst

binding to the target analyte forming a 3MSA-Ga;Tes/dsSDNA/Cs*/Li".
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Figure 88. Calibration curve of Her2/oncogene with data from’87 B’ CsCl electrolyte.
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Based on our findings or obtained data a mechanism for the genosensor is proposed, scheme
5 A and B. From our findings it was observed that there was an interaction between the
cations and the tellurium nanoparticles on the surface of the quantum dots that caused a shift
and a decrease in signal at 400 mV, as we increasing the concentration of the Li*. What we
are proposing here is that the electrons from the bulk electrode are been pumped to the
adsorbed species (3MSA-Ga,Tes) into the electrolyte solution and back to the electrode or in
between the quantum dots (scheme 5 A and B) giving energy to semiconductor hence a
higher signal response. The free electrons from the electrolyte solution (Li*) interact with the
adsorbed species of tellurium that acts as a shell of the core quantum dots. The electrons from
Li* forces the Te® to be reduced back to Te? (rxn: Te® + 2e” — Te?) thus forming an adsorbed
complex: Te* + Li* — Te-2Li. This adsorption complex is believed to be behind the
genosensor response in which a decrease in peak current was observed after hybridisation due

to big ionic radii and steric hindrance of the Li" cation.
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Figure 90. Calibration curve of Her2/oncogene with data from ’89 B’ LiCl electrolyte.
227



Reaction mechanism
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Scheme 5. Reaction mechanism of GC/3 MSA/Ga,Tes/dsDNA with cationic species i.e.
Li* and Cs".
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7.3 Sub-conclusion

Following a detailed investigation of the genosensor signal/detection, it was established that
the unreacted telluride on the surface of the quantum dots (3 MPA-Ga,Tes;) was mostly
responsible for the detection signal. Hence the mechanism of the genosensor was designed
around this idea. It was believed that upon binding of the genosensor and the target analyte
there were pockets available between the quantum dots and the electrode surface in which the
unreacted telluride was found to interact with Li* ions. From the interaction an increase in
peak current signal was observed. However after hybridisation the current decreased due to
high ionic radii and steric hindrance of the Li* and also due to an accumulation of the ssDNA
on the immobilised GC electrode. Thus the saturation point of the DNA sensor was reached

abruptly due to less active site on the electrode interface.
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8.1 Introduction

QDs are not meant to replace fluorescent dyes and proteins, but rather to be a specialised tool
that can augment and complement them. Quantum dots are known to posses advantageous
properties compared to conventional dyes. Due to their non-degradation and high photo-
stability quantum dots are more favoured than fluorescent dyes. Internalisation of QDs in the
cells can take place in diffusive and active forms [313; 314; 315], which depend dramatically
on the type of cell and the biofunctionalisation of the QDs. Among the most referenced
methods for a detailed study of this internalisation is confocal microscopy and flow
cytometry. This chapter concentrate on the size and toxicity of the nanodots using different
electrochemical, microscopic and spectroscopic techniques. Cytotoxicity of quantum dots
was carried out using the MTT assay and CC. Lung cell line were used for the study and also
the quantum dots delivery/transport was done and characterised with TEM and confocal
microscopy. 3MSA-Ga,Te; was used instead of 3MPA-Ga,Te; due to the solubility of the
quantum dots. We used 3MSA due to its higher Ky, value = 3.41 compared to 3MPA with a
Kpa Value of 3.21. Using the 3MSA ligand helped our quantum dots to be more soluble in

water or PBs for this cytotoxicity study.

8.2 Cytotoxicity of quantum dots using 3 MSA-Ga,Tes in cancer cells
8.2.1 Characterisation of 3 MSA-Ga,Tes using electron microscopy and spectroscopy

8.2.1.1 Atomic force and electron microscopy of 3 MSA-Ga,Te;

As viewed from literature, size of quantum dots can be of vital importance as far as toxicity is
concerned. Arguably the smaller the size of the nanodots the higher the toxicity since there’s

more penetration of the quantum dots and versa vice.
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This theory was put into test in our cytotoxicity study. Before carrying the toxicity study the
3MSA-Ga,Tes quantum dots were characterised. This was done to determining the particle
and chemical composition of the nanodots. TEM, HRTEM, STEM, AFM, XPS and XRD
were employed to confirm the formation of the as-prepared 3 MSA-Ga,Te; quantum dots.
Silicon wafer was used as the sample holder for the distribution of the 3MSA-Ga,Tes

nanomaterials.
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Figure 91. TEM (A), STEM (B) and HRTEM (C:insert) image of Ga,Te3-3MSA.

3MSA-Ga,Te; quantum dots with the average particle size of 20 £ 2 nm were evenly
distributed on the silicon substrate as shown by the TEM, HRTEM (insert) and STEM images
in Figure 91 A and B. The lattice fringe of individual quantum dots with the lattice space (d
space) of 0.2 (insert) were found to be in the same direction thus confirming the single-single
crystallinity of the nanomaterials and their zinc-blende properties (Figure 91 A). STEM
image conform with the results observed in TEM and HRTEM, apparent by the structural
morphology and the average particle size of 5 £ 20 nm which is well within range required

for the dimensionless quantum dots (Figure 91 C: insert).
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8.2.1.2 AFM of 3 MSA-Ga,Te;

AFM was also employed in determining the particle size of the 3MSA-Ga,Tez quantum dots.
As in other analysis silicon wafer was also used as the sample holder for the immobilisation
of the quantum dots. The sample was analysed in air using a non-contact or a tapping mode
due to sample softness. Figure 92 A, B and 93 A, B show AFM image of the synthesised 3
MSA-Ga,Te;. Images of bare silicon substrate in Figure 92 A showed no particles
distribution, confirming that the substrate was not immobilised with the quantum dots (3

M SA-G&2T93).

nm
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Figure 92. AFM images of 3MSA-Ga, Te; quantum dots.

Compared to bare silicon substrate, the topography image of the quantum dots was found to
have a large number of as-prepared quantum dots distributed on the surface of the silicon
substrate. However the the QDs were found to be slightly agglomerated; this can be due to
improper heating and sonication. Nonetheless, there were more particles size with the average
diameter of 20 nm observed. The modified silicon wafer was found to have higher surface
roughness (36.9) compared to the unmodified silicon wafer (0.03), Figure 92 A and B. A
clear distinction of the nanomaterials was observed from the 3D images, Figure 93 A. The
structural morphology of the quantum dots was found to be more globular and oval as is
expected to be the nature of the QDs. The results agree well with the TEM, HRTEM, STEM
images/data and also with other synthesised quantum dots (e.g. CdTe, CdSe etc.) from

literature if morphology and size is concerned.
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Figure 93. AFM images of 3MSA-Ga,Te; quantum dots.
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The distribution of the quantum dots was also confirmed by the histogram image obtained,
Figure 93 B. The particle distribution ranged from 19.2 - 76 nm, covering 80% of the

substrate surface.

8.2.1.3 XRD analysis of 3 MSA-Ga,Tes

XRD and FFT (Figure 94 A, B and C) were employed to explore the crystilinity, the particle

size and also the composition of the SMSA-Ga,Te; quantum dots.
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Figure 94. FFT crystallinity of A,B) 3MSA-Ga,Te; and C) X-ray diffraction pattern of
3MSA-Ga, Te; quantum dots.
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The images of the FFT observed (Figure 94 A and B) were obtained from TEM instrument in
which the fast Fourier transform is coupled. From this technique together with the XRD we
were able to determine the crystilinity of our quantum dots. In determining the crystal
structure of the quantum dots only one spot or dot was used. From Figure 93 A, it can be seen
from the x-ray pattern obtained from TEM that the QDs seem to be of multiple crystalline,
however this was found not to be accurate hence further analysis were carried out using FFT
with the aim of confirm the true nature of the quantum dots as far as crystallinity is
concerned. From the FFT (Figure 94 B) it was clear that the nanodots are of single-single
crystallininty, apparent by lattice spacing of the quantum dots. The results obtained from both
XRD also showed the 3MSA-Ga,Te; quantum dots were of single crystalline, Figure 94 C.
The diffraction peaks observed indicates the nanocrystalite nature. The peaks situated at
angles (2 ) of 27.6°, 28.0°, 39.5°, 43.4°, 50.0°, 51.5°, 62.9°, 73.8°, 83.0° corresponds to the
reflection from: (111), (200), (220), (311), (222), (400), (420) and (333) crystal planes,
respectively. As reviewed in literature the [282; 283] XRD patterns of the nanodots are
indexed/associated to the cubic phase (zinc blende) structures with lattice constant, a =
5.8913 nm [284]. In the spectrum, plane (111) was found to be very clear and abundant
which indicates preferential growth of the crystallites in this particular direction. Based on
this observation the average crystal size was calculated based on the width of the peak by
using the Scherre’s equation (eq. 23) [285]. And it was calculated to be 6 nm, which aggress

well with values calculated from other techniques.
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8.2.1.4 Structural analysis of 3 MSA-Ga,Tes

Modifying the surface of the bimetallic like quantum dots was found to be of great
importance in this study. The reason for this was to protect the core shell and avoid the metal
ions from leaching out, as this will cause toxicity not only to the environment but also when
exposed to the body. Due to this reasons the introduction of the capping agent or ligand to the
surface of the quantum dots was investigated. Both FTIR and XPS (Figure 96 and 97) were
employed to ensure proper surface capping or coating of the quantum dots. While the EDS
and XPS confirmed the components of the as synthesised 3 MSA-Ga,Te; quantum dots,

Figure 95 and 97.
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Figure 95. EDS spectra of Ga,Tes-3 MSA.
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The elemental composition of the prepared quantum dots were observed from the EDS
analysis, evident by the presence of Te and Ga peaks in the obtained spectra, Figure 95. The
elemental peaks were observed across the spectra at different energies (1 keV — 9 keV).
Furthermore the vibration stretches of the capping agent on the surface of the quantum dots
were observed from the FTIR spectra, Figure 96. The spectra of 3MSA showed intense
vibration stretches at wavenumbers of 1600 cm™ (C=0), 3000 cm™ (OH) and 2500 cm™
(SH). Compared to 3MSA, the capped quantum dots showed less intense vibration stretches
with slight shifts in peak positions. The vibration stretches shifted from 1600 to 1550 cm™
(C=0), 3000 to 3500 cm™ (OH) and 2500 to 2450 cm™ (SH). This behaviour suggested that

the Ga,Tez quantum dots were well capped with the 3MSA, stable and that there’s less

chance of the metal ions from leaching out.
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Figure 96. FTIR spectra of a) 3 MPA, b) uncapped Ga,Te; and ¢) Ga,Tes-3 MSA.
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From the XPS analysis the vibrational stretches or vibrational bands and the elemental
composition of the 3MSA-Ga,Tesz quantum dots were observed (Figure 97).The
presence of S, O, C, in the spectra confirmed the capping of the quantum dots while
the peaks due to Te and Ga proved the composition of the binary quantum dots. The
chemical states of the elements were shown to be in different energy levels and

molecular orbitals (Figure 98).
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Figure 97. XPS spectra of SMSA-Ga,Tes.
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Ga:Te surface concentration was found to be 1:5 which is higher than the expected Ga:Te
composition. This indicate that surface is Te enriched and possibly Ga and Te may be present
in more than one oxidation state; Ga,Te; (42.7%), Ga,O3 (15%), Ph,Te,/Te (35.4%) and
TeOs (6.8%). There are several factors that may contribute to the difference in composition
I.e. surface composition vs. bulk composition, surface is Te enriched, overlapping of O and
Ga/Te signal may give rise to variation in composition. There was a substantial amount of
oxygen, however, due to co-existing oxygen and oxygenated carbon species, it was difficult
to distinguish the contribution from oxidised Ga/Te in the corresponding O 1s spectra. The
higher surface composition of Te compared to nominal composition also confirm that Te is
present in different oxidation state (elemental tellurium, TeOs, Ga,Tes etc). So from the
bimetallic compositions other than Ga,Tes crystals it is possible that Te is segregated at
Ga,Te; surface based upon surface free energy arguments. However, in such cases the
bimetallic compositions are notably affected by adsorbates from the surrounding gaseous
environment and the metal having the highest affinity for these adsorbates will preferentially
segregate to the surface. Figure 98 a and b, show the chemical states or molecular orbitals of
the bimetallic. The C-1s spectra consists of peaks arising due to (C-C, C-H, C-O, C-OH,
C=0) functionalities arising due to the use of MPA as a capping agent during quantum dots
synthesis and interaction with environmental oxygen. Furthermore initial XPS measurements
were carried out on the Ga-2p peaks of 3MSA-Ga,Tes;. The Ga-2p spectra (Figure 98 a)
shows two peaks due to a spin (j-j) orbit of Ga 2p% and Ga 2ps;; whilst possessing the
oxygenated peak Ga-O 1142 eV and Ga-Ga binding at 1117 eV, the observed values are in

agreement with the reported values [316; 317; 318].
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Figure 98. XPS spectra of 3MSA-Ga,Te;,

The intensities of O 1s emission, corresponding to gallium oxide (at 1142 eV) and tellurium
oxide (at 578 eV) practically coincide with the Ga,Tesz stoichometry, which proves the equal
quantity of chemisorbed oxygen on the surface both by gallium and tellurium [319; 320;
321]. XPS peaks of Te 3d for the Ga,Tesz sample are shown in Figure 98 b. There are two
different overlapping peaks or doublets observed in this figure at binding energies of 590 -
570 eV. Of the two peaks Te 3d5/2 peak (576 - 570 eV) is narrower and stronger than Te
3d3/2 (585 - 590 eV) and the area of Te 3d5/2 peak is greater than that of Te 3d3/2 due to
spin— orbit (j—j) coupling. As explained above both peaks have degeneracy of two states. The
peak positions at binding energies of (586 - 573 eV) are associated with Te-O and that of Ga-
Te are observed at 578 eV. And a shoulder at 581 eV is due to Te(OH), as reviewed in
literature [322] The investigated peaks have been widely explored by many researchers and

the values obtained are in good agreement with literature values [319; 322; 323].
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8.2.1.6 Toxicity tests of 3 MSA-Ga,Tes

This section describes the cytotoxicity of photoactive materials, specifically, quantum dots.
The toxicity on photoactive nanomaterials has been developed rapidly and has attracted a
great amount of interest. In this study we present the 3MSA-capped Ga,Te; QDs as our

photoactive nanomaterials.

It is expected that many novel developments and applications of photoactive nanomaterials
will ensue in the near future. Novel 3SMSA-Ga,Te; quantum dots have been synthesised and
characterised using various methods of preparation and analysis. Figure 99 A, B, C and D,
show the cytotoxicity of SMSA-Ga,Te; quantum dots, using both electrochemical (Figure 99
A and B) and spectroscopic (Figure 99 C and D) methods. The observed results are the
average of 3 experiments carried out in triplicate, Figure 99. Error bars SD n = 9. Data points
marked with an asterix are statistically different from control (Figure 99 A-D) and MTT
cytotoxicity data (4 max = 570 nm, results are the average of 3 experiments carried out in
triplicate. Error bars are SD n = 9). Several studies have been carried out in determining or
investigating the cytotoxicity of the nanomaterials. An example which has been widely
reported is the cyto-toxicity of CdTe and CdSe QDs. This was first studied by Derfus et al.,
[144]. Primary hepatocytes (liver cell) were incubated with CdSe QDs for 24 h following a
measurement of cell mitochondrial activity through an MTT viability assay. Severe cytotoxic
effects of CdSe QDs were observed even at a low concentration of 62.50 pg mL™* of QDs
under certain conditions, such as perturbing the CdSe QDs with UV-light, oxygen or

hydrogen peroxide.
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Figure 99. Electrochemical AP cytotoxicity assay.

The release of free Cd®* ions from CdSe QDs after surface oxidation was a key reason for
their cytotoxicity. The experiments clearly demonstrated that the extent of cytotoxic effects
was correlated with the concentration of the released Cd**. And also this behaviour denotes
that the quantum dots were not well capped by the used capping ligand. Compared to the data
obtained in the previous studies [144], the as-prepared 3MSA-Ga,Te; quantum dots were
found to have no cytotoxic at the observed concentrations of the Ga,Te; quantum dots (Figure
99 C), after 24 h, even though different cell line was used (lung cell- A549 human bronchial

lung epithelial cells). However the cytotoxicity of quantum dots was found at higher
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concentration of 1000 ug mL™ (Figure 99 D) when using CC, the reason for this cytotoxicity
of the nanodots at this concentration was due to the quantum dots falling out of suspension
and settling on the cells. The data obtained from uv-vis (MTT assay) was compared to one
from CC and the two methods were not in agreement due to high sensitivity of the
electrochemical method, Figure 99 A and B. The data obtained from both techniques suggest
that the coating ligands on the QDs was stable hence the observed results. Additionally the 3
MSA-coated Ga,Te; QDs showed no toxicity compared to previously studied quantum dots
(e.9. MUA-CdSe QDs) at the same concentration (62.50 pg mL ™). In order to assess 3 MSA-
Ga,Tesz QDs viability and internalisation, A549 human bronchial lung epithelial cells were
incubated for 24 h at 37 °C with 3 MSA-Ga,Te; QD at different concentrations of 5.0 - 1000
ng L™, washed twice with PBS and then observed under an Light microscopy (X 100)
confocal microscope (Hamburg, Germany) at excitation 340—400 nm and emission 640—700
nm wavelengths. Figure 100 A and B, shows typical confocal microscope images of cells
only and exposed to 1000 pg mL™ of 3 MSA-Ga,Te; quantum dots. The size effect was also
observed during a cytotoxicity study of 3SMSA/Ga,Tes QDs. The green fluorescence 3 MSA-
Ga,Te; QDs were found to have a particle size ranging from 2 - 10 nm in diameter, as
reported earlier from the TEM and STEM. From the reported images (Figure 100 B) in which
higher concentration exhibited slight cytotoxicity effects of the QDs. The results suggest that
there might be very small QDs which were able to penetrate into the nucleus membranes of
N9 cells and remained inside the nucleus after 24 h of incubation. Using a fluorescence
microscope, the interaction of the 3 MSA-Ga,Te; QDs with cells was monitored in situ. The
results suggested that the cytotoxicity of QDs can be reduced by increasing particles size,

thus avoiding penetration of smaller QDs from entering the nucleus.
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Figure 100. Light microscopy (X100) image of cells after 24 h exposure to (A) medium

plus PBS and (B) 1000 pg mL™ Ga,Te; 3 MSA quantum dots.
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Investigation of lung cell exposed to quantum dots (internalization) was carried out using
TEM. TEM images of the human lung cells before and after exposure with 3SMSA-Ga,Tes;

quantum dots are as shown in Figure 101.

Lung cells

Figure 101. 26500 X TEM images of A549 human lung epithelial cells: (A) in PBS only.

The idea here was to check quantum dots internalisation into the cells. Compared to cell
exposure to PBs (Figure 101 A: black arrows), TEM confirmed that the 3MSA-Ga,Te; QDs
were not internalised by the cells but they were rather aligned on the vacuolar lining/wall of
the cells (Figure 102 A and B: red arrows). The obtained results suggest that the quantum
dots were big enough not to enter the nucleus as it was the case from data obtained using
confocal microscope and electrochemical methods.
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Figure 102. 26500 X TEM images of A549 human lung epithelial cells: (B, C) in PBS

solution of SMSA-Ga,Tes.
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8.3 Sub-conclusion

From the obtained data and literature reports, it is clear that size, concentration and quantum
dots preparation are very important, specifically capping of the nanomaterials. Avoiding the
cation e.g. Ga®* from leaching out into the nucleus like Cd** in previous studies is crucial.
Leaching of cation causes cytotoxicity; a stable coating ligand proves to be a priority for
quantum dots functionalisation. Electrochemical methods and microscopic methods proved to
be more sensitive than spectroscopic methods since the toxicity of the quantum dots were

observed when using the latter methods.
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CHAPTER 9

Conclusion and recommendation
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9.1 Conclusion

The fast progression of DNA-based biosensors highlights their future applications in various
scientific fields. The major impacts of such technologies appear to be in early detection of
diseases, pathogens, genetic mutations and bio-targets. Of these applications, early detection
of cancer seems to present an interesting approach for the development of novel target-based
sensors/therapies. In this study, novel biocompitable and water soluble Gallium telluride
quantum dots (3 MPA-Ga,Te; and 3MSA-Ga,Tez) were successfully synthesised and the
redox properties and structural morphology of the quantum dots were successfully
determined by microscopic and electrochemical methods. The composition of the quantum
dots was verified by EDS and XPS, in which the constituents in Ga, Te, S and O were
observed. The chemical states, crystallinity and molecular orbital of the as-synthesised
quantum dots were successfully achieved by XPS, XRD and FFT. UV-visible,
electrochemical impedance and fluorescence technique were able to determine the
conductivity of the quantum dots, which was found to be that of a semiconductor. Form both
UV-visible and fluorescence technique it was possible to calculate the band gap energies (3 -
3.5 eV) which increased with refluxing time but was still within the required range of the
semiconductor. The bifunctional amphiphilic molecule (3-mercaptopropionic acid and 3-
mercaptossuccinic acid) used as capping agents rendered the quantum dots biocompatible,
soluble and stable. Electrostatic repulsion arising from dehydrogenated carboxyl groups on
the surface of the quantum dot particles kept them non-agglomerated. Retention of the
capping agent on the quantum dot surface was successfully confirmed by FTIR and Raman
studies, which showed characteristic vibrational stretches and bands related to C-H, C=0, -
SH as well as —O-H groups. The hydrophilic nature of the capped quantum dots were

confirmed by contact angle measurements, evident by contact angle of 12.2° which showed
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good wetting compared to that of uncapped quantum dots 79.9°. The as-synthesised MPA-
capped Ga,Te; quantum dots proved to have better quantum yield incomparison with organic
dye, rhodamine 6G. Since high quantum vyield is desirable in most imaging applications, the
obtained data confirmed the photostability of the MPA-capped Ga,Te; quantum dots and that
they can be considered as an alternative to fluorescent dyes, notably in biological uses. In
other study a breast cancer genosensor was successfully developed and characterised using
electrochemical and spectroscopic methods. The techniques used to monitor hybridisation
events between the probe DNA and different targets were i.e. SWV, EQCM, EIS, CC and
UV-vis.). It was generally observed that all analytical techniques exhibited good linearity,
presenting linear correlation coefficients superior to 0.99. The linear range of the sensor was
found to range from 1.8 - 740.00 ng mL™*. And from both electrochemical and spectroscopic
detection methods these values were found to be significantly lower than reported literature
values (28 — 46250 ng mL™). Furthermore, the detection limit and sensitivity of the
genosensor from SWV and EQCM were calculated to be 0.0002 - 0.0006 ng mL™ and 0.028 -
0.18 ng mL™, respectively. The calculated LOD values for the genosensor were significantly
lower than reported literature values (0.06 - 100 ng mL™) and most importantly were far
below physiological limits (FDA approved guidelines) for Her2/neu detection (2 - 15 ng mL"
1). The study also involved application of the synthesised quantum dots in fabrication of
sensing platform for selected analytes or cross-reactivity studies (complimentary, 1-base
mismatch, 3-base mismatch and non-complimentary). Compared to other analytes, the sensor
proved to be more specific to the complimentary analyte. Additionally, a genosensor that is
efficient, effective and capable of detecting analytes (target DNA) in small concentrations
was developed successfully. While conversely the genosensor proved to be significantly
stable after being used for several measurements. The calculated percentage from statistical

analysis for the sensor was found to be exceptionally small, suggesting that the genosensor
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can be used for several measurements without being depleted. The genosensor was compared
to traditional methods such as IHC, FISH, ELISA and PCR; PCR will serve as an example in
this regard. It was reported that traditional PCR requires prolonged sample preparation prior
to detection (minutes-hours) whilst the genosensor is less time consuming; it takes (seconds-
minutes) in detection. In addition, the PCR is known to have low detection limit (0.06 ng mL"
1) and has high specificity compare to other traditional methods. However, based on the data
presented in our work the genosesor was found to have very low LOD (0.0002 ng mL™).
Furthermore, the genosenoser was found to be highly specific when introduced to different
analytes thus proving ones more that it surpasses the traditional methods which are prone to
errors. The genosensor is very promising and have the potential for the high sensitive
detection of transgenes or biomarkers for breast cancer. Additionally the device can be used
as a tool for monitoring disease progression in a low-cost sensing setup. This experimental
success with analytical (buffer-based) samples should encourage future work with clinical
(serum-based) samples. Furthermore, the results also denotes that the classical use of
quantum dots as DNA labels can be substituted with “use of quantum dots as platforms for
probe DNA immobilisation”, thus reducing the number of genosensor fabrication procedures,
time of fabrication as well as the cost. Successful detection of the studied analytes on the
binary quantum dot platforms widens the scope of biocompatible nanostructured platforms
upon which other biomolecules of interest can be immobilised for a wide range of analytical
purposes. The mechanism of the genosensor system was established based on metal ion (Li")
interaction with the Au/3MPA-Ga,Tes/dsDNA. The sensing mechanism attributed a strong
effect of Li* counterions on the electronic response, thus suggesting a charge-based
mechanism of DNA detection using Au/3MPA-Ga,Tes/dsDNA. TOXOR was recently
developed as a simple and highly sensitive tool for the toxicity assessment of 3MSA-capped

Ga,Tes quantum dots. Despite significant interest in developing quantum dots for biomedical
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applications, many researchers are convinced that QDs will never be used for treating patients
because of their possible toxicity. The perception that QDs are toxic is sourced in the
assumption of cadmium-containing QDs that are believed to kill cells in culture. Many
researchers then assume that because other QDs are toxic to the cells, they classify QDs as a
homogeneous group of materials. Though unsubstantiated, these assumptions continue to
drive QDs research. Additionally, QDs are not uniform: each design is a unique combination
of physicochemical properties that influence biological activity and toxicity. In this account,
we summarise key findings from our cytocoxicity studies, explore the causes of the
divergency in QD toxicological data and provide our view of the future path of the field.
Concentration-dependent cytotoxicity studies on lung cells were carried out, toxic effects of
3MSA-capped Ga,Tez quantum dots on human lung cancer cells were measured by
chronocoloumetry and classic MTT assay method. Compared to CC, Conventional MTT
assay did not show toxicity of 3SMSA-capped QDs at low and higher concentrations (5 - 1000
ng mL™). However toxicity of the capped quantum dots was observed at concentrations of
1000 pg mL™ when using electrochemical method (CC). And this cytotoxicity of 3MSA-
capped quantum dots at this particular concentration was confirmed using both confocal
microsope and TEM techniques. From the observed images it was assumed that the particles
might have fallen out of suspension and settled on the cells, hence a slight toxicity. 1Csg
values for the QDs were not calculated since the quantum dots did not show 50% reduction in
cell viability by either assay. Compared to other reviewed capped quantum dots i.e. CdTe and
CdSe, the 3MSA-capped Ga,Te; QDs proved to be significant since there were no
cytotoxicity observed to the cancer cell lines at the same concentrations (5 - 62.50 pug mL™).
There are several factors known to contribute to the cyto-toxicity of the quantum dots such as
concentration, particle size and mainly the surface coating of the QDs. This physicochemical

parameter affects their biological and toxicological effects. However, based on our findings it
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can be concluded that the 3MSA-capped quantum dots were not affected by the mentioned
parameters since no toxicity was observed. Considering the various aspects studied, these
results suggests that the as-prepared water soluble 3MSA-capped Ga,Tes quantum dots
produced in an environmentally friendly-manner and at low temperatures have the potential
to be used for toxins and contaminates in the environment. Such environmental contaminates
includes e.g. persistant organic pollutants (POP) and polychlorinated biphenyl (PCBs). Since
Quantum dots for environmental monitoring purposes have not been extensively tested, but
biological uses are currently being tested. The same kind of dots used for biological tests (in
our case 3MSA-capped Ga,Tez) would be needed for environmental tests. This means water
soluble quantum dots are required, meaning cheaper, environmentally friendly aqueous
growth methods will probably work best. The results of the present study also hold promise
in the biomedical application (e.g. clinical diagnosis, pathogen and drug delivery) and in the
future design of biologically safe quantum dots. Other areas in which quantum dots can be
explored are in (a) Anti-counterfeiting capabilities: inject dots into liquid mixtures, fabrics,
polymer matrices, and the ability to specifically control absorption and emission spectra to
produce unique validation signatures and (b) Defense applications: Integrate quantum dots
into dust that tracks enemies. The unique and attractive properties of quantum dots present
new opportunities for the design of highly sophisticated electroanalytical DNA sensing
devices. Due to their high surface area, nontoxicity, biocompatibility and charge-sensitive
conductance of nanomarials they act as effective transducers in nanoscale biosensing and

bioelectronic devices.
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9.2 Recommendations

e Synthesise ternary Ga,Te; quantum dots with the incorporation of iron (Fe) in the
systems.

e Investigate the attachment of EDC/NHS and DNA onto quantum dots using gel
electrophoresis method

e Investigate the biding event or attachment of quantum dots to DNA or other
bimolecules using AFM technique

e Using nanodot technique as a means of detection for DNA sensor

e A comparative study between genosensor and ELISA method

e | would also highly recommend application of the genosensor for detection of other
oncogene from different cancer tumours.

e Study quantum dots delivery in real time using TEM and other microscopic
techniques

e Enhance the solubility of the quantum dots using several capping short chain
biomolecules for toxicity assays and bio-imaging applications

e Further studies on the GenoDot microanalyser preferably using the PCR method.
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