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ABSTRACT

The human epidermal growth factor recep(¢ttER)-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 thrdiactor receptor 4
(EGFR/HERL1,ErbB2/HER2, ErbB3/HER3, and ErbB4/HER4) plays a major role in the
pathogenesis of many solid tumours, in approximately 38% of breast cancerdreast
cancer is the second most common type of cancer and affects ar@thd/@men annually

in South Africa alone. While the benefits of treatment and cancer progress to enhance
therapeutic effectiveness for the patient are well documeitisdalsoimportantto employ

or fabricate methods in which cancer can be screenedeatrlgistage A number of gene and
proteinbased biomarkers have shown potential in the early screening of daneespecific
biomarker that is oveexpressed in 2030% of human breast cancers is the human epidermal
growth factor receptor 2 (Her2/nelgeveral methods have been developed for detection of
Her2/neu oncogene includingimunohistochemistryIHC), enzymelinked immunosorbant
assay ELISA), fluorescent in situ hybridisationF[SH) and polymerase chain reaction
(PCR. However, these methodseasubjected 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 mebwelgo their high
surfaceto-volumeratio, electrecatalytic activity as well as good biocompatibility and novel

electron transport properties quantum dots are highly attractive materials fesemsitive



detection of biological macromolecules viadgiectronic or bieoptic devices. Intis study a
guantum dots (QDg)ased genosensor was developed in wkigfTes-based quantum dots
were synthesised usirg novelaqueous solution approadly mixing 3-mercaptopropionic

acid (3MPA)-capped gallium metal precursor with reduced tellurium mefdie
morphological, compositional and structural characterisation of the QDs was investigated
prior to their utilization in DNA sensor constructiodigh resolutiontransmition electron
microscopy(HR-TEM) images confirmed the spherical nature and avepaggcle size (5

nm), while x-ray photoelectrorspectroscopyXPS)andenergy dispersive-ray spectroscopy

EDX analysis confirmed the presence of gallium and tellurium in the mat&iedy
diffraction (XRD) studies confirmedcrystallinity and size (6 nm in agreement with
transmition electron microscopf{T EM) analysis. An amphiphilic bifunctional molecule,
3MPA and 3mercaptosuccinic acid (3MSA) were used as capping agents for all quantum
dots. It was found that-BIPA/3MSA improved the solubility, staltly, 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 gsesissortype bending vibrations

of C-H groups in the region 1365 &ho 1475cm™, stretching vibrations of C=0 at 1640 tm

! symmetric and asymmetric vibrations of thédGindi SH in the region 2850 cfrto 3000

cm® as well as stretching vibrations ®D-H group at 3435 cth Raman analysis also
confirmed these vibrational stretches. Only the 3MP#&Te; QDs were used to study the
optical and electrochemical properties, and were also used in genosensor prefipatah.
examination byUV-visible and fluorescenceconfirmed the semtonducting nature of the
QDs with the calculatetbard gapenergies 0f3.30 - 3.50 eV. Cyclic voltammetry (CV),
square wave voltammetry (SWV), electrochemical quartz crystal microbalance (EQCM) and

electrochemical impedanagectroscopy (EIS) enabled electrochemical interrogation of the
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surface confined materials and their extension to HER2/neu oncoger@imentary DNA
detectionusing a Ggl'e; modified electrodesurface- sersitivity (2-10 x 102 pA ng* mL™)

and limit of deection (OD: 0.20- 0.70 pg mLY) as calculated from SWV, Csnd EQCM
measurementand thedynamic linear rangeDLLR) of the sensor was found to range frOrt

-4 M. The LOD calculated in this study wdswer than the required values of Her2/neu in
blood. The calculated parameters sugdhat thesensor could be used dietected ldr2/neu

at physiologically relevant concentratior®wving to ultrasensie sensor and thus allow
smaller and lowcost samplingThe other sensing platforms were prepared bgdnjugation

of amineterminated 21 base oligonucleotide pra&A (NHx-5-NAT TCC AGT GGC

CAT CAA-3 Nj) ont o t h-eodified @lectroden with ahe said ofethylk3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and-hydroxysuccinimide
(NHS). The prepared DNA electrodes were electrostatically tested with different DNA
sequencesf Her2/neu oncogeew h i ¢ h i RGAA QAT &AA GEGRjCCG GTG GGE

3Nj (compl e me-CATAGYTGC AGYTE&C LAC T6AE) Nj -camplementary

t ar g-&AT)CAT GAWGCACCGGAGGGE Nfb@3 e mi smatch®A t ar ge
CAT GAA GCA CCG GAG GGT3 Npbdasd mismatched target) to determine the specificity
of the genosensor. The hybridisation events were monitored cyclic voltammetrically by
monitoring the guaninexadation signal. The QDbased genosensor was found to be specific
to complementary DNA, evident by current decrease and showing that the surface was fully
bound.The SMSAGaTe; QDs were used to study the cytotoxicity in cancer cells since the
MSA quantumdots were more soluble than the 3MPA. From the MasBay(UV-vis
spectroscopy)j a colorimetricassayfor assessing cell viabilifyusingA549 human bronchial

lung epithelial cellsthe 3MSAGaTe; QDs were found to have no cytotoxicity at QDs
concentratn range of 3 1 0 0 0 € after @4.h However, the cytotoxicity was observed

ataconcentratiorof 1000 pg mL* from chronocoulometry (CGneasurements

\



The reason for theytotoxicity at this concentration was due to QDs coming out of
suspension ancettling on the cellsThe overall data obtained froBC and MTTtechniques
suggests that thetability of the coating ligands on the QDs did not affected their
cytotoxicity, therefore confirming that the 3MS¥ated Ggle; QDs are more stable
meaning thatthere was no leaching of metal ions compared to previously studied
nanometerials AMSA-GaTe; QDs internalisationor transport into the celvas assessed
usingA549 human bronchial lung epithelial. Confocal microscope showed images of the cell
incubated ahigher concentrationl(000 pg mLY) and from the observed images it wasacle
that the cells were deaé&vidence of particle internalization was obtained by using TEM
technique TEM confirmed that th&@MSA-GaTe; QDs were not internalised by tiells but

they were rathealignedon thevacuolar lining/wall of the cells The TEMresults 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 iexpressed as a disorddranaos 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 cdrerg one of the
leading cancers Kkillers in women over the world. Breast cancer (BC) is a disease in which
malignant (cancerous) cells form in the tissues of the hressally in the ducts and lobules
Invasion and metastasis are the root causes of cdeeghwith the initial step being the
breakdown of extracellular matrix by invading cancer ceils a concerted action of
proteolytic enzymes (such as matrix metalloproteinases, MMPS), particularly the gelatinases
MMP2 and MMP9 [45]. The secretion andctivity of these enzymes are partially dependent

on the human epidermal growth factor receptor 2 (HER2) pathB&yis caused by a gene
called HER2HER2 which is also called cerbB, was first cloned and verified from the rat
neuro/glioblastomas that we induced by ethylnitrosouref?; 3]. It is located in he
chromosome 1721 Her receptor molecules on the cell surfddé. Her2/neu proto-
oncogene encodes the 1,255 amino acid transmembran2 glgcoprotein of 185 kDa
molecular weigh{4; 5]. The HER2 gene is responsible foaking HER2 proteinThis gene

is the second member of the epidermal growth factor receptor (EGFR) {&nify 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 iffghi&nce it has no
specific ligands, HER2/neu typically heterodimeds 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 eegpression of the HER2/neu predacogene



are associated with a @e range of human cancers including, breast, stomach, lung, ovary
and oral cavity[8]. About 3®% 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 rolan normal cell growth and developmeiibe HER2 protein transmits
signals directing cell growth from the outside of the cell to the nucleus inside the cell. Growth
factorsd chemicals that carry growAtegulating order® attach to the HER2 protein and
signal normal cell growtlilO; 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 twmaell surfacglO; 12] This oserexpression can
cause cells to divide, multiply, and grow more rapidly than normal, thus cancerous breast
cells develodg13; 14] HER2/neu which causes breast cancer tissue to be cancerous will be
used as the biomarker, since detection of candersirthat certain characteristics of the
tumaur are different from corresponding normal tissue and can be measured as biomarkers.
Biomarkers, also called molecular markers or biochemical maakerbiological molecules
found in body fluids or tissug45; 16; 17] In cancer, molecular biomarkers are oftEmes

or gene products such as proteiAqpropriate 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 tbeade and also assist

in surveillance of disease recurrefi&& 18] The disadvantages of biomarkers includes:
expensive (costs for analyses), Ethical responsibiligporatory error and lesdosage
(longevity of samples]16; 17] However, part from their draw back biomarkers have
several advantages suchagective assessmentiggision of measuremengliable; validity

can be established and biased than questionfi®res7], hencethe use of biomarkers for

screening.



HER2/neuoncogenewill be used as a marker in the early detection of breast cabeast

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 statistie 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. Basah@ar association of South
Africa (CANSA) statistics, early diagnosis is one of the mogtanant 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 developeethods includes: western blots, mass
spectroscopy, near infrared spectroscopy, southern blots, lateral flow strips, polymerase chain
reactions (PCR), enzyme linked immunoabsorbant essay (ELISA) orERGIA and
recently electrochemical methofis9; 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 ddNéase a
guantum 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 researcheretargarsc and
inorganic synthesis of materials for nature imitation, giving rise to, among others, synthesis
of colloidal nanocrystals with tailored physical and chemical propdigls In particular,
synthesis of nanostructured inorganic compounds has led to the development of a variety of
approaches that mic the recognition and nucleation capabilities found in biomolecules for
ample range of applicatiofi22]. These nanomaterials present a hierarchicalssémbly of
topologically complex and multifunctional architectures with properties tuneable at each level

of the laddef23]; an element that broadens the scope of thefose.



Compared with traditional organic fluorophores and fluorescent proteins, QDs are superior in
fluorescence brightness, emission tuneability and photobleaching resistaadition, QDs

have broad absorptions with narr@mission spectra, anare multicolour. They can be
excited simultaneously by a singlght source, with minimal spectral overlappirithese
unigue optical properties make QDs ideal cand&lfte multi-colour imaging of molecules

in order toinvestigate the dynamic cellularqeesses of cancer progression, such as continual
cell migration, invasion and metastasitowever, the clinical application of QBmased
probesin vivo has beerimited by potentialcytotoxicity effects and clinical application
shouldfirstly involve in vitro studies, especially in molecular pathologje advances of
QD-based probes for breast cancer have demonstrated a promising preclinical application in

recent studies.

Quantum dots also known asmo-dimensional material areery, very tiny particle®on the

order of a nanometer in size-20 nm)andare composed of a hundred to a thousand atoms.
They compromise elements from group&/1] 1l -V or IV-VI. Their size and shape are well
known to have vital influence on their widely varying electrical jagbtproperties 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 ckstm [24]. In bioanalytical chemistry,
particular applications of quantum dots include their use as fluorescerg, |lbefrescent
probes, immunosensors and ligodeoxyribonucleotide (ODN) labels for deoxyribonucleic acid
(DNA) sensors or genosensdi25]. Tuning the size of quantum dots leads to quantum
confinement effects, whichermitsmodulation of optical anélectrochemical properties of

the nanocrystalg26].



The optical properties of quantum dots can as well be influencetidnging their chemical
composition through alloyin§27], which can be controlled at the synthesis stédgmther
strategy to modulate the optical properties of quantum dots may involve substitution of host
cations with metals like manganese, copper, orgarth element28]. By the incorporation

of impurity atoms into the latticef the host semiconductor, the dominant recombination
route can be transferred to the impurity related trap s{2ds providing an alternative
pathway to the banddge emission, which involves the highest occupied and the lowest
unoccupied quanturoorfined orbitals. Further modulation of their electronic progsrti
involve suitable functionalaion with amphiphilic bifunctional molecules such as marcapto
carboxylic acid429] [30]. These molecules permeate rapid transfer of electrons dretive

small sizes of quantum dots and the surface of the target particles, resulting to a higher charge
detaching efficiency[31]. Short chained cappinggents such as mercaptopropomicid

(MPA) and/or mercaptosuccinic acid (MSA) have been used for self bBysem gold
electrodeg32] and are associated with enhanced electrochemical signals of the quantum dots
towards target analytef33]. 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 nanobioeies{i@4]. This coupling

also requires proper gace tailoring and functionabgion of the quantumats, 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 coinfg 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 andi-eamcer therapy.

Additionally theycan also play a vital role rug 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. Huangt al, developed a sensitive quantuotsb a s e d -OMNOF F
fluorescent sensor for ruthenium anticancer drugs and ctP®%, meanwhile Johns
Hopkins University engineers have developed a new method of finding specific sequences of
DNA by making them light up beneath a microscéyyeusing tiny semiconductor crystals,
biological probes and a las¢B6]. The researchers, who say the techniguk have
important uses in medical research, demonstrated its potential in their lab by detecting a
sample of DNA containing a mutation linked to ovarian caf@@}. Mortenet al, develop a
guantum dot based DNA nanosensor specifically targeting the cléaghgation activity of

an essential DNAnodifying enzyme, human topoisomerag@1]. DNA nanosensor based

on biocompatible graphene quantum dots and carbon nanotubes was developed by Zhao
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
importantproperty 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 cominon goa
which is an early screening of cancer butldatter 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 rigslegéloping 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 detectiomt| quick and relatively simpleThis
approach opens ugevelopment of DNAbased 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 pahtheir loved ones,

who suffer physically, emotionally and financially, but the society in general. Hence, early
screening of BC at a narszale is of utmost importance. According to statistics from the
cancer associationf South Africa (CANSA), breastancer 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 epidermalvth 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 basettiree main assay platforms (genomic,
proteomic and metabolic/metabolomic profiles). Genomic technologies including DNA
microarrays, polymerase chain reaction (PO®R3ed assays, and fluorescence in situ
hybridization (FISH) permit the determination ofngéic materials associated with cancers
and tumours. DNAased biomarkers originate from genetic mutations, loss of heterozygosity
(LOH), microsatellite instability (MSA), and DNA methylation. RN#ased biomarkers are
mostly mRNAs found in tissues and blgdiluids. 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 iatreliable tools for clinical applications. This work will focus on
synthesis of mercaptopropionic and mercaptosuccirtapped chalcogenic binary quantum
dots of Gallium. These capped quantum dots will be used for fabrication of reliable,
ultrasensitive,cheap and less time wasting genosensordétection ofhuman 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
corfer bio conjugation properties on the quantum dots as well as solubilise and non
agglomerate them. Transmission electroicroscopy (TEM) will be used tafer the size

and monedispersity of the quantum dots while Atomic force microscopy will infer their
morphology. Fourier transform infied (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 Rdivan a
molecules within the quantum dots will be done using Raman spectroscopy. Optical
properties of the quantum dots will be studied by ultdcdet visible (UV-vis) as well as
fluorescence spectroscopy. Electrochemical studies will be done using ayitimmmetry

(CV), square wave voltammetry (SWV) aalkctrochemical impedance spectroscopy (EIS).
Genosensors for HER2 will be prepared by immobilizing amine terminated single strand

DNA (ssDNA) of the sequenddH,-5-WNTG ATG GCC ACT GGAATE3Nj] ont o a gquan
dot modified gold electrode followed by hybridization with different concentrations of the
target sAAT TECNAGE GGBONCAT CAA3 N;. The hybridization

monitored by EIS to obtain responsefiles.



1.3 Motivation or rationale of the study

The United Nation (UN) eéclarationonnoit o mmuni cabl e di seases ( NCI
recognised by the World Health Organisation (WHO) ratified in September 2011,
acknowledged that of the 36 million gkb deat hs due $pooccud&Dd s , ne
devel oping countries. |t al so recognised tl
common cause of death, even in Africa. While previously in Sauthr i ca NCDOG s, i n
cancer were relegated to a lower prty behind communicable diseases suchhasnan
immunodeficiency virugHIV) and tuberculosisTB). The changi ng epi demi ol
has suddenly propetlecancer into the spotlight. Cancence perceived as a problem of
developed countries and the meeconomically advantaged communities in South Africa, is

now the fourth leading cause of death in South Africa accountingéoof/mortality. Thus

the Natonal Advisory Committee on the prevention and controlaofcer in line with seain

91(1) of thenational hedh act was established by themister of health due to reasons
mentioned above. This act shows that it is Wtahportantthat cancer be prevented at all

cost. The importance of screening and early detection of breast cancer in detethening

survival rate is only matched by the numerous methods already developed for diagnosing the
disease. Among the methods are digital mammognaagnetic resonance imagingptical

imaging and molecular diagnostic techniques. These methods are very expdinse

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 genosensortetonde 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 Daked

genosensors for the detection of transgenes or biomarkers fordaeest.
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1.4 Aim and Obijectives of the study

General objectives

The aim of the proposed research project is thesldpment of binarghalcogenic quantum
dots genosensors for breast cancer biomarkers. The intent ispolyseric materials and/or
ligands as platforms for attachmenttbe probe DNA with quantum do&nd to specifically
detect an oligonucleotide sequence related-hoirhian receptor factor growthphosphate
kinase. Not only detecting the oligos but also uses these nanomaterialsenahinn order

to determine their toxicity and fluorenscent properties.

The main objectives of this study include:

1 To synthesis mary Gachalcogenide quantum dots capped with mercaptopropionic
and mercaptosuccinic acid.

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

1 Determination of the high rekgion microscopic $EM, HRTEM), optical (UVWVis,
luminescence) and spectroscogRatman and FTIR) propertie§ the quantum dots.

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

1 Development, optimisation, evaluation and testing of the telluride and selenide
guantum dots DNA and DNA aptamer genosensors.

1 Design a microfluidic device fahe detection of breast cancer.

1 Determine the hydrophobicity, hydrophilicity and fluorescent propedieguantum

dots using antact angle and confocal microscope.

11



1 Determine the cytotoxicity of the quantum dots in cancer cell using electrochemical
and pectroscopic assays.

1 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 dision on
semiconducting nanomaterialscreening of breast cancer, specifically detection of
HER2/neuoncogenei a biomarker which cause cancer tumoursditional 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 gdatgum
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 applicatfoqusantum dots, with
specific attention given to optical and electrochemical biosensor applications. A further
description of the applications of quantum dots in elecgotbal detection of DNA
hybridisation is given, since it is one of the intereststhis study. Various methods of
electrode modification/immobilization of the probe DNA, as well as different electrochemical
and spectroscopic techniqguesddor detection of DNA hybridaion are also described in

this chapter. Lastly describes the effet sizebio-imagingand cytotoxicity of quantum dots

in biological molecules, specifically cells.

13



Chapter 3 covers all reagents used in this study and their particular sources. A description of
all procedues for synthesis and charactatien of the ¢lluride quantum dots also features in
this chapter. Also give descriptive information on hybridisation phenomena. Procémtures
the fabrication, characteaBon and application of voltammetric and impedimetric sensors
and genosenors for detection ofemtéd analytes; oligonucleotide sequence related to 5
human epidermal growth factor recept@3-phosphate kinase oncogene were also
highlighted. The fabrication of microfluidic sensor and toxicity assays. The last part of this
chapter describes the techues used in this study and the principles underlying each

technique.

Chapter 4 discusses the electrochemical, micagsc and optical properties dadliuride

binary quantum dots.

Chapter 5 discusses the electrochemical properties, applications of €S GaTe;
guantum dots by evaluating their catalytic properties and fabrication and genosensor-(3 MPA
GaTes/ssDNA) response towards target analytes, i.e. common DNAcommon DNA, 3

base mismatch anddase mismtzh.

Chapter 6 Entails genosensor q@snce using a very sensitive electrochemical quartz crystal
micro-balance (EQCM) an&GenoDot microanalyzer (GDMAMicro-fluidics. The effective

mass change and frequency will be monitored during hybridisation.

Chapter 7 discusses the mechanism of the DNénsor 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 Africd39; 40] Cancer is expressed asligorder 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 environmentallj41; 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 andnttrewth
defences within the bodj43], Figure 1. As the cancer progresses, the tumour begins to
spread beyond the site of origin and metastasize to btusr organs and systems, at which
point, the cancer is essentially incurapid; 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, breastiaa, 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 increasledfrdeveloping cancg47; 48]

1 in 29 women in South Africa are diagnosed with cai@}. Bacterial and viral infections

are also strongly associated with some types of cancer (i.e., stomach eteeyvical
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 gd)iafjthough

cancer is most commonly diagnosed later in lifedgfaf cases are diagnosed in individuals

aged 55 years and old¢s0; 51]
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Figure 1. Schematic representation for canceoccurrence

Breast cancer (Bds the second leading cause of canedated deaths in women worldwide

after lung cancer and is the most frequently diagnosed form of cancer among fpB&jn

It is a disease in which malignardaficerous) 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 itseli]. It is the most common cancer among South

African women.
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According to the National Cancer Regis{8003 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 cancdb3; 54] Although breast caec 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 abou?794. The prognosis
for men with breast cancer was onceutiat 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). Accordingd the National Cancer Registrq03 the lifetime risk of all female
developing breast cancer is 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 Cancein Women
There are two main categories of breast cancer and are named depending on where in the
breast the cancer originates (Figure 2):

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

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

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

2.1.2Breast 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 cy&f]. 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)T 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) 1 is a type of breast cancerere 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

| D C tnfdtrating lobular carcinoma (ILC) i 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 26 of male breast canceispbular carcinoma in situ (LCIS) i where abnormal cells

form in the lobules, but they dwot grow into the fatty tissue of the breast or spread outside

the breast. As with invasive lobular carcinorRaget disease of the nipplé this type of

breast cancer starts in the breast ducts and spreads to the nipple, it may be associated with
DCIS orwith infiltrating ductal carcinoma. It accounts for abobt @f female breast cancers

but a higher percentage of male breast carjbéis

There are many risk factors associated with different and/or that can cause cancer e.g. food,
smoking, genetic and pesticides are the exanjpless8] The main cause of breast cancer is

the kinase protein called epidermal growth factor receptor 2 (HEFR2)60; 61; 62] This
oncoprotein belmgs to the epidermal growth factor receptor (EGFR/ErbB) HER Family
(HER1, HER3 and HER463; 64; 65] Figure 4.The HER2 gene which is also known as
neuroglioblastomaNeu) cell line, ErbB-2, CD340 or p185is a protein that in humans is
encoded by th&rbB2 gene[66; 67; @]. 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 (Figurg64) 69; 70] This protein has
homology to, and conforms to the general structure of the HER proteins, Figure 3. Studies of
human cancers have demaagtd that HER2 gene amplificatiogeneration of more than the
normal two gene copief/l; 72} (On 17912 chromosome) and/or HER2 receptor -over
expression are obsed in a variety of tumour types i.e. breast, ovarian, pancreatic and lung

cancef62;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 tumoUy68ells

71; 73] The percentage of tumours in which the HER2 gene is amplified is usually lower
than the percentage in which theotain is overexpressed. The incidence of HER2 gene
amplification is 25+3% for breast and 15+30 for ovarian carcinoma$49], with the

incidence of HER2 protein overexpression being slightly hi§gter74; 75]
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2.1.3 Statistics (nordeveloped 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 SouthiAra ar e not known, because
registry has not been updated since 189§ure 4A, 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 indites 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 liveg6]. Breast cancer is the second leading cause of cancer
related death among SA black women, after cerlicad/ cancer and is the leading cancer
killer among white women and also in the world as shown in theh@g (Figure 4)76; 77]

Over 3000 women die each year due to the cancer of the breast (National Cancer Registry

(2003]76]

2.1.3.2 International comparison

Breag cancer was found to be less common in black women than in other popudatsn

[76; 78]. The agestandardised rates of 11.30 per 100000.00 compare well with the rates from
central Africa (Harare agstandrd rate 20.40 per 100000.00; Kampala 164 per 100000.00)
and BC is rare in countries like Gambia (3.40 per 1000007&))79]. By disparity, the rate

for black women in the United states is 65.00 in 100000780 80] In white women the

rates in South Africa (70.20 per 100000.00) are cmaiple to those of the developed
countries such as United Kingdom (56.10 per 100000.00) and the United States (89.20 per

100000.00) countrigg'6; 77; 81]
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Figure 4. (A) Rate of cancer irtidents. (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 undefeveloped countries such as Southern Afrind @s counter
part§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 excelea cha
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recovery. Biomarkers are used to detect this cai@@&r There is no standard definition for
Abi omarker o that iis universally used. Il n 19¢
Drug Administration Working Group drafted a definition of a biomarksra characteristic

that is objectively measured and evaluated as an indicator of normal biological processes,
pathogenic processes or pharmacological response to a therapeutic inter[&3itia].
Biomarkers could be found in the body and they are quantifiable molecules such as proteins,
membolites, DNA, or RNA[85]. The abnormal concentrations of such biomarkers are
indicator for a pathological condition in the body, such as caj@&r A biomarker could

also be a molecule that ogsuas a specific response of the metabolism to the presence of
cancel[85]. Every tye 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 namelgome markers can be used to indicate the presence of certain
organisms, including a history of their presence even if they no longe[&Xi€8]. Cancer
biomarkers can be used for prognosis: to predict the hatowase of a tumour, indicating
whether the outcome for the patias likely to be good or podB8; 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 (pharmacodynani@8) 91]. Cancer biomarkers are present

in tumour tissues or serum and encompass a wide variety of molecules, including DNA,
MRNA, transcription factorscell surface receptors, and secreted proteins and their also
rigorously being exploref1]. The most frequently used and best knowontarker is Her2;

this oncoprotein is celinembrane bound by its extracellular domain and is shed into
circulation making it a potent biomarker used to monitor the response to tref@ited?],

and to detect reurrences in patients with diagnosed breast carcinoma.
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Amplification of HER2 was first noted in human breast cancer and in other aypesicers

[93]. The HER gene is amplified in approximately -30% of breast cancer as mentioned
earlier and it is associated with aggressive tumour behai®8ro4] A final note about
biomarkers s 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 havet sdlen, no
biomarkers fit into these categoriddolecular 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 tiss{i@S]. In cancer, molecular biomarkers are
often genes or gene products suslpeoteins. 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 HER2/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 pecific features that enable them to perform specific roles in the [8ddly For
instance, muscle cells are designed to contraatye 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 ady every cell in our bodies, Figure 5. The nucleus is a
round or ovalshaped 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

chromosomef99; 100]

Chromosome

- Telomere

Chromosome

%% Telomere

Double Stranded
Region Telomeric
. DNA
‘ f\ Repeats
DNA

.J | 2
Base Pairs %@% %

Figure 5. Cell structure representingthe 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 ladderyubunits called
oligonucleotides, each made up of a sugar, a phosphate andlddeiseFigure 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 basesnd (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 nucleotid¢®8kses
These are adenine (A) and guanine (G) (purine bases) as well as cytosind {(g)mine (T)
(pyrimidine bases)The rule of base pairing is that A must pair with T, and C must pair with

G. Note that either | etter of the pair can
T pairs with A; C pairs with G and G pairs wiiljio8; 101] The chemical structure of each of
these bases given abogeshownbelow (Figure 6A).In a normal DNA structure, a Watson

Crick base pairing occurs whereby guanine forms hydrogen bondsytitbine and while
adenine forms hydrogen bonding with thymine. Tipsocess is commonly called
hybridization (Figure 7) and gives rise to double stranded oligonuclegtid&s102]whose

structure is given ithe Figure 6B.

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

intermolecular hydrogen bonds.
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