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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 
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detection of biological macromolecules via bio-electronic or bio-optic devices. In this study a 

quantum dots (QDs)-based genosensor was developed in which Ga2Te3-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
-1 

to 1475 cm
-1

, stretching vibrations of C=O at 1640 cm
-

1
, symmetric and asymmetric vibrations of the C-H and ïSH in the region 2850 cm

-1 
to 3000 

cm
-1 

as well as stretching vibrations of ïO-H group at 3435 cm
-1

. Raman analysis also 

confirmed these vibrational stretches. Only the 3MPA-Ga2Te3 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 Ga2Te3 modified electrode surface - sensitivity (2-10 × 10
-2

 µA ng
-1 

mL
-1

) 

and limit of detection (LOD: 0.20 - 0.70 pg mL
-1

) 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 (NH2-5ǋ-AAT TCC AGT GGC 

CAT CAA-3ǋ) 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 5ǋ-GAA CAT GAA GGA CCG GTG GGC-

3ǋ (complementary target), 5ǋ-CAT AGT TGC AGC TGC CAC TGG-3ǋ (non-complementary 

target), 5ǋ-GAT CAT GAA GCA CCG GAG GGC-3ǋ (3-base mismatched target) and 5ǋ-GAT 

CAT GAA GCA CCG GAG GGT-3ǋ (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 3MSA-Ga2Te3 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-Ga2Te3 QDs were found to have no cytotoxicity at QDs 

concentration range of 0 - 1000 ɛg mL
-1

 after 24 h. However, the cytotoxicity was observed 

at a concentration of 1000 µg mL
-1

 from chronocoulometry (CC) measurements.  
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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 Ga2Te3 QDs are more stable 

meaning that there was no leaching of metal ions compared to previously studied 

nanometerials. 3MSA-Ga2Te3 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 µg mL
-1

) 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 3MSA-Ga2Te3 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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General Introduction 
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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 17q21 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- 
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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 ð chemicals that carry growth-regulating orders ð 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. 
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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.  
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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 II-VI, III -V or IV-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].  
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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.  
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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 ñOFF-ONò 

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 cleavageïreligation activity of 

an essential DNA-modifying enzyme, human topoisomerase I [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. 
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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 ï 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 
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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 NH2-5ǋ-TTG ATG GCC ACT GGA ATT-3ǋ onto a quantum 

dot modified gold electrode followed by hybridization with different concentrations of the 

target sequence 5ǋ-AAT TCC AGT GGC CAT CAA-3ǋ. The hybridization events will be 

monitored by EIS to obtain response profiles. 
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1.3 Motivation or rationale of the study 

 

The United Nation (UN) declaration on non-communicable diseases (NCDôs) which are also 

recognised by the World Health Organisation (WHO) ratified in September 2011, 

acknowledged that of the 36 million global deaths due to NCDôs, nearly 80% occurred in 

developing countries. It also recognised that by 2030, NCDôs would become the most 

common cause of death, even in Africa. While previously in South Africa NCDôs, including 

cancer, were relegated to a lower priority behind communicable diseases such as human 

immunodeficiency virus (HIV) and tuberculosis (TB). The changing epidemiology of NCDôs 

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: 

 

¶ To synthesis binary Ga-chalcogenide quantum dots capped with mercaptopropionic 

and mercaptosuccinic acid. 

¶ Electroanalysis of quantum dots by atomic force microscopy (AFM), electrochemical 

impedimetry spectroscopy (EIS) and voltammetry of quantum dots. 

¶ Determination of the high resolution microscopic (SEM, HRTEM), optical (UV-Vis, 

luminescence) and spectroscopic (Raman and FTIR) properties of the quantum dots. 

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

¶ Development, optimisation, evaluation and testing of the telluride and selenide 

quantum dots DNA and DNA aptamer genosensors. 

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

¶ Determine the hydrophobicity, hydrophilicity and fluorescent properties of quantum 

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

and spectroscopic assays. 

¶ Determine the mechanism of the DNA sensor/genosensor 



13 

 

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 ï 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- Ga2Te3 

quantum dots by evaluating their catalytic properties and fabrication and genosensor (3 MPA- 

Ga2Te3/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. 
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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):  

¶ Ductal carcinoma ï where the cancer starts in the ducts (tubes) that move milk from 

the breast to the nipple (most breast cancers are of this type).  

¶ Lobular carcinoma ï 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) ï 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)  ï 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 

IDCôs, Infiltrating lobular carcinoma (ILC)  ï 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)  ï 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 ï 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 17q12 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 countryôs 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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Figure 4. (A) Rate of cancer incidents. (B) Race distribution of breast cancer and (C) 

Pie chart of cancer mortality. 

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 

ñbiomarkerò 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.  



26 

 

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]. 

 

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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Figure 6. (A) Chemical structure of the DNA bases and (B) Pieces of DNA that contains 

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 ñfirstò 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. 

 

Figure 7. Canonical Watson-Crick DNA base paring through G-C and T-A 

intermolecular hydrogen bonds. 












































































































































































































































































































































































































































































