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ABSTRACT

Breast cancer is regarded as the most common cancer in South Africa and its rate of
occurrence is increasing. About one in every 31 South African women are at the risk of
developing breast cancer and early diagnosis and treatment guarantee 90% survival rate.
Tamoxifen is the drugs of choice for the treatment of all stages of breast cancer. The drug
binds with estrogen receptor (ER) to minimize the transcription of estrogen dependent genes.
However, nearly 50% of ER-positive breast cancer patients either become resistant or fail to
respond to tamoxifen resulting in a serious clinical challenge in breast cancer management.
The Grand Health Challenges of South Africa includes the development of cost effective
diagnostic systems suitable for early detection of diseases and drug resistivity for timely
invention and better patient management. Though HIV and Tuberculosis (TB) are focussed
on in South African Health management system, breast cancer (which happens to be
responsible for as much death among women as TB and HIV combined) is also included as a
priority disease. There are currently serious controversies among clinical oncologists and
pharmacologists on the role of genetic polymorphism of cytochrome P450 (CYP) enzymes
(CYP2D6 and CYP3A4) on the effectiveness of tamoxifen, the most prescribed breast cancer
drug. The cost of genotype-based tamoxifen therapeutic monitoring protocols (expected to
distinguish between poor, moderate and altra-rapid metabolisers of tamoxifen) is exorbitant,
though genotype alone does not determine a patient’s dose-response profile. This thesis
focussed on the development of next generation phenotype-based diagnostic nanobiosensors
(b-cancernanosens) for signalling a breast cancer patient’s complete response profile for
tamoxifen. The signalling protocol is an electrochemical mono-oxygenation reaction
involving the enzymes that metabolise tamoxifen’s biotransformation. The biosensors were
developed with biocompatible palladium telluride-quantum dots (PdTeQDs) and genetically

engineered CYP2D6 and CYP3A4 on gold electrode. The quantum dots were synthesised as
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colloidal poly-dispersed materials (by a simple, inexpensive and reproducible aqueous
method) capped with 3-mercaptopropionic acid (3-MPA), thioglycolic acid (TGA) or 3, 3’-
Dithiodipropionic acid (3,3’-DTDPA), to improve their stability, solubility and
biocompatibility. The effect of the capped ligands on the QDs was investigated by
microscopic, spectrophotometric and electrochemical analysis. The capping of PdTeQDs was
confirmed by Fourier transform infrared spectroscopy (FTIR) via the specific COOH and
CH. signature bands of 3-MPA, TGA and 3,3’-DTDPA. High resolution transmission
electron microscopy (HR-TEM) and small angle X-ray scattering (SAXS) revealed that the
PdTeQDs materials have average diameters of 3-5 nm. The optical properties of the QDs
materials were studied by ultraviolet-visible spectroscopy (UV-Vis) which produced an
absorbance band at 320 nm that corresponded to energy band gap values of 3 eV, 3.87 eV
and 2.2 e V for 3-MPA-, TGA- and 3,3’-DTDPA-capped PdTeQDs, respectively. The
quantum dots were immobilized on electrodes together with CYP3A4 or CYP2D6, and the
resultant bioelectrode was shown to undergo monooxygenation. The effectiveness of the
CYP-based phenotype biosensor was first tested with indinavir, a protease inhibitor anti-
retroviral (ARV) drug which is physiologically metabolised by CYP3A4. The limit of
detection (LOD) of CYP3A4/3-MPA-PdTeQDs/Cyst/Au biosensor was 40 x 10% ng/mL
indinavir for cyclic voltammetric (CV) detection at 0.25 V. The corresponding value for
CYP3A4/TGA-PdTeQDs/Cyst/Au sensor obtained at 0.9 V was 90 x 10% ng/mL indinavir. In
the case of tamoxifen sensing, 4 biosensors were tested, which differed on the capping agents
and enzymes used. CYP2D6/TGA-PdTeQDs/Cyst/Au gave a detection limit of 9.52x107°
ng/mL tamoxifen at a square wave voltammetry (SWV) potential of 0.3 V, while
CYP3A4/TGA-PdTeQDs/Cyst/Au gave an LOD value of 1.75x10° ng/mL tamoxifen at a
SWV potential of 0.28 V. The tamoxifen phenotype sensors developed with 3,3’-DTDPA

produced best signals by differential pulse voltammetry (DPV) transduction but with higher
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detection potentials than other sensor formats. The LOD of CYP2D6/3,3’-DTDPA-
PdTeQDs/Cyst/Au at a DPV signalling voltage of 0.96 V was 1.95 x10™* tamoxifen. On the
contrary CYP3A4/3,3-DTDPA-PdTeQDs/Cyst/Au, which contained CYP3A4, exhibited
greater sensitivity characterised by low LOD (6.88 x 10~ tamoxifen) and low DPV detection
potential (0.46 V). Generally, the LOD values obtained with the various phenotype sensors
were lower than tamoxifen’s maximum steady state plasma concentration (Cmax 40 ng/mL),
thereby indicating that the sensing device, in principle, would be suitable for real time
monitoring the drug at point-of-care. The phenotype based biosensor system designed in this
project, holds the potential for monitoring proper dosages of tamoxifen for breast cancer

patients.
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CHAPTER ONE

Introduction

Summary

There has been an observable burden of diseases such as tuberculosis (TB), human
immunodeficiency virus (HIV/AIDS), breast cancer (BC) and malaria worldwide. Though
HIV and TB are focused on in the South African health management system, breast cancer
happens to be responsible for as much death among women as TB and HIV combined and is
regarded as a priority disease. Cytochrome P450 enzymes (CYP) metabolises 73% of drugs
cleared through metabolism as primary mechanism before they are excreted or subjected to
further metabolism. However, the liver is a metabolically active tissue that is in charge for
the great number of drug metabolism. This chapter gives a background information on
tamoxifen (a drug used as a first-line therapy for breast cancer) and indinavir metabolism (a
drug used in the treatment of HIV), covering all the aspects on their unfavorable impact on
human health as well as their existing detection methods. In addition, other important
features such as biosensor systems and semiconducting nanomaterials are also discussed.
This chapter also includes the problem statement and motivation, aim and objectives of the

study.

http://etd.uwc.ac.za



1.1 Background

1.1.1(a) Prevalence of breast cancer (BC) and Tamoxifen

Worldwide, breast cancer (BC) is regarded to be the most common cause of cancer-related
death among women [1-5]. This malignant disease usually occurs in the inner lining of milk
ducts or lobules that supply the ducts with milk [6-8]. Although evidence suggests that the
growth and spread of these tumors usually depends on the exact cellular site of origin of the
cancer, it is a known fact that metastatic breast cancer cells lodge mainly in the axillary
lymph nodes [9]. Despite the increasing occurrence and seriousness of breast cancer, global
health management has recently focussed on communicable diseases such as HIV/AIDS,
malaria and tuberculosis [10,11]. Since 2008, breast cancer incidence grew by more than 20%
while mortality increased by 14% with 522 000 deaths in 2012. Worldwide, it is regarded to
be the most commonly diagnosed cancer among women around 140 of 184 countries [7,12—
14]. Although breast cancer incidence is already staggering, this increment means that breast
cancer will continue to be a global threat in the future. It is believed that breast cancer cases
and deaths are potentially preventable since 5-10 % of all cancers are caused by inheritance
whereas the remaining 90-95% results from various factors such as age group, genetic
predisposition, and the kinds of cells within the tumours itself [15-17]. Due to the high
incidence and death related with breast cancer, it is a significant public health concern in
society and, as such, is appropriate for screening and other preventative techniques[18,19].
Strategies to reduce morbidity and mortality of this enormous health issue include the
identification and modification of risk factors, early diagnosis and treatment and improved
treatment strategies have been implemented [20,21]. Endocrine treatment has had a ground-
breaking contribution to the decrease in the risk recurrence and death rate from breast cancer

in women with hormone receptor-positive early breast cancer [22,23].
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Figure 1: Molecular structure of tamoxifen

Tamoxifen is a selective estrogen receptor modulator (SERM), commonly used for
prevention and treatment of hormone receptor-positive breast cancer [24-26]. This drug
undergoes a mechanism of action due to its molecular structure that has an extra chain which
is responsible for antagonistic action as shown in (Figure 1) [27,28]. Tamoxifen binds to
complex estrogen receptors (ER) (i.e. a group of proteins found inside the cells) to prevent
the transcription of estrogen-dependent genes, which are responsible for cancer cell growth or
proliferation as illustrated in Figure 2 [29,30]. Therefore, the introduction of a long-term
TAM therapy resulted in more than 400,000 living breast cancer patients. Since then, the
Food and Drug Administration (FDA) also approved tamoxifen as the first cancer
chemopreventive drug for the reduction of breast-cancer incidence in women at high risk

[31].
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1.1.1(b) Problem statement

According to the Cancer Association of South Africa (CANSA), breast cancer is the most
diagnosed of all types of cancer, with the diagnosis rate reaching 21% [32]. The lifetime risk
for South African women to develop breast cancer is one in 31 [33]. Based on the South
African National Cancer Registry 2008, the number of the female breast cancer patients in
the different population groups were as follows: 2,884 cases amongst blacks, 1,976 cases
amongst whites, 834 cases amongst coloureds and 330 cases amongst Asians [34]. Drug
metabolism is described as one of the major factors contributing to pharmacokinetics, in
addition to absorption, distribution and elimination [35]. However, the liver is regarded as the
most favourable site of drug metabolism in healthy individuals where the metabolic processes
are in homeostasis [36]. Drug metabolising enzymes include both phase I, comprised mainly
of cytochromes P450 (CYPs) that catalyse oxidation reactions, and phase Il enzymes that

catalyse conjugation reactions [37,38]. Cytochrome P450 enzymes (CYPs) are very important
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cancer biomarkers due to (i) the selective expression of some variants in tumors; (ii) their role
in cancer formation and cancer treatment by the activation of precarcinogens; and (iii) the
deactivation as well as activation of anticancer drugs [39,40]. With regards to breast cancer
treatment, tamoxifen which requires the two most abundant CYPs in human liver microsomes
(CYP2D6 and CYP3A4) for its bioactivity, has been very widely studied by pharmacologists
[41]. In comparison with other breast cancer treatments, tamoxifen is regarded as ‘‘gold
standard’” because of its cost effectiveness, lifesaving ability and is devoid of major adverse
side effects in majority of breast cancer patients [42,43]. Many studies report that 30-50 % of
ER-positive breast cancer patients under long-term treatment with tamoxifen experienced
relapse during adjuvant treatment [44]. Relapse could be caused by patient-specific factors,
such as genetic variability, patient behaviour, difference in gene expression within the tumour
cells and other factors, resulting in a serious challenge in breast cancer management [45,46].
There is currently serious controversy on the role of genetic polymorphism of CYP2D6 on its
use in the treatment of breast cancer, particularly since tamoxifen is a prodrug which
CYP2D6 mediates its conversion to endoxifen as the active metabolite [47]. Clinical
oncologists have argued in favour and against the benefits of genotyping in tamoxifen-related
treatment and management of cancer patients, particularly about the risk of inappropriate
dosing for poor and ultra-rapid metabolisers. Several analytical techniques have been
established for assaying a patient’s metabolic profile including high-performance liquid
chromatography (HPLC) [48,49], liquid chromatography-mass spectrometry (LC-MS)
[50,51], and gas chromatography-mass spectroscopy (GC-MS) [52]. All the above-mentioned
techniques are time consuming and substantial sample preparation steps are required, which
results in a very high cost of analysis. Thus, there is an urgent need for the development of

detection methods for monitoring the drug resistance of breast cancer patients.
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1.1.2(a) Prevalence of human immunodeficiency virus and Indinavir metabolism

Human immunodeficiency virus (HIV) is a retrovirus that leads to the formation of acquired
immunodeficiency syndrome commonly known as AIDS [53]. The virus destroys a type of
defense cell in the body called a CD4 helper lymphocyte (Host cells), which plays an
important role in controlling HIV replication [54]. However, an infected patient becomes
more susceptible to contract opportunistic infections which can be caused by whole host of
microorganisms leading to a development of symptoms when there is no immune system for
prevention [55]. According to World Health Organisation (WHO), there is an estimated
number of more than 35.3 million people infected with HIV worldwide which resulted in
deaths of more than 25 million people in the past three decades [56]. However, the
prevalence of HIV in South Africa varied with age and sex with a higher prevalence noted
among females with an age range of 30-34 years in 2012 as shown in Figure 3 [57]. Over the
past decade, an intensive research has been focussed on the HIV-1 protease enzyme since it is
regarded as the most critical component of replicative cycle which is responsible for the
generation of mature, functional viral enzymes and structural proteins through cleavage of
viral Gag and Gag-Pol precursor polyproteins [58]. Based on this, an investigation on HIV
protease structure and its substrate has led to a development of antiretroviral (ARV) drugs in
the goal of deducing and maintaining maximum suppression of HIV replication and fostering
maximum CD4" cell counts to improve the quality of life for people who have HIV infection

[59].

http://etd.uwc.ac.za



45 36.6

4 HMales
- 31.0
2 35 1 285 24. 266 BFemales
s 01 =] 214
£ 25 16 15.
o HA: 16.2
1]
o
(=18
>
= o

014 1519 2024 2529 3034 3539 4044 4549 5054 5539 60+
Age group (years)

Figure 3: HIV prevalence by age and sex in South Africa [60].

The earliest drugs developed to fight against HIV/AIDS were nucleosides which comprise of
the following drugs: zidovudine or didanosine and stavudine but the impact of their long term
use is limited by high toxicity levels and a rapid development of viral resistance [61].
Nevertheless, the drawbacks of these drugs resulted in the development of novel therapeutic
ARV drugs with unique mechanism of action that can inhibit the viral replication by delaying
emergence of viral resistance. These novel developed drugs are called protease inhibitors
(PIs) which were designed to mimic the transition state of peptide substrate and compete with
them for binding the active site of the protease enzyme i.e.an enzyme that breaks a long
chainlike molecule of proteins into shorter fragments. There have been success stories and
remarkable achievement based on the therapeutic use of HIV protease inhibitors which
represents a unique showcase for the ability and drawbacks of a structure-based drug design

in general [62].

http://etd.uwc.ac.za



og(ﬁi ;

Figure 4: Molecular structure of indinavir drug (IDV).

Indinavir (Figure 4) is a potent and well-tolerated protease inhibitor drug administered as
part of the drug combination in a treatment regime termed, ‘highly active antiretroviral
therapy’ (HAART), which has become the most effective therapeutic strategy since the
discovery of the human immunodeficiency virus (HIV/) [63]. These drugs work by binding to
the protease HIV-1 active site and delay the activity of the enzyme, which results in the
production of non-infectious virions and prevents the consecutive infections of other cells
[64,65]. A number of antiretroviral drugs, including indinavir, undergo metabolism that is
catalysed by cytochrome P450-3A4 isoform produced in abundance in the liver microsomes
[66]. However, it has been shown that inter-individual variability in drug metabolism has
substantial effect on clinical outcomes for patients treated with the same dose of a given drug
[67,68]. Such effect may be caused by a patient’s poor adherence to prescription, virological
resistance and pharmacological issues [69]. Therefore, the determination of patient’s
metabolic profile is very crucial in order to ensure proper dosing of the ARV drugs.
However, therapeutic drug monitoring (TDM) during HIV/AIDS treatment has been
recommended to play an important role of minimizing the toxicity of the drug and improving

individual therapy [70].
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1.1.2 (b) Problem statement

Despite the large number of HIV death-related illness, South Africa has made a considerable
progress at decreasing HIV incidences during the past decade [71]. Since 2008, there has
been great evidence-based intervention focused on HIV prevention, treatment and care for
HIV patients [72]. Protease inhibitors (PIs) have played a major role in decreasing the
mortality and morbidity among people with HIV infection [73]. According to Cancer
Information Support Network (CISN) metabolism of drug is affected by numerous factors of
environment and genetic origin i.e. slow metabolizers and normal metabolizers. Slow
metabolizer individuals tend to accumulate substantially higher drug concentration which
increase the risk for drug related adverse events (life threatening toxicity such as vomiting
and kidney stones). Such patients may require smaller dose while normal metabolizers break
down drug too quickly and require high dose. The effect of such factors complicates the life
of diagnosed patients and there is a need to monitor them. However, there have been several
reports in relation with protease inhibitor exposure, their activity and toxicity in combination
with wide inter-individual variability in pharmacokinetics which resulted in growing interest
in therapeutic drug monitoring of antiretroviral drugs as a tool in management of HIV
infected people. The process of drug monitoring can be done by optimization of antiretroviral
therapy potent to reduce toxicity and at the same time adequate viral suppression. Several
relatively simple techniques which can be used in hospital for measurements of protease
inhibitors have been described [74]. Current literature suggested that an assay by Marzolini
and co-workers can measure protease inhibitors and non-nucleoside reverse transcriptase
which may not be sensitive enough for quantification of concentration in patients on a single
protease inhibitor containing regime [75]. Therefore, there is an increased demand for
developing analytical devices that can quantitatively and qualitatively allow monitoring of

indinavir (and other therapeutic drugs) with high sensitivity, selectivity and faster response
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time and lower detection limits. The use of appropriate electrochemical biosensor systems
such as the one prepared in this study would be the best option due to their small sizes,
capability of continuous measurements. The biosensor can also measure analytes faster and at

lower cost than traditional methods.

1.2 Rationale and motivation of the study

The grand health challenges of South Africa include the development of cost effective
diagnostic systems suitable for early detection of diseases for timely intervention and
effective management. Together with HIV and tuberculosis (TB), in South African health
management system breast cancer is regarded as a priority disease. Clinical oncologists and
pharmacologists are still trying to understand the effectiveness of tamoxifen, the most
prescribed breast cancer drug, in cancer therapy. Modern technologically advances aiding in
therapeutic decision making include pharmacogenomics assays to identify patient-based
factors in drug metabolism [76]. In addition to using these assays, there is a possibility that
they can optimise drug dosing. However, the recommended genotyping of CYP2D6 with a
major goal of individualisation of tamoxifen therapy for patients with hormone receptor (HR)
positive breast cancer is currently achieved by the available commercial tests [77]. The cost
of genotype-based tamoxifen therapeutic monitoring protocols, such as Roche’s AmpliChip
CYP450 Test (expected to distinguish between poor, moderate and ultra-rapid metabolisers
of tamoxifen) is exorbitant (USD1300 per test), though genotype alone does not determine a
patient’s dose/response profile. On the other hand, Roche has been used as a reliable
diagnostic system for monitoring HIV infected patients since 1986 [78]. However, there are
several criticisms of this approach among oncological clinicians: (i) CYP2D6 is a Class Il
xenobiotic metabolizing enzyme with about 105 variants and the existing commercial test kits

(e.g. Roche’s AmpliChip CYP450 Test and the Luminex xXTAG CYP2D6 Kit v3) detect only

10

http://etd.uwc.ac.za



major genotypes and do not cover all phenotypes (e.g. ultra-rapid metabolisers (URMs) with
extra copies of the CYP2D6 genes); (ii) CYP2D6 genotype obtained from tumor (somatic)
genome is not necessarily the same as those of the host genome (germline DNA); (iii) apart
from CYP2D6, other host and tumor factors affect drug metabolism; (iv) CYP3A4 (mainly)
and other CYPs play prominent role in the formation of N-desmethylTamoxifen intermediate
and the conversion of 4-hydroxytamoxifen intermediate to endoxifen [79]. Though
genotyping assays have molecular basis and are fast, their interpretation in predicting a
patient’s phenotype and consequently response to tamoxifen is left solely to the physician’s
judgment. Also, the knowledge that genotype alone does not determine a patient’s response
to treatment with a drug since cancer is caused by not only genetics but also by diet,
hormones and lifestyle [80] makes it necessary to find a phenotype-based system for
personalising therapy. Phenotyping techniques that use a probe drug that is solely
metabolised by CYP2D6 to determine a patient’s metabolic profile may be faulty as a drug
such as tamoxifen involves other CYP enzymes (but mainly CYP2D6 and CYP3A4) in the
formation of its active metabolite, endoxifen [81,82]. It is noteworthy that the metabolism of
tamoxifen to produce the active metabolite involves the two predominant drug metabolism
enzymes, namely, CYP2D6 whose variability is genetic and CYP3A4 which is a Class |
enzyme (with conserved genetics) that exhibits inter-individual variability that cannot be
explained by genetic polymorphism. Thus, test kits or devices for the determination of
tamoxifen metabolism should include the two enzymes or the intermediate and active

products of tamoxifen metabolism in their design.

The development of electrochemical biosensors for clinical diagnostics has recently gained
much interest due to lower detection limits, fast response speeds, ease of use and low cost for
the detection and management of disease [83,84]. Recent advances in nanotechnology have

led to enhanced sensitivity of the devices enabling them to detect small variations in desired
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specimen [85]. Semiconductor nanomaterials such as quantum dots (QDs) have been
extensively studied due to their unique size-dependent electronic, optical, magnetic and
electrochemical properties [86]. In addition, quantum dots have shown a great potential in
diverse fields ranging from drug delivery biosensing, solar cells and photovoltaics and light
emitting diodes [87]. Several research groups have reported different types of strategies to
detect analytes of interest based on nanoparticles [88]. For instance, Guang-Li and co-
workers reported a novel strategy for construction of photoelectrochemical sensors based on
quantum dots for the detection of dopamine [89]. Based on this, water-soluble and
biocompatible palladium telluride quantum dots capped with thioglycolic acid (TGA), 3-
mercaptopropionic acid (3-MPA) or 3,3’-dithiodipropionic acid (DTDPA) were employed in
this study to harness the signal amplification in the development of bipolar electrochemical
nanobiosensors chips (b-cancernanosens) for the detection and reporting of the rate and
extent of metabolism of tamoxifen and its metabolic intermediates. However, the
effectiveness of the CYP-based phenotype biosensor was first tested with indinavir, a
protease inhibitor anti-retroviral drug which is physiologically metabolised by CYP3A4. For
indinavir, the development of electrochemical phenotype-based biosensor system was
achieved by incorporating the synthesised palladium telluride (PdTe) quantum dots, capped
with thioglycolic acid (TGA) or 3-mercaptopropionic acid (3-MPA) onto a gold electrode
that was previously modified with self-assembled cystamine dihydrochloride as a platform
for cytochrome P450-3A4 (CYP3A4), an isoenzyme from the cytochrome P450 family of
heme enzymes well-known for drug metabolism. Reviews based on the application of QDs as
a mediator for biosensor systems applied in the detection of ARV drugs are given in chapter

3 and 4 in this study.
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1.3 Aim of the project

This study focussed on the development of the next generation phenotype-based diagnostic
nanobiosensor systems for sensing and signalling breast cancer patient’s response profile
(poor, moderate or ultra-rapid metaboliser) for tamoxifen, which is the most prescribed breast
cancer drug. It involved the development of a bi-polar palladium telluride quantum dots
(PdTeQDs) capped with thioglycolic acid (TGA) or 3,3’-dithiodipropionic acid (3,3’-DTPA)
bio-reactor on a chip-modified with genetically engineered CYP2D6 and CYP3A4 bi-polar
bioelectrodes sensor that promised to be suitable for providing a patient’s complete response
profile for tamoxifen at point-of-care. This study would benefit women a lot and the b-
cancernanosens would lead to proper drug prescription arising from point of care testing of a

patient’s response to drug administration.

1.3.1 Fabrication of CYP3A4 or CYP2D6 biosensor: 3,3 -DTDPA or TGA-PdTeQDs/Cyst/Au

biosensor system for tamoxifen involved:

» Synthesis of palladium telluride quantum dots in the presence of various capping agents
including thioglycolic acid (TGA) or 3, 3’-dithiodipropionic acid (3, 3’-DTPA) to form a
stable, biocompatible and water-soluble QDs

> Determination of PdTeQDs crystal structure and morphology using microscopic
techniques (RH-TEM and HR-SEM).

> Determination of QDs valence shell, crystal structure and optical vibrational modes using
X-ray photoelectron spectroscopy, X-ray diffraction and Raman spectroscopy (XPS,

Raman and XRD).
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» Optical properties and structural properties of QDs using Ultraviolet-visible spectroscopy,
photoluminescence spectroscopy and Fourier transformed infra-red spectroscopy (UV-
Vis, PL and ATR-FTIR).

» Surface modification of TGA-PdTeQDs and 3-MPA-PdTeQDs on a bare gold electrode
followed by determination of electrochemical properties of quantum dots using cyclic
voltammetry (CV) and differential pulse voltammetry (DPV).

» Development, optimisation, evaluation and testing of individual phenotype b-
cancernanosens for tamoxifen, N-desmethylTamoxifen, 4-hydroxyTamoxfen and
endoxifen, which is an active metabolite.

» Conversion of tamoxifen to its active metabolites through two pathway systems; 4-

hydroxylation and N-demethylation, both of which produce highly effective metabolites.

1.3.2. Fabrication of CYP3A4 biosensor: 3-MPA or TGA-PdTeQDs/Cyst/Au biosensor
system for indinavir involved:

» Surface modification of gold electrode with cysteamine, resulting in the formation of
self-assembled monolayer (SAM) on a gold electrode by taking advantage of strong
sulphur-gold interaction.

> Synthesis and characterisation of 3-mercaptopropionic acid capped palladium
telluride quantum dots (3-MPA-PdTeQDs) and thioglycolic acid capped palladium
telluride (TGA-PdTeQDs) by UV-Vis, PL, XRD, XPS, CV, HR-TEM, HR-SEM

» Development, optimisation, evaluation and testing of biosensor systems in the

presence and absence of ARV drugs.
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1.4 Thesis outline
The study consists of seven chapters

Chapter 1 gives background information on breast cancer and HIV diseases, followed by a
brief discussion on semiconducting nanomaterials and the current techniques for the
determination of tamoxifen. In addition, the chapter discusses the rationale for the work
reported, as well as an outline of the thesis. The scope of the thesis is clearly defined in this

chapter.

Chapter 2 introduces quantum dots and their advantages over classical materials. The
synthesis and the functionalisation of quantum dots are described, as well as a review of the
applications of quantum dots, with specific attention given to electrochemical biosensor
applications. The nature of the topic has been adequately interpreted in this chapter, and the

literature discussed gave good insight into the problem at hand.

Chapter 3 describes the synthesis, characterisation and application of 3-MPA-PdTeQDs and
the electrochemical biosensor system, covering mostly the detection of protease inhibitor,
indinavir. Several analytical techniques such as FTIR, CV, UV-Vis, PL and HR-TEM were
used to characterize these QDs. The characterization results were sufficiently analysed and
discussed, to prove that indeed Pd and Te containing quantum dots was synthesized. These
were used as a biosensor for determining indinavir, with the biocompatibility of palladium
telluride quantum dots being achieved by surface functionalisation of the quantum dots with
3-mercaptopropionic acid (3-MPA) as a capping agent, which also improved the stability and
the solubility of the material. The LOD value is lower than indinavir’s maximum steady state
plasma concentration, thereby indicating that the sensing device, in principle, would be

suitable for monitoring the drug in patient.

Chapter 4 describes the fabrication of a biosensor by immobilizing cytochrome P450-3A4
enzymes onto a TGA-PdTeQDs modified gold electrode. The developed electrochemical
biosensor and its individual components were characterized using CV, UV-VIS, FTIR and
HR-SEM. The electrocatalytic properties of this electrochemical biosensor system were
studied by cyclic voltammetry in order to detect the response of the biosensor to indinavir.

The obtained detection limit is well below the plasma concentration of indinavir.
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Chapter 5 describes the catalytic responses of tamoxifen, the biotransformation of tamoxifen
to its primary and secondary active metabolites, as well as the characterization of individual
biosensor materials by SWV, UV-Vis, ATR-FTIR, PL, XPS, XRD and Raman spectroscopy.
The sensor was based on the combination of novel thioglycolic acid-capped palladium
telluride (TGA-PdTe) quantum dots (QDs) and genetically engineered cytochrome P450-3A4
(CYP3A4) or cytochrome P450-2D6 (CYP2D6) enzymes. The LOD values are much lower
than tamoxifen’s maximum steady state plasma concentration, thereby indicating that the

sensing device, in principle, could be suitable for monitoring the drug in patients.

Chapter 6 introduces a new thiol-type 3,3’-DTDPA capping agent employed to improve the
stability and efficiency of PdTeQDs. The novel 3,3’-DTDPA-PdTeQDs were characterised
by HR-TEM, SAXSpace, UV-Vis and PL. The biosensor responses to tamoxifen and the
biotransformation of TAM to its primary and secondary metabolites were determined by
DPV studies. The tamoxifen biosensors had limit of detection (LOD) values for CYP3A4
(CYP2D6) biosensor systems that are much lower than tamoxifen’s maximum steady state

plasma concentration.

Chapter 7 gives a summary of the work done as well as recommendations for future work.
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CHAPTER TWO

Literature review

Electrochemical biosensors are described as portable devices that permit rapid analysis of a
substance and are the most recently studied electroanalytical techniques for quantitative and
qualitative detection of various drugs such as tamoxifen and indinavir, due to the negative
impacts they pose on human health. Moreover, electrochemical biosensors have gained much
attention in a wide range of fields such as environmental monitoring, disease screening,
water treatment and therapeutic drug monitoring due to their portability, small size,
simplicity, low cost and lower detection limits. Similarly, nanomaterials such as quantum
dots contain specific features that make them suitable for sensor applications based on their
high surface to volume ratio, high reactivity, ease of dispersability and rapid fabrication.
This chapter is focussed on the introduction of quantum dots, covering the quantum dots
properties, major role played by stabilizing agents during the colloidal synthesis as well as
functionalisation strategies of quantum dots. Additionally, the study gives detailed
background information on breast cancer and tamoxifen metabolism as well as

electrochemical techniques for the determination of tamoxifen.
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Palladium Telluride Quantum Dots-Based Electrochemical Biosensors

Abstract

The development of novel quantum dots have attracted enormous attention due to the ability
of creating novel diagnostic tools since they display unique and fascinating optical properties
including high quantum vyield, photostability, narrow emission spectrum, and broad
absorption. Stabilising agents play an important role in controlling the particle size and
distribution and, hence, the catalytic activity of quantum dots. Among these various
stabilizing agents, mercapto acids containing a single mercapto group and a single carboxyl
group connected by an alkyl chain are widely used. The application of QDs in
electrochemical and biological sensing is regarded as the most active trend due to their high
surface-to-volume ratio and high reactivity. Several methodologies from simple to versatile
functionalisation of QDs have been discussed in this chapter. In particular, the bioconjugation
of QDs via covalent attachment has been found to be very successful and very useful in
attaching biomolecules such as enzymes in preparation of an electrochemical sensor. This
chapter review highlighted the development of electrochemical sensor system for the

determination of breast cancer drug, tamoxifen.
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2.1 Quantum dots

2.1 1. Nanotechnology and quantum dots

Over the past decades, nanotechnology field has advanced rapidly since it demonstrated
encouraging results in the detection, treatment, and prevention of certain diseases [1,2].
Additionally, further development of nanotechnology has led to significant breakthroughs in
the semiconductor industry [3]. Current studies suggest that nanomaterials such as quantum
dots (QDs) hold a great potential and promise for different applications due to their superior
and fascinating optical properties. Hence, considerable efforts have been made to construct
quantum dots for the use in different fields including amplifiers, biosensors, high resolution
cellular imaging, tumour targeting, and diagnostics [4,5]. Most semiconducting nanomaterials
such as groups II-VI, 1I-V or IV-VI elements in the periodic table show gquantum
confinement behaviour in the 1-20 nm diameter range. Based on QDs substantial advantages
such as, bright fluorescence, narrow emission, broadband excitation, photostability and
extended half-life compared to conventional organic fluorescent probes (organic dyes),
scientists and researchers have gained much interest in developing novel semiconducting
nanomaterials which could be used for forensic science, biology, electronic technology,
environmental science, computer manufacturing, sports facility production as well as food
industries [6,7]. Amongst various novel nanomaterials, palladium telluride (PdTe) is an
important semiconductor with unique size-dependent optical properties and have attracted
attention in recent years due to catalysis and material science relevance. The major role of
selecting PdTeQDs is attributed to their preparation which makes them suitable in various
fields such as biomedical labelling, solar conversion and photoelectronics [8]. In addition to
the important aspect of discovering novel nanomaterials, great attempts are constantly being

invented to explore novel synthesis routes and functionalisation [9].
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2.1.2 Synthesis of quantum dots

Over the past two decades, numerous reliable methods were developed for the preparation of
highly luminescent quantum dots including organic and aqueous synthesis [10]. Additionally,
there are several reports based on microwave and hydrothermal methods for rapid synthesis
of QDs [11]. Organic synthesis has limited functions to produce QDs that can be used for
environmental and biological testing including diagnosis, pathogen and toxin detection [12].
In biological environment, water is regarded as the main solvent and water-soluble QDs
becomes an attractive proposition. Due to organic synthesis limitations, Alivisatos and co-
workers developed an effective route using a simpler, inexpensive, and highly reproducible
method to coat QDs with a cross-linked silica shell, which can be modified using different
organic functionalities such as primary amines, carboxylic acids or thiols [13,14]. Since then,
researchers have focussed on aqueous colloidal synthesis since it possesses the following
properties: monodispersity, chemical integrity and specificity, possibility of further
functionalisation, and high degree of crystallinity without any defects [15]. In addition,
aqueous growth of QDs occurs at a lower temperature, which indicates that QDs obtain good
average crystallinity and lower quantum yield compared to QDs produced with organic
synthesis [16]. Recent publication from our lab by Nxusani and co-workers reported colloidal
synthesis method which resulted in water-soluble and biocompatible 3-MPA- Ga,SezQDs for

biosensing application [17].

31

http://etd.uwc.ac.za



2.1.3 Role of surface modification and bioconjugation of quantum dots

Surface capping agents are molecules such as dendrimers, polymers and surfactants with
significant advantages in coating the quantum dot outer surface in order to enhance QDs
biocompatibility and cause an increase in quantum yield for superior application benefits in
biological systems and various fields of chemistry and biological sciences. However, there is
an essential need for using proper surface functionalisation of QDs that will be useful for
every possible application which determines their interaction with environment or other
molecules [18]. A wide variety of different surfactants with different benefits or liabilities
have been used to give rise to quantum dots of different optical and chemical properties.
However, the surface coatings of quantum dots affect photophysical and physicochemical
properties of quantum dots including the emission, profile, and photostability of the particle
suspension in biological systems. The main strategies to achieve biocompatible QDs include
silanization, phase transfer methods and surface ligand exchange [19]. The ligand exchange
method is found to be the best since it is based on the exchange of the bifunctional molecules
hydrophobic surfactant molecules (e.g., thiol functional group) with charged ligand
molecules including carboxylic or sulphonic acid groups which are found to secure QDs for
longer time [20]. Current studies suggest that the growth rate and surface charge of QDs
depends on the choice of stabilisers [4]. In addition, the amount of capping agent introduced
to the system plays an important role since it can affect the solubility of the QDs and can alter
different configurations of the quantum dot nanocrystals [21]. Different thiolated organic
surfactants such as 3- mercaptopropionic acid (3-MPA), thioglycolic acid (TGA), 3, 3’-
dithiodipropionic acid (3, 3’-DTPA) are commonly used as capping agents during the
synthesis of QDs [22]. Such molecules have also been used in this study to bind PdTe
quantum dots to thiol group (-SH) while free carboxylic group extends outwards to provide

water-solubility, as well as the conjugation to biomolecules to extend the uses and

32

http://etd.uwc.ac.za



applications of quantum dots. This is by far the simplest method to achieve solubilisation.
Several studies based on functionalisation of QDs have been performed previously from our
lab. For instance, Douman and co-workers [23] used indium telluride quantum dots
functionalised with 3-mercaptopropionic acid to give rise to water-soluble and biocompatible
In,TesQDs. The structures of commonly used capping agents for the QDs synthesis are

shown below

B SNP S
HS OH HS OH HO S’S\/\I(OH
0

Thioglycolic acid  3-Mercaptopropionic acid 3 3'_Dithiodipropionic acid

Figure 5: Mercapto Acids

When the solubilisation is achieved, QDs can be functionalised by conjugation to several
biomolecules including oligonucleotides, peptides, antibodies, DNA and cytochrome P450
enzymes [24], through surface reactive. Different methods have been used for bioconjugation
including noncovalent and covalent conjugation. Covalent linkage maintain an advantage in
terms of stability and reproducibility of the surface modification and lowers unspecific
physisorption compared to noncovalent conjugation and utilises functional groups on the
QDs surface like primary amine, carboxylic acids, and thiols to create a strong bond with
groups present on biomolecules or through the use of cross-linker molecules [25,26], such as
water-soluble carbodiimide (e.g. EDC) which is used to couple carboxylic group to primary
amines and has been used in wide applications such as forming amide bonds in peptide
synthesis and an active ester compound (N-Hydroxysuccinimide; NHS) that can be equally
used to form amide bonds [27]. Over the past decade, numerous research reviews have been

reported based on the synthesis and functionalisation of QDs enabling to have for enormous
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spectacular applications across the biomedical research field, especially in biosensing and
bioimaging [28]. Recently, several QDs-based sensors have been developed or fabricated.
Publication by Jia and co-workers [29] prepared hybrid structures containing quantum dots
for electrochemiluminescence detection of adenosine triphosphate (ATP) and thrombin. In
this present work, we report the most significant applications of the functionalised PdTeQDs
with (3-MPA), (TGA) or (3,3’-DTPA) for further use as a mediator in electrochemical
phenotype biosensor systems for the determination of various drugs including ARV drugs

and tamoxifen.

2.2 Applications of quantum dots

2.2.1. Quantum dots-based electrochemical sensors

Over the past few years, the field of electrochemical biosensors for clinical diagnostics has
grown rapidly in order to provide miniaturized platforms with many favorable and fascinating
properties, such as reduced sample volume, reducing assay time, portable field-based size,
sample or reagent consumptions [30]. Nowadays, the increasing demand for this field has
focused on novel sensing strategies with increasing number of publications based on the
enhancement of specificity, sensitivity and response time[31,32]. Generally, biosensors are
defined as devices that utilise biological components with unique and fascinating specificities
and produces an electrical, optical, thermal or magnetic output signal with significant
magnitude proportional to the concentration of the analyte [33]. Since the discovery or
development of nanoscience and technology, research interest has been focussed on applying
nanomaterials in the construction of biosensor systems [34,35]. Among such nanomaterials,
gold nanoparticles (GNPs), semi-conductor quantum dots (QDs), polymer nanoparticles,
carbon nanotubes (CNTs), fullerene, nanodiamonds, dendrimers and graphene have been

intensively studied [36]. However, current studies have demonstrated that QDs provide large
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surface area and excellent surface activity thereby enhancing the electron charge transfer
across the sensor chip or electrolyte interface [37,38]. For instance, Chad and co-workers
presented a nanoparticle-based biosensing system using a variety of nanostructured materials
with unique optical electric, magnetic, electrochemical, and thermal signatures for
determination of molecular biomarkers with high intensities [39]. Tian and co-workers [40]
reported quantum dot-based nanosensor for simultaneous detection of two tumour markers
which combines strong luminescence and high photostability of CdSe quantum dots with
significant characteristic functions of immunochromatography test strip such as ease of use,
relatively low cost fastness. However, there are major challenges based on the immobilisation
strategy used to conjugate bio-specific entity onto such nanomaterials. To overcome all these
limitations, enzymes should be employed on the electrode surface when developing a reliable

biosensor.

2.2.2 Enzyme-based electrochemical biosensors

Over the past decade, Professor Clark Jr. has been regarded as the father of the biosensor
concept since he invented the first electrochemical biosensor, known as the ‘enzyme
electrode’ [41]. Since then, biosensor field became a fascinating topic since the description
by Updike and Hicks [42] who initiated the first functional enzyme electrode based on
deposited glucose oxidase on oxygen sensor in 1967. Moreover, the field of biosensors has
increased rapidly and appeared in literature with a great number of applications in medical
diagnostics [43,44]. Approximately 80% of notable commercial devices based on biosensors
are mainly used in commercial devices for determination of glucose produced by Yellow
Springs Instrument Company (YSI; Yellow Springs, Ohio, USA incorporated 1975) [45].
However, the literature has revealed the opportunity of the global medical sensors market and
the annual growth which was in excess of US$1,452.8 million in 2015 and is expected to
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reach US$2,476.8 million in 2024, as the market expands at a compound annual growth rate
(CAGR) of 6.1% from 2015 to 2024 [46,47] as shown in Figure 6. Thus, the increasing
biosensors market size is mostly affected by rising demand for disposable, cost-efficient, and
user-friendly devices. Hence, electrochemistry has come to play a major role in the field of
diagnostics, while optical techniques have found their slot in R&D. Therefore, the field of

electrochemical biosensors seem best suited for limited-use and point-of-care application.
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Figure 6: Graph of the world market for medical biosensor assessment from diverse

commercial sources and anticipated for the future in US$ millions [48].

There are several types of biosensors for clinical applications which are categorised
according to the nature of recognition including enzyme-based biosensors, immunological
biosensors, and DNA biosensors. Even though biosensing devices make use of a different
range of recognition elements, electrochemical detection techniques such as electrochemical

biosensors mainly use enzymes to develop sensitive, more sophisticated, mature and reliable
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biosensor [49]. Moreover, role of enzymes in clinical diagnosis has been known for several
years even though they tend to be less stable in solution, it is therefore needed to stabilise
them by immobilization method to gain excellent stability and become reusable [47]. Among
the enzymes commercially available, the most commonly used are cytochrome P450 enzymes
and oxidases, such as glucose oxidase (GOx) and horseradish peroxidase (HRP) [50].
Cytochrome P50 enzymes (CYPs) play an important role in the biotransformation of drugs
such as indinavir and tamoxifen drugs. Also, CYPs are associated with different types of
reactions such as hydroxylation, epoxidation, dehalogenation, dehydrogenation and N-
dealkylation which, together with the monooxygenation capabilities of CYPs, have resulted
in their application in biosensors. Recent progress in the development of electrochemical
biosensors has been summarised in some excellent reviews. The elaboration of biosensors is
considered to be one of the most favourable ways to solve some of the problems concerning
sensitive, fast and cheap measurements [51]. Such devices would be very useful for the quick
detection of wvarious infectious disease. Furthermore, electrochemical biosensors are
nowadays considered to be useful tools for the investigation of electron-transfer reactions and
can be used for production of metabolic-redox reactions, as well as applied technique in drug

metabolism studies [52].

2.3 Electrochemical biosensors for tamoxifen

2.3.1 Biosensors for tamoxifen

An anticancer drug, tamoxifen has drawn much interest in pharmaceutical field due to its
nonsteroidal antiestrogenic effects regardless of its use being associated with a 2—7-fold
dignified risk of promoting endometrial carcinoma [51,53]. However, there is still an ongoing
research based on the uncertainty of tamoxifen being a consequence of a DNA-damaging

(genotoxic) or non-genotoxic mechanism. Therefore, the introduction of electrochemical
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methods would highlight some of uncertain issues that have been explored poorly [54].

Additionally,

literature has

indicated that there are very few reports based on

electrochemistry for tamoxifen and its metabolites. Thus, most of the published data in

literature has been focussed on the development of simple and rapid electroanalytical

methods for the determination of tamoxifen. Innovative electrochemical biosensor strategies

could represent an alternative way for reliable tamoxifen testing. Several electrochemical

biosensors for the detection of tamoxifen in pure form and in pharmaceutical tablets have

been presented in the last few years based on different transduction techniques, from

electrochemical as indicated in (Table 1).

Table 1: Electrochemical biosensors for tamoxifen

Name of the | *LOD Advantages Disadvantages References
biosensor (M)
Adsorptive 4x 10 | Relies on the| The oxidation | [55,56]
potential constant-current | mechanism of
stripping potentiometric tamoxifen coincides
analysis stripping  (PSA) | with literature.
mode. No significance in
differentiating the
parent drug with its
active metabolites
Electrochemical Combine  MIPs | The harsh | [57]
MIP sensor with enzymes to | regeneration of MIP
improve the | is not compatible
analytical with the stability of
performance  of | the enzyme
Sensors The oxidation of
TAM brought about a
fouling of the
electrode surface
Ultrasensitive | 3x 102 | The technology | Require very high | [58]
flow injection adaptation scan rates
electrochemical provides a
sensor substantial
improvement for
rapid analysis
* Limit of detection
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Since tamoxifen is bio-transformed to pharmacologically active metabolites that can
remarkably donate to complete adverse effects of the drug. Interestingly, novel
electrochemical systems would focus on the relationship between oxidation or reduction
chemistry and CYP450-mediated oxidative drug metabolism (Phase | metabolism) to provide
a wide variety of information on metabolic characteristics [59,60]. Thus, this study introduces
a next generation phenotype-based nanobiosensor for sensing and signaling tamoxifen
bioactivity. With regards to phenotype-based biosensor systems, quantum dots are
incorporated to create a more sensitive platform and improve the limit of detection for
targeted analyte. In addition, phenotype-based biosensor systems differ from and are
expected to be more superior than the electrochemical methods mentioned in Table 1 and
genotype-based sensing protocols (such as the very expensive commercial Roche’s
AmpliChip CYP450 Test) since a patient’s drug response profile does not depend on genetics
alone. The sensor system would be a low cost reactor on a chip consisting of biocompatible
palladium telluride-quantum dots-modified genetically engineered CYP2D6 and CYP3A4 bi-
polar bioelectrodes for electrochemical sensing and signaling of tamoxifen biotransformation,
which aimed to provide a patient’s complete response profile at point-of-care. A schematic
diagram representing the preparation of electrochemical biosensor systems is shown below

(Figure 7).
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Figure 7: Schematic diagram for the preparation of biosensor systems for determination of

tamoxifen.
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2.4 Breast cancer and tamoxifen metabolism

2.4.1 Breast cancer

Along with HIV and TB, breast cancer has been regarded as a priority disease and is
responsible for as much death among women worldwide. It has been noted that breast cancer
was first recognised to be an estrogen-dependent disease as 75% of breast cancers were
positive for ER [54]. South Africa ranks 50" on the countries list containing the highest
cancer prevalence rates. Furthermore, studies indicate that risks for breast cancer increase
with age and that 77% of breast cancer patients are over the age of 50 [61]. It is known that
breast tissue growth is estrogen-responsive, usually when the cells becomes tumorous,
oestrogen promotes a cancerous reaction that causes cell invasion as well as growth and
division [62]. There is, however, a strong connection between early detection and positive
patient outcome. The reason for early detection is to improve patient survival and disease
prognosis which may lead to cancer: prevention [63]. Endocrine therapies have positive
adverse-event profile for the treatment of women with hormone receptor-positive (HR+)
metastatic breast cancer. Additionally, these therapies are designed to block estrogen
signalling [64]. Two endocrine treatments which are mostly used for the treatment of early
hormone-responsive breast cancer patients at high risk belongs to a class of drugs called
selective estrogen receptor modulators (SERMs) or a different class named aromatase
inhibitors (Als), which has also been shown to be effective for breast cancer prevention,
though none are approved for this indication [65]. Despite the development of newer SERMs
such as toremifene (an analogue of tamoxifen), and the benzothiophene also known as
raloxifene, tamoxifen (brand name: Nolvadex) remains the SERM of first choice and is

commonly prescribed for the treatment of hormone responsive breast cancer [66]. There is
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currently a development of newer SEMs but none have so far proven to be as effective as

tamoxifen in the adjuvant therapy of breast cancer.

2.4.2 Tamoxifen metabolism

Tamoxifen is described as an ER antagonist that has been widely used as a treatment for
breast cancer patients since the early 1970s [65]. It is also described as a pro-dug since it is
extensively metabolised yielding several metabolites that are more potent antiestrogen than
the parent compound [67]. Unlike any other medicine in oncology, TAM is used to treat all
stages of breast cancer, in adjuvant therapy as a long-term suppressant of turmor recurrence
as well as a chemoprevantive agent in women at high risk of developing this type of estrogen-
dependant cancer. Several adverse effects have been recognised related with tamoxifen which
is either used as a chemotherapeutic or as a chemopreventive agent, against breast cancer
[51]. Several studies have shown that benefits of tamoxifen are greater with 5 years of
therapy than with 1 or 2 years since it reduces the reoccurrence and the mortality rate by one-
third in both pre-and post-menopausal women [68-70]. Interestingly, there may be some
additional benefits from tamoxifen including an observed reduction frequency of deaths from
myocardial bone loss [53]. Although the adverse effects of tamoxifen have been attributed to
its hormonal properties, currently there is a major interest which focusses on the study of
TAM bioconversion and recognition of metabolites since they have a tendency of acting as
chemical carcinogens [71]. In women, several phase | tamoxifen metabolism mostly occurs
through two pathways (Figure 8), 4-hydroxylation and N-demethylation, both of which
produce a secondary metabolite, endoxifen. Originally, the 4-hydroxylation path, which is
catalysed by diversified CYPs including CYP2D6, since it is given major consideration due
to the immediately resulting metabolite, 4-hydroxytamoxifen and endoxifen demonstrated its
antiestrogen effectiveness with an approximation of ~30-100-fold more than tamoxifen. Both
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enzymes participate in the formation of active metabolites. Importantly, N-desmethylTAM
comes from the CYP3A4/5-mediated catalysis of tamoxifen, which is regarded as the major
primary metabolite and accounts for approximately 92% of primary tamoxifen oxidation.
Usually in patients receiving tamoxifen therapy, serum concentrations for endoxifen are
found to be 6-12-fold higher than 4-hydroxytamoxifen and is believed that it can play also an
important role in vivo [72]. Thus, endoxifen is likely the most important metabolite required

for tamoxifen activity.

Tamoxifen (TAM) :
CYP2D6 4-hvdroxyTAM
and other CYP isoforms
CYP3A4, ’ CYP3A4
Y Pathway 1 and other CYP isoforms
' - C
/ O o
J O
N e H
¢ _ A OH
N-desmetyhITAM (intermediate) CYP2D6 Endoxifen
Figure 8: Reaction scheme for the biotransformation of tamoxifen.
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2.5 Conclusion

The rapid improvement in nanoscience and nanotechnology have led to the production of
several novel nanomaterials including quantum dots which stand unique owing to their
biocompatibility and stability. These fascinating properties make them to be very attractive
and appropriate for functionalisation of biomolecules such as enzymes in their matrices for
biosensor preparation. The growing market of biosensors field in point-of-care diagnostics
has aroused the development of novel, inexpensive sensor platforms that can compete
effectively to meet consumers’ needs. Moreover, the development of novel electrochemical
biosensor systems has been found to be extremely promising for improving the efficiency of
diagnostic testing and drug monitoring of tamoxifen. However, innovative studies based on
voltammetric behaviour for tamoxifen should be considered and accomplished to understand
its oxidative/reductive mechanism. The main reason for understanding tamoxifen mechanism
is that it would lead to the production of a breakthrough testing protocol for determining
appropriate dosing of tamoxifen for breast cancer patients and would be very applicable for
use at a doctor’s office to supply the full phenotype response pattern of a patient to treatment

with tamoxifen.
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CHAPTER THREE

Summary

In recent years, semiconductor quantum dots have been regarded as efficient luminescent
probes and labels for numerous biological applications since they display fascinating optical
and optoelectronic properties. Due to the approach used for the synthesis of QDs, they
essentially have organic ligands capping some of the surface atoms. 3-mercaptopropionic
acid (3-MPA) is one of the shortest chained mercapto acids and its unique reducing
properties make it ideal for use in colloidal quantum dot synthesis. This chapter describes the
various chemicals and analytical techniques employed, followed by a detailed experimental
procedure based on the synthesis of 3-MPA-PdTeQDs. Some techniques used for QDs
characterisation, such as electrochemical, microscopic and spectroscopic methods, are also
stated in the chapter. Furthermore, it gives an overview on the design, preparation and
application of the 3-MPA-PdTeQDs based electrochemical biosensor system for the detection
of indinavir drug. This work was used as a proof of principle for the preparation of

electrochemical phenotype biosensor systems.
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Palladium Telluride Quantum Dots Phenotype Sensor for Indinavir

Abstract

Biosensor for the determination of indinavir (a protease inhibitor ARV drug) was developed
with palladium telluride quantum dots. The biocompatibility of palladium telluride quantum
dots was achieved by surface functionalisation of the quantum dots with 3-mercaptopropionic
acid (3-MPA) as a capping agent, which also improved the stability and the solubility of the
material. The UV-Vis spectrophotometric analysis of the quantum dots revealed a broad
absorption band at ~ 320 nm (with a corresponding band gap, Eg, value of 3.87 eV), which
falls within the range of values expected for quantum dots materials. FTIR and
photolumiscence studies of the QDs confirmed the presence of the capping agent via the
specific COOH and CH: signature bands; furthermore, the QDs are fluorescent and exhibited
emission bands which shifted to shorter wavelegths from 510-460 nm and associated with
band gap energies (2.4 eV-2.7 eV). The biosensor was prepared by the self-assembly of
cysteamine on a gold electrode that was functionalised with 3-MPA-PdTeQDs, followed by
cross-linking ~ with ~ cytochrome  P450-3A4  (CYP3A4) using  1-ethyl-3(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-Hydroxysuccinimide
(NHS). The characteristic properties of cyclic voltammetric reduction peak at — 0.25V was
used to detect the response of the biosensor to indinavir. The developed electrochemical
biosensor system exhibited high sensitivity (0.0198 pA/nM) towards indinavir and gave low
limit of detection value of 0.042 mg L. The LOD value is lower than indinavir’s maximum
steady state plasma concentration, thereby indicating that the sensing device, in principle,

would be suitable for monitoring the drug in patient.
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3. Introduction

The synthesis and application of water-soluble QDs have generated great interest in various
fields of biology; in-bio-labelling [1], biosensing [2,3]. Compared to traditional organic
fluorescent labels, QDs are known to be superior in performance due to numerous advantages
such as brightness, extraordinary photostability, broad excitation wavelength range, and size-
tunable narrow, symmetric emission spectra ranging from 400 to 2000 nm and multicolour
light emission [4]. Their remarkable unique optical properties have inspired scientists and
provided an incredible platform for researchers to investigate their applications in different
fields such as electronic, molecular, and analytical chemistry. When functionalized with
amphiphilic bi-functional molecules such as mercapto carboxylic acids like 3-
mercapotpropionic acid (3-MPA), which is also reported in this study, the small sizes of QDs
can enhance the transfer of electrons during analysis [5]. Moreover, the functionalised QDs
would open the applications of these materials including health care, biomedical and
pharmaceutical industries, as well as bioanalytical chemistry [6]. In general, the issue of
biocompatibility should be considered in the construction of biosensors since the biological
recognition molecules used in the biosensors such as immobilized enzymes may lose their
activity at biologically incompatible environments [7]. Electrochemical detection of indinavir
can be improved by conjugation of suitable biomolecule into quantum dot modified electrode
due to their high specificity to their target analyte [8]. Thus, in this work we focussed on the
optical and electronic properties as well as the biocompatibility of 3-MPA-PdTeQDs, which
is applied as an alternative functional bio-materials in the development of electrochemical
phenotype biosensors for determination of protease inhibitor, indinavir drug. The
development of electrochemical phenotype biosensor was achieved by the incorporating 3-
MPA-PdTeQDs with cytochrome P450-3A4 (CYP3A4) enzyme on gold electrode surface for

the determination of protease inhibitor-indinavir.
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3.1 Experimental

3.1.1 Chemicals and sample preparation

All chemicals used in the experiments were of analytical grade and were used as purchased
without further purification. Palladium chloride (PdCl2, 99.9%), 3-mercaptopropionic acid
[HSCH2CH2CO2H] (3-MPA, > 99%), sodium hydroxide (NaOH, > 99%), sodium
borohydride (NaBH4, 98%), hydrogen chloride (HCI, 37 %) 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-Hydroxysuccinimide (NHS,
98%), sodium phosphate monobasic dihydrate (H2NaPO4-2H20, > 99%), disodium hydrogen
phosphate dibasic (Na2PO4-2H20 > 98%), cysteamine (> 98%) and human cytochrome P450-
3A4 enzyme (> 50 units/mg protein based on reductase activity) expressed in Saccharomyces
cerevisiae were purchased from Sigma Aldrich. 0.1 M phosphate buffer solution, pH 7.4 was
prepared from disodium hydrogen phosphate dibasic and sodium dihydrogen phosphate
monobasic using Milli Q water purification. The preparation of indinavir solution was
achieved by dissolving one capsule of Crixivan 400 mg (M.W. 711.88) purchased from
Merck & Co., Inc., NJ, USA, in 0.1 M PBS, pH 7.4. The obtained solution was sonicated for
30 min and stirred at 37 °C for 30 min. Clear solution of the drug was attained after filtration
using polytetrafluoroethylene PTFE syringe filter of 0.3 um pore size (Whatman). Millipore
ultrapure water (resistivity > 18.2 MQcm) was used throughout the experiments. The

preparations and synthesis of the materials were performed at room temperature (23 + 2 °C)

unless specified.
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3.1.2 Instrumentation.

Electrochemical measurements were performed using a 273A Potentiostat/Galvinostat
(Princeton Applied Research), wherein gold electrode, platinum wire and Ag/AgCIl (3 M
NaCl) acted as the working electrode, the counter electrode and the reference electrode,
respectively. Cyclic voltammetry (CV) experiments were performed over a potential range of
+15 V to -1.5 V and scan rate of 500 mV/s. Ultraviolet-visible (UV-Vis) absorption
measurements for the prepared PdTeQDs were obtained using 1 cm quartz cuvette on a
Nicolet Evolution 100 UV-Visible spectrophotometer (Thermo Electron, UK) over a
wavelength range of 200 to 800 nm. The photoluminescence (PL) spectra were recorded
using a Nanolog, Horiba NanoLog™ 3-22-TRIAX (USA), with double grating excitation and
emission monochromators, plus an imaging spectrograph for a second emission channel. The
excitation wavelength used was 340 nm. Fourier transform infrared (FTIR) spectra were
recorded on Perkin Elmer FTIR model 100 spectrophotometer, operating between 400 and
4000 cmtin order to characterise the presence of specific features of 3-MPA on PdTeQDs
surface. The high-resolution scanning electron microscopy micrograms (HRSEM) of the QDs
were imaged using a Ziess Auriga SEM operating at 50kV and high resolution-transmission
electron microscope (HR-TEM) equipped with an energy-dispersed spectroscopy (EDS)
detector was used to study the size and morphology of samples. Copper grid (Cu) was used as
sample holder for the immobilisation of (2 pL) solution of 3-MPA-PdTeQDs and the
micrographs were recorded at room temperature as presented in Figure 9. QDs were well
distributed on the copper grid surface, confirming the nature of the zero dimensional

structures.
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3.1.3 Synthesis of water-soluble 3-MPA-capped PdTeQDs

3-Mercaptopropionic acid-capped palladium telluride quantum dots (3-MPA-PdTeQDs) were
synthesized using a modified procedure [9]. First, palladium precursor was prepared in a
three necked-round bottomed flask by dissolving PdCl> (0.332 g, 1.875 mmol) and 3-MPA
(490 pL, 5.625 mmol) in 10 mL of deionised water, under nitrogen atmosphere and constant
stirring. The pH was adjusted to 11.4 by addition of 1 M sodium hydroxide (NaOH). In
another flask, tellurium precursor was prepared by mixing tellurium powder (Te) (0.319 g,
1.25 mmol) and sodium borohydride (NaBHa4) (0.189 g, 2.5 mmol) in 10 mL deionised water
and covered with aluminium foil at room temperature for 30 min until the solution attained a
light purple colour. Then, 5 mL of tellurium solution was injected into the nitrogen saturated
palladium precursor flask and a colour change was observed from reddish to dark orange
indicating the initiation of nucleation of QDs. The resulting solution was stirred and heated
(100 °C) and the aliquots were removed from the reaction medium at different time intervals

for the UV-Vis and PL analyses.

3.1.4 Preparation of 3-MPA-PdTeQDs/Au modified electrode

Gold disk electrode (AuE) of 3 mm in diameter was used as a working electrode for
voltammetric measurements. Prior to each measurement, the AuE was first polished carefully
with 1, 0.3 and 0.05 pum alumina slurries, respectively and then thoroughly rinsed with de-
ionised water after each polishing step. Then it was successively ultrasonicated for about 10
minutes with absolute ethanol and distilled water to remove any possible absorbed alumina
crystals on the AuE surface. An aliquot 4 pL of 3-MPA-PdTeQDs solution was gradually
deposited by drop-casting onto the gold working electrode and allowed to dry for 12 h in the

dark at 21°C.
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3.1.5 Preparation of the biosensor system

The cleaning procedure for the gold disk electrode has already been described in section
3.1.4. 200 pL of 0.02 M cysteamine aqueous solution was placed on a gold electrode surface
and kept in the dark for 24 h to form a monolayer. The Cyst/Au modified electrode was
functionalised with a 4 pL of a solution consisting of 3-MPA-PdTeQDs in the presence of 1-
ethyl-3-[3-dimethylaminopropyl] carbodiimide/N-Hydroxysuccinimide (EDC/NHS, ratio
1:1) for 12 h. The film of material on the electrode surface was rinsed with 0.1 M PBS, to
remove unbound PdTe quantum dots. A 3 pL CYP450-3A4 enzyme solution (used as
supplied) was then dropped onto 3-MPA-PdTeQDs/Cyst/Au modified electrode surface and
allowed to dry for 3 h, at 4 °C. The resulting CYP3A4/3-MPA-PdTeQDs/Cyst/Au was rinsed
gently with distilled water to remove any physically adsorbed enzyme and stored at 4 °C in

0.1 M PBS when not in use.

3.2 Results and discussion

3.2.1. Crystal structure of 3-MPA-PdTeQDs

Stabilising agents play an outstanding role in particle size reduction and distribution of
quantum dots [10]. In general, a capping agent that binds strongly with quantum dots surface
can effectively stabilise and form smaller sizes of as-prepared quantum dots [11-13]. High-
resolution TEM was mainly aimed at the determination of structural properties of the material
including size, shape as well as the chemical composition and the respective ratios of the
synthesised QDs. The 3-MPA-PdTeQDs micrographs observed in Figure 9 (a) and an insert
(b) revealed non-agglomerated, uniformly distributed spherical structures with well-resolved
lattice fringes [14-16] and are in diameter range of 3-5 nm [17]. The well resolved lattice
fringes confirmed the good crystallinity of 3-MPA-PdTeQDs [18,19]. Moreover, non-

agglomeration of nanoparticles resulted from electrostatic repulsion of negatively charged
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dehydrogenated carboxylic groups present in 3-MPA capping agent [20,21]. The energy
dispersive spectroscopy (EDS) spectrum shown in Figure 9 (c), confirmed the presence of
Pd, Te and S in the synthesised 3-MPA-PdTeQDs [22]. Additionally, these results were also
confirmed by FTIR measurements (Figure 12) [20]. However, the presence of Cu was
attributed to the copper grid used during sample preparation. The obtained results are similar
to the previous reports performed in our lab by various authors using different QDs capped
with 3-mercaptopropionic acid. For instance, Ndangili and co-workers [3] reported 3-MPA-
ZnSeQDs which revealed crystallinity and poly-dispersed QDs with average size 4 nm in

diameter.

Figure 9: HR-TEM micrographs of (a) 3-MPA-PdTeQDs, (b) inserted (zoomed) region 3-

MPA-PdTeQDs at 5 nm scale view. (¢) HR-TEM-EDS spectrum of 3-MPA-PdTeQDs

revealing chemical composition.
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3.2.2 Morphological properties of 3-MPA-PdTeQDs

The HR-SEM micrograph shown in Figure 10(A) provided morphological and compositional
information of the 3-MPA-PdTeQDs. As shown in Figure 10(A), the 3-MPA-PdTeQDs
exhibited agglomerated spherical bubbles with collection of different sizes approximately 200
nm [23]. The observed agglomeration was attributed to a small volume of stabilizing agent
used during the synthesis which caused an increase in the surface area to volume ratio and
hence increased the attractive forces between the nanoparticles thereby causing them to
agglomerate [24]. This observation was further confirmed by energy —dispersive X-ray
spectroscopy EDX in Figure 10(B), which revealed the presence of Pd, Te and S in
PdTeQDs sample which are the main components of the as-prepared material. These results

are in good agreement with results obtained in Figure 9(c).
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Figure 10 (A): HR-SEM micrograph of 3-MPA-PdTeQDs. (B) HR-SEM-EDX spectrum of

3-MPA-PdTeQDs and an insert region (C) reveal elemental composition of a selected region.
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3.2.3 Optical properties of 3-MPA-PdTeQDs

Palladium telluride quantum dots (PdTeQDs) have unique optical, electrical and thermal
properties and are being incorporated into various electrochemical biosensors [18]. The UV-
Vis and PL analysis were carried out to investigate the absorption, emission and excitation
wavelength of 3-MPA-PdTeQDs. The UV-Vis spectrum showing the optical properties of
PdTeQDs is illustrated in Figure 11 A. Three absorbance bands are observed at 240 nm, 275
nm and 320 nm, respectively. The first absorbance band appearing at higher energy (240 nm)
was attributed to the metal-to-ligand charge transfer (MLCT) while the absorbance band at
275 nm was ascribed to n—c* transitions of thiol groups on the 3-MPA [25]. PdTeQDs
exhibited a broad absorbance band at 320 which is associated with energy band gap of 3.87
eV (within the Eg value for QDs particles), that confirmed the successful synthesis of the
QDs. Due to the broad absorbance band of PdTe QDs distribution, the band gap difference
between different sizes of the QDs would be wider and hence result in an improvement of the
confinement of electrons and holes [26]. However, the absorption band around 410 nm due to
the absorption of Pd(Il) ions was not observed (Figure 11A), which is an evidence that Pd(11)

ions, which were present in PdCly, were reduced to Pd® [27].

Fluorescence spectroscopy is a powerful tool in biological research which relies greatly on
the availability of sensitive fluorescent probes [28]. The normalized PL spectra for the five
aliquots taken during synthesis are shown in Figure 11 B. The residual blue shift in emission
bands seen around 510-460 nm associated with band gap energies (2.4 eV-2.7 eV) were
attributed to the surface defects upon passivation of 3-MPA and PdTeQDs [29]. Additionally,
this blue shift of fluorescence emission bands over refluxing period provided an evidence for

the occurrence of the band-gap broadening phenomenon due to the quantum size effect which
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confirmed the successful coating of the PdTe core [30]. Furthermore, the broad emission
peaks observed indicated that the 3-MPA-PdTeQDs have broad dispersity which is in
accordance with the information obtained from the absorption spectra of these QDs (Figure

11A).
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Figure 11: (A) UV-Vis spectrum of 3-MPA-PdTeQDs in the region of 200-800 nm in 0.1 M
PBS, (pH 7.4) and (B) Normalized PL spectra of 3-MPA-PdTeQDs recorded at different

refluxing times for (a) 20 min, (b) 30 min, (c) 40 min, (d) 50 min, (e) 60 min, respectively.

3.2.4 Structural properties of 3-MPA-PdTeQDs

Further characterisation by FTIR was performed to evaluate structural properties of 3-MPA-
PdTeQDs. The FTIR spectral data acquisition was evaluated between 500 cm™ and 4000 cm-
! The IR spectra presented in Figure 12(a) revealed three distinct absorption bands at 1650
cm?, 2550 cm? and 1502 cm?, respectively. The exhibited absorption bands are

characteristic features of 3-MPA capping and are attributed to (vibration of carboxylic group)
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C=0 stretch, S-H stretch of the thiol group and CH. resulting from the carbon chain of 3-
MPA capping ligand [31]. The typical absorption band observed around 3250 cm™ was
ascribed to the stretching and in plane bending vibration of O-H [32]. However, the
disappearance of S-H stretch and a decrease in C=0 stretch confirmed the formation of S-

PdTe bonds between 3-MPA and PdTe core [33] as indicated in Figure 12(b).
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Figure 12: FT-IR spectra of (a) 3-MPA capping agent and (b) 3-MPA-PdTe QDs.

3.3 Electrochemical properties of the biosensor materials

3.3.1 Electrochemistry of 3-MPA-PdTeQDs

The electrocatalytic properties of 3-MPA-PdTeQDs modified electrode and bare Au electrode
were studied by cyclic voltammetry (CV). For the bare electrode (Figure 13B), the
voltammetric response revealed one cathodic peak at E,_ =0.46 V and interestingly one
anodic peak around E;_ =0.83 V, which reflected the reduction and subsequent oxidation

of the gold oxide [34]. When 3-MPA-PdTeQDs were deposited on a gold electrode surface, a
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distinctive number of cathodic peaks were observed E,, = 0.12 V (peak A1), -0.05 V (peak
A2), -0.252 V (peak Asz), -0.75 V (peak As) and -1.1 V (peak As) (Figure 13, black line)
while three distinct anodic peaks appeared at {1.2 V (peak C1), 0.45 V (peak C>) and -0.33 V
(peak C3)}, respectively. For peak (A:), the observed cathodic peak was attributed to Te**
ions generated from QDs oxidation. Additionally, the observed cathodic peak (A2)

corresponded to the reduction of Te** to Te® while the cathodic peak (As) was responsible for

further reduction of Te® to Te* [35]. In contrast, peak (A) appeared at higher current than
(A3), thus indicating that both A, and As are associated with the reduction of metallic
oxidation of the QDs. A characteristic cathodic peak (As) observed at about -0.75 V, was
most likely associated with the reduction of the PdTeQDs. Literature suggested that the QDs
size along with the nature of the capping agent and pH of the electrolyte solution can
influence the electrochemistry of the as-prepared QDs material. It should be noted that the
observed anodic peaks (Ci) and (Cz) were attributed to Pd?" ions generated from the
oxidation of PdTeQDs and the interaction between the metal-to-ligand charge transfer i.e.
(PdCl,-3-MPA) [36], however, the observed anodic peak (Cs) corresponded to the oxidation

of PdTeQDs. The obtained results are in good agreement with the obtained UV-Vis results.

67

http://etd.uwc.ac.za



0.00014

0,00007 4 0,000004 -
g g
£ £
o 0.00000+ g
5 3
Q O 0.000000-
-0.00007
. . 046V
B 05 00 05 10
45 40 05 00 05 10 15 Potential (V)

Potential (V)

Figure 13: CVs of A(b) 3-MPA-PdTeQDs/Au modified electrode and (B) Bare Au electrode
measured at a potential window (1.5 to -1.5 V), scan rates 5-21 mV/s in 0.1 M PBS, pH 7.4,

performed under anaerobic conditions.

3.3.2 Biosensor responses to indinavir drug

Figure 14 (A) shows the cyclic voltammetric responses of the biosensor under aerobic
conditions, in the presence and absence of indinavir. The aerobic conditions in the reaction
was necessary for the monooxgyenation reaction to form Fe-O centre [37]. The
voltammograms showed that as the potential was scanned from +1.5 V to -1.5 V, the cathodic
peak currents steadily increased to a maximum value until the saturation point was reached.
As can be seen, the CV responses of the biosensor system in the absence of indinavir
consisted of reduction and oxidation waves, with cathodic peaks and anodic peaks, at
potential values of (-0.25 V, -0.5V, -0.75 V and 0.25 V -1.1V) and (0.25 V and 0.5 V),

respectively. When different concentrations of indinavir were added, a remarkable
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enhancement of the cathodic peak currents and slight shifts were obtained in the presence of
oxygen binding to the active site of the (HEME) group of the enzyme [38]. This characteristic
process has been documented in literature reports about biosensor studies with P450 [39].
Compared to other reduction peaks, the major cathodic peak considered for indinavir
responses appeared at -0.25 V. It is known that the binding of substrates to the ferric CYP
(Fe'") changes the spin state from low spin to high spin and makes the redox potential of the
enzyme shift towards more positive potentials, thus promoting the electron transfer to and
from the electrode system [40,41]. In addition, the CYP3A4-1DV binding at -0.25 V boosted
the reduction of CYP to its ferrous form, resulting in a faster oxygen binding. Therefore, the
observed characterisitc features of the modified electrode offer enormous promise for its
sensing applications. The calibration curve drawn from linear regression is shown in Figure
14 (B) which exhibited a dynamic linear range (DLR) of 0.001-0.009 nM and the biosensor’s
sensitivity was determined to be 0.0198 HA/nM. The very low concentration of indinavir
tested (0.042 mg L) is lower than the median value (10 ng/mL) of the maximum plasma
concentration (Cmax), normally measured 8 h after drug intake. This indicates that the
developed biosensor system is suitable for measuring the low concentrations of indinavir and

can be customised for higher concentrations.
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Figure 14: (A) CV responses of CYP3A4/3-MPA-PdTe QDs/Cyst/Au to indinavir in 0.1 PBS
(pH 7.4) at 500 mV/s. (B) Calibration curves drawn from linear region of the biosensor

system.

3.4 Conclusion

A highly sensitive, selective and producible electrochemical biosensor system based on the
combination of 3-MPA-PdTeQDs and CYP3A4 was characterised by a low detection
potential of -0.25 V. HR-TEM and HR-SEM studies revealed that the PdTeQDs are spherical
in shape with average diameter of 3-5 nm. UV-Vis spectrophotometer, PL and FTIR analysis
confirmed the biocompatibility, stability and semiconductivity of 3-MPA-PdTeQDs. The
obtained biosensor platform served as an appropriate host for enzyme immobilization for the
development of a user-friendly and inexpensive biosensor for Indinavir. Calibration curve
drawn from linear region was used to determine the sensitivity (0.0198 pA/nM), dynamic
linear range DLR (0.001 nM-0.009 nM) and detection limit (0.042 mg L) of the biosensor

system. From these results, we can conclude that biosensor construction method developed in
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this study possesses excellent acceptable stability and good reliability. Additionally, this
indicates that CYP450-based biosensor systems represent a powerful nanotechnology suitable
for determining indinavir drug and may be used to develop point-of care and low cost devices

for personalized therapy.
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CHAPTER FOUR

Summary

Over the past few years, there has been an expanded interest in the use of enzyme-based
electrochemical biosensors since the attraction has focussed on enzyme electrodes regarding
their massive potential for applications in many areas ranging from health care, food safety
and environmental monitoring. A rather limited number of enzymes were preferred for the
monitoring of clinical metabolites particularly from the group of cytochrome P450 enzymes
and oxidases. However, the ongoing research in this field is still focused on the improvement
of sensor properties by new sensing approaches. Additionally, the sensitivity and complete
performance of enzymatic biosensors has improved enormously because of incorporating
nanomaterials such as quantum dots in their fabrication. Hence in this chapter we describe
the method of biosensor fabrication by immobilization of cytochrome P450-3A4 enzyme onto
TGA-PdTeQDs modified gold electrode. The developed electrochemical biosensor and its
individual components were characterized using electrochemical (CV), spectroscopic (UV,

and FTIR) and microscopic (HR-SEM) techniques, respectively.
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Biocompatible Thioglycolic Acid-Palladium Telluride Quantum Dots-

Based Indinavir Sensor

Abstract

An electrochemical drug metabolism biosensor system comprised of cytochrome P450-3A4
(CYP3A4) enzyme and thioglycolic acid capped palladium telluride quantum dots (TGA-
PdTeQDs) on a gold disk electrode was developed for the determination of indinavir, a
protease inhibitor antiretroviral drug. Optical properties of the novel TGA-PdTeQDs were
confirmed by UV-Vis spectrophotometry which produced an absorption band at ~320 nm that
corresponded to energy band gap values of 3 eV. Furthermore, the FTIR studies revealed a
successful incorporation of thioglycolic acid into PdTe surface due to the disappearance of -
SH stretch from PdTeQDs spectra. The electrocatalytic properties of electrochemical
biosensor system was studied by cyclic voltammetry (CV) for which the characteristic
reduction peak at -0.9 V was used to detect the response of the biosensor to indinavir. The
biosensor system was very sensitive towards indinavir and gave sensitivity value of 1.18
HA/nM and low limit of detection (LOD) value of 0.09 mg L. The obtained detection limit is
well below the plasma concentration (Cmax) of indinavir (8 h after intake) which range from

0.13t08.6 mg L.
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4. Introduction

Cytochrome P450 enzymes (CYP450s) comprise a supper-family of enzymes that play an
important role in metabolism of a diverse range of xenobiotics, including therapeutic drugs
and countless toxins as well as carcinogens and synthesis of steroid hormones [1-3]. As a
member of CYP family, cytochrome P450-3A4 (CYP3A4) is regarded to be a major form of
P450 expressed in human liver since it metabolises the majority of therapeutic drugs and was
employed in this study for metabolism of a protease inhibitor antiretroviral drug, indinavir
[4,5]. The characteristics of this isoform have attracted the field of pharmacology and
virology for study of newly developed drugs and their monitorisation [6,7]. Literature
suggests that the expression of each CYP is normally influenced by exclusive combination of
factors including genetic polymorphisms, induction by xenobiotics, regulation by cytokines,
hormones and during disease states, as well as sex, age, and others [8]. However, in the
process of drug metabolism which is mainly mediated by CYPs, the interactions between
drug-drug and drug-food can result into major effect such as toxicities and lead to specific
pharmacogenetic phenotype characteristics termed as poor, intermediate, extensive, and
ultrarapid metabolizers [9,10]. Therefore, the characterisation of CYP450 enzymes remains
the major issue in pharmacokinetic and toxicokinetic metabolic pathways. Several studies
have been conducted to explore the drug metabolic pathway by introducing different systems
including biocatalytic systems, electrochemically driven enzymatic system, electrochemical
oxidation systems, and other types of in vitro systems [11,12]. Over the past few years, the
attention has been focussed on CYP450 enzymes for the development of bioelectrodes for
both analytical and bioelectrocatalytic purposes [13,14]. In this case, the use of appropriate
biosensor systems would be a good alternative since they are generally of small size, capable
of continuous measurements and can measure analytes faster at a very low cost compared to

traditional methods. Remarkable achievements in drug metabolism field can be attributed to
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applications of QDs since they possess specific features such as, high reactivity, ease of
dispersability and good biocompatibility and therefore have great potential applications in
biosensors and biomedicine. Previous studies from our lab based on CYP3A4 drug
metabolism biosensor systems have been reported. For instance, Nxusani and co-workers
[15] and Ignaszak and co-workers [16] employed CYP3A4 enzyme (isoform known to
metabolise about 34% of therapeutic drugs which are currently on the market) in conjunction
with QDs for the determination of drug metabolite 17R-estradiol and a protease inhibitor
antiretroviral drug, indinavir. This chapter highlight an approach for the determination of
indinavir drug using the combination of novel thioglycolic acid-capped palladium telluride

quantum dots (TGA-PdTeQDs) and CYP3A4 modified gold electrode system.

4.1 Experimental

4.1.1 Chemicals and sample preparation

All chemicals used in the experiments were of analytical grade and were used as purchased
without further purification. Palladium chloride (PdCl;, 99.9%), thioglycolic acid
[HSCH2CO2H] (TGA, > 99%), sodium hydroxide (NaOH, > 99%), sodium borohydride
(NaBH4, 98%), hydrogen chloride (HCI, 37 %) 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), N-Hydroxysuccinimide (NHS, 98%), sodium phosphate
monobasic dihydrate (H2NaPO4-2H20, > 99%), disodium hydrogen phosphate dibasic
(Naz2P0O4:2H20 > 98%), cysteamine (> 98%) and human cytochrome P450-3A4 enzyme (> 50
units/mg protein based on reductase activity) expressed in Saccharomyces cerevisiae were
purchased from Sigma Aldrich. 0.1 M phosphate buffer solution, pH 7.4 was prepared from
disodium hydrogen phosphate dibasic and sodium dihydrogen phosphate monobasic using
Milli Q water purification. The preparation of indinavir solution was achieved by dissolving

one capsule of Crixivan 400 mg (indinavir sulfate, M.W. 711.88) purchased from Merck &
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Co., Inc., NJ, USA, in 0.1 M PBS, pH 7.4. The obtained solution was sonicated for 30 min
and stirred at 37 °C for 30 min. Undissolved components were removed by filtering the
formed suspension through a Whatman polytetrafluoroethylene (PTFE) syringe filter (pore
size 0.3 um) into a clean storage bottle. The solution was used as stock indinavir solution
from which all the other working solutions were prepared using appropriate dilutions with 0.1
M phosphate buffer solution (PBS). Millipore ultrapure water (resistivity > 18.2 MQcm) was

used throughout the experiments.

4.1.2 Instrumentation

Voltammetric experiments were carried out using a Model 273 A Potentiostat/Galvanostat
system guarded by the software Model 270/250 (both from EG&G Princeton Applied
Research Corporation, USA). A conventional three-electrode system was used with modified
gold disk electrode (3 mm diameter) as the working electrode, a platinum wire as the counter
electrode, and Ag/AgCl (3 M NacCl) as a reference electrode. To evaluate the electrocatalytic
behaviour of the biosensor materials on gold electrode, the cyclic voltammetric experiments
were performed in 0.1 M PBS over a potential range of +1.5 V to -1.5 V at a scan rate of 500
mV/s. The morphological evaluation of the biosensor materials including TGA-PdTeQDs,
Cyst, and CYP3A4 respectively, was carried out by a high resolution-scanning electron
microscopy (HRSEM) (Carl Ziess Auriga-SEM) system with a Gemini-column and an
EDAX EDX-detector operated at 20 kV using various magnifications. Ultraviolet-visible
(UV-Vis) absorption measurements for the prepared PdTeQDs were obtained using 1 cm
quartz cuvette on a Nicolet Evolution 100 UV-Visible spectrophotometer (Thermo Electron,
UK) over a wavelength range of 200 to 800 nm. The photoluminescence (PL) spectra were
recorded using a Nanolog, Horiba NanoLog™ 3-22-TRIAX (USA), with double grating

excitation and emission monochromators, plus an imaging spectrograph for a second
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emission channel and excitation wavelength used was 360 nm. Fourier transform infrared
(FTIR) spectra were recorded on Perkin EImer FTIR model 100 spectrophotometer, operating

between 4000 and 400 cm™.

4.1.3 Synthesis of water-soluble TGA-PdTeQDs

Using a bottom-up approach, colloidal TGA-PdTeQDs were prepared according to method
described by Zhang and co-workers [17], with some modifications. In a typical synthesis,
PdCl, (0.332 g, 1.875 mmol) and thioglycolic acid (TGA) (392 uL, 5.625 mmol) were
dissolved in 10 mL of deionised water in a three-neck round bottomed flask, followed by
adjustment of the pH to (11.2-11.8) by addition of 5 M NaOH solution. The mixture was
stirred and bubbled by N2 gas for 30 min. Then, a freshly prepared NaHTe solution was
prepared by mixing tellurium powder (0.254 g, 1.25 mmol) and NaBH4 (0.151 g, 2.5 mmol)
in 10 mL deionised water and heated to 80 °C for 30 min until the solution attained a light
purple colour. In the synthesis of the PdTeQDs, the molar ratio of Pd**/TGA/Te used was
1.5:3:1. Then, 5 mL of NaHTe solution was injected onto (PdCIl, and TGA) solution and a
colour changed was observed from reddish to orange then greenish colour after some time.
After injection, the resulting solution was refluxed at 100°C and aliquot portions were
collected at defined time intervals for PL measurements. The reaction was quenched by
immediately washing the QDs several times with ice cold distilled water, followed by
centrifugation to remove any excess starting material. The supernatant was discarded, and the

precipitate was re-dispersed in distilled water and stored in the fridge for further use.
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4.1.4 Preparation of cysteamine monolayer onto the gold electrode surface

A gold disk electrode of 3 mm diameter used for the experiments was polished carefully with
alumina slurry (1 um, 0.3 um down to 0.05 pm) respectively, on a polishing cloth and rinsed
repeatedly with water to obtain a mirror like surface. The electrode was then subjected to
ultrasonic vibration in both absolute ethanol and Milli-Q water to remove residual alumina
particles that might be trapped at the surface. The cleanliness of the bare electrode surface
was achieved by depositing it in 0.5 M H>SO4 and scanning the potential between 0.0 and 1.5
V (vs. Ag/AgCl wire) at a scan rate of 50 mV/s until a reproducible scan was obtained. The
Cyst/Au modified electrode was formed by incubating the cleaned Au electrode into 200 pL
of 0.02 M cysteamine aqueous solution at room temperature in darkness for 24 h [18]. Gold
surfaces are susceptible to formation of the covalent Au-S bond with thiol (S-H) group of the
cysteamine monolayers because the thiol group has great affinity for gold metal surfaces.
Then, the modified electrode was carefully rinsed with water to remove any physically

adsorbed Cyst before conducting electrochemical experiment.

4.1.5 Preparation of the biosensor system

Cysteamine was used as a linking agent for biosensor preparation by forming a monolayer of
the linker on the surface of the 0.021 cm? gold electrode due to gold-sulphur interaction. The
cysteamine-functionalised Au electrode (Cyst/Au) was activated by dipping it into a solution
containing EDC and NHS in a ratio 1:1 for 30 min, followed by the drop-casting of 4 L of
TGA-PdTeQDs aqueous solution and keeping it to cure for 12 h affording TGA-
PdTeQDs/Cyst/Au electrode [19]. 3 pL of 100 pmol/pL CYP3A4 enzyme sample (i.e. 300
pmol CYP3A4) was then drop-casted onto the TGA-PdTeQDs/Cyst/Au electrode surface and
incubated at 4 °C for 3 h, allowing the protein to be homogeneously adsorbed onto the TGA-
PdTeQDs/Cyst/Au modified electrode. The resulting CYP3A4/TGA-PdTeQDs/Cyst/Au
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bioelectrode (biosensor) was rinsed gently with distilled to remove any physically adsorbed

enzyme and was kept at 4 °C in 0.1 M PBS, pH 7.4 when not in use.

4.2 Results and discussion

4.2.1 Optical properties of TGA-PdTeQDs

Figure 15 A shows the UV-Vis spectra of TGA-PdTeQDs which revealed three absorbance
bands at 245 nm, 320 nm and 410 nm, respectively. The band appearing at 245 nm was
attributed to the ligand-to-metal charge transfer i.e. the interaction between thioglycolic acid
(TGA) which acts as a stabilizing agent for QDs and palladium (Il) ions [20]. In addition,
TGA is regarded as one of the most commonly used capping agent for agueous synthesis of
QDs since it binds strongly to the surface of QDs and improves the charge transport [21-23].
Interestingly, palladium telluride quantum dots exhibited a broad absorption band at 320 nm
associated with energy band gap of 3 eV. Moreover, the absorbance band appearing at 410

nm corresponded to Pd (I1) ions present in the reaction mixture [24].

The major key parameters to be considered during the colloidal QDs synthesis include
reaction temperature and time. A longer refluxing time usually shifts the excitonic absorption
and PL emission peaks to longer wavelengths indicating the growth of nanocrystals [25].
Figure 15 B revealed absorption characteristics of TGA-PdTeQDs under the excitation
wavelength (360 nm). The observed broad emission bands from 411-421 nm revealed an
obvious red shift with increasing reaction time leading to quantum confinement size effect
[26]. This effect allows the tuning of the energy-band gap with changes in quantum dots size.
Moreover, the broad emission bands indicated that the TGA-PdTeQDs have broad dispersity
which is in accordance with the information obtained from the absorption spectra of these

QDs. Furthermore, the dissolution of the small quantum dots and size increment of the larger
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ones indicated that TGA-PdTeQDs colloidal quantum dots experience typical Ostwald
ripening [27]. The band gap energies calculated for TGA-PdTeQDs were found to be 2.95 eV
for fluorescence and 3 eV for UV-Vis, respectively. The values obtained from the two
techniques are significantly comparable and confirmed that the TGA-PdTeQDs are more

electrically conductive (semiconductor).
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Figure 15: (A) UV-Vis of TGA-PdTeQDs in the region of 200-800 nm in 0.1 M PBS (pH
7.4) and (B) normalized PL for TGA-PdTeQDs excited at 360 nm for (a, black line) 30 min,

(b, red line) 40 min, (c, green line) 50 min and (d, blue line) 60 min, respectively.

4.2.2 Structural properties of TGA-PdTeQDs
FTIR spectroscopy was employed to investigate the characteristic features of organic capping
agent adsorbed onto the surface of synthesized PdTeQDs. It was expected that the thiol group

(-SH) of the thioglycolic acid which is hydrophilic would covalently bind with the
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hydrophobic surface of the quantum dot while the carboxylic acid group (-COOH) extends
water molecule to make the quantum dot soluble and can be conjugated with bioagents,
enabling their application in biosensor fabrication [28]. Figure 16 represents the FT-IR
spectra of (a) TGA (black line) and (b) TGA-PdTeQDs (red line). The spectrum of TGA
exhibited five absorption bands at ~2950 cm™!, 2550 cm™!, 1660 cm™!, 1402 cm™! and 1213
cm™!, respectively and were attributed to an O-H stretch (which confirmed the good
dispersion of the quantum dots in water and other biological media), S-H stretch, C=0
stretch, which represents the carboxyl group and existence asymmetric stretching of C-H
[29,30]. In contrast, the spectra of the capped PdTeQDs sample displayed absorption bands
assigned to the carboxylate anion of the surface ligands. The presence of the carboxylate
anion in the QDs developed during the synthesis process, which employed NaOH to adjust
the pH to 11.5 and therefore deprotonated the COOH group. However, the shift in
wavenumbers and the decrease in C=0 stretch as well as the disappearance of S-H stretch
confirmed the formation of S-PdTe bonds between TGA and PdTe core [31] as indicated in

Figure 16 (b).
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Figure 16: FTIR spectra for (a) TGA capping agent and (b) TGA-PdTeQDs.

4.3 Electrochemistry of the biosensor platform

4.3.1 Electrochemistry of cysteamine and TGA-PdTeQDs on gold electrode

The catalytic properties of TGA-PdTeQDs and Cyst modified electrodes were studied by
cyclic voltammetry (CV). Figure 17A shows cyclic voltammograms of bare AukE (black line)
and Cyst/Au (red line) modified electrode. For the bare electrode, anodic and cathodic peaks
emerged at E,, = (0.88 V, 1.5 pA) and E,_ = (0.49 V, 7.1 pA), respectively. The observed
peaks corresponded to the reduction of gold oxide and one oxidation peak attributed to the
formation of gold oxide during surface oxidation [32,33]. Sulphur compounds such as thiol
groups (S-H) have a strong affinity to gold surfaces and their bond strength is approximately
10 KT [34]. In comparison with bare Au, Cyst/Au modified electrode exhibited a pair of redox
peaks with slight shift to more negative potential and intensification in peak current because
cysteamine accelerated electron transfer rate on the electrode surface [35,36]. The anodic

peak observed at E,_, = (0.77 V, 1.65 pA), was due to adsorption of the thiol group on a gold
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surface while the cathodic peak appearing a E;. = (0.46 V, 7.8 pA) was ascribed to
chemisorption of the thiol group [37,38]. Moreover, the background current of Cyst/Au
increased greatly because cysteamine formed monolayers at gold surface. Most papers
confirmed that there is a strong affinity between gold surface and sulphur atom [39] due to
the existence of —SH in cysteamine which can be adsorbed on the gold surface naturally [40].
Furthermore, the thiol groups are usually employed to attach molecules onto the electrode
surfaces for bioanalysis and other modified surface applications such as wetting, corrosion

protection and sensor development [41].

When TGA-PdTeQDs were deposited on a gold electrode surface, five reduction peaks were
observed at -0.05 V (peak A1), -0.4 V (peak Az), -0.75 V (peak Agz), -1.1 V (peak As), and -
1.4 V (peak As) with two anodic peaks which appeared at 0.4 V (peak C1) and 1.2 V (peak
C>). The observed reduction peak at -0.05 V was attributed to the reduction of Te** to Te°

whereas the reduction peak at -0.4 V corresponded to further reduction of Te® to Te* [42].

Moreover, the characteristic reduction peak obtained at -0.75 V was attributed to PdTeQDs.
As can be seen in (Figure 17 B, red line), the exhibited reduction peak at -1.1 V was
attributed to metal to ligand electron charge transfer (i.e. palladium (I1) ions and thioglycolic
acid) [43], while the reduction peak at -1.4 V which appeared at more negative potential and
overshadowed reduction peaks A; to A4 was attributed to the reduction of Pd* to Pd® [44].
Furthermore, the difference between the anodic and cathodic peak potentials increases on
decreasing the size of the QDs, as expected from the quantum confinement of the charges
[45]. When the potential was scanned on the forward direction (positive) represented by a
(blue dotted line) from -1.5 V to +1.5 V, the observed anodic peak at 0.4 V was due to
oxidation of TGA (S-H group) while the anodic peak observed at 1.2 V corresponded to Pd?*
ions which were generated from the oxidation of PdTeQDs and appeared at more positive

potential. Literature suggests that the oxidation of transition metals normally occur at more
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positive potentials [46]. This, therefore confirmed the proposed structure of TGA stabilizing
agent on PdTeQDs with the sulphur atoms of TGA surface bound onto PdTe core [47]. The

obtained results are in good agreement with FTIR results.
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Figure 17: CVs of biosensor platform measured at a potential window (0.2 to -0.85 V) in 0.1
M BBS (pH 7.4) under anaerobic conditions for (A, red line) Bare Au and (A, black line)
Cyst/Au. (B) CV measurement for (B, black line) Au and (B, red line) TGA-PdTeQDs,

respectively.
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4.3.2 Direct electron transfer of CYP3A4 on gold electrode

Direct electrochemistry of proteins can be employed to create a desirable model for
fundamental study of the redox behaviour of the proteins in biological systems. This would
give a full detailed explanation about the mechanisms of redox transformations of protein
molecules as well as their metabolic processes involving redox transformations [48]. Several
attempts have been made to improve the electron transfer of heme proteins by modifying
electrodes with desirable matrix [49]. In addition, studies of direct electron transfer between
proteins and electrodes can provide a platform for fabricating biosensors in patient tailored
(personalized) medicine, enzymatic bioreactors, and biomedical devices [50]. However,
adsorption of proteins directly to an electrode has proven to be very difficult and often results
in denaturation of the biomaterial through the intrinsic instability of such enzymes [51,52].
Even though there are a few reports of useable biosensors, the major key parameter for a
successful enzymatic biosensor assembly is the introduction of a mediator which will
enhance the electrons transfer process to and from the electrode system [53]. Figure 18 (a)
shows CV of CYP450-3A4 immobilised on the electrode surface. Two cathodic peaks were
observed at -0.05 V (peak C1) and -0.6 V (peak C>), respectively with one anodic peak which
appeared at -0.08 V (peak D1). The observed cathodic peak at -0.05 V was attributed to the
reduction of the heme group from CYP3A4 (Fe'') to CYP3A4 (Fe') in the presence of
oxygen [54] while the reduction peak at -0.6 V was ascribed to monooxgyenation process.
Moreover, the oxidation peak at -0.08 V appeared at a very high current intensity due to the
re-oxidation of CYP3A4 (Fe'") to CYP3A4 (Fe''). The estimated potential value for the
immobilized CYP3A4 enzymes is not the same as other researchers reported [55]. This may
be attributed to the possible differences in the heme centre of P450 in solution and its

immobilized state.
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Quantum dots have been used in biochemistry to provide efficient electron transport and are
suitable and stable matrix for enzyme incorporated onto gold electrode. In comparison with
CYP3A4/Au, CYP3A4/TGA-PdTe/Cyst/Au exhibited three cathodic peaks at 0.3 V (peak
A1), -0.06 V (peak A2) and -0.7 V (peak Asz) with three anodic peaks at -0.07 V (peak B1), 0.5
V (peak B2) and 1.1 V (peak Bz), respectively. The observed reduction peaks were attributed
to the redox of the electroactive heme centre of the immobilized protein coupling between —
NH2 and —-COOH of TGA-PdTeQDs acted as a mediator by shuttling electrons to and from
the enzyme to speed up the reaction [50]. Such results may be ascribed to characteristic
features of TGA-PdTeQDs which allow them to provide favourable microenvironment for
the orientation of biomolecules [56]. An investigation regarding the direct electrochemistry of
CYP3A4 using mediated films to improve the electron transfer between the heme proteins

was done [57].
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Figure 18: CVs measured at a potential window -1.5 V to +1.5 V in 0.1 M PBS at a scan rate

of 500 mV/s under aerobic conditions for (a) CYP3A4/Au modified electrode and (b)
CYP3A4/TGA-PdTeQDs/Cyst/Au biosensor system.
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4.3.3 Electrocatalytic responses of the biosensor system

Cyclic voltammetry (CV) is regarded as one of the commonly used techniques in
electrochemistry for biosensing applications. Compared to other electroanalytical techniques,
CV is considered to be the most appropriate in the case of CYP450 enzymes, because of the
uncertainty of CYP reduction peak potentials. Figure 19(a) shows the cyclic voltammetric
responses of the biosensor under aerobic conditions, in the presence and absence of indinavir.
The aerobic conditions in the reaction were necessary for the monooxgyenation reaction (i.e.
the binding of molecular oxygen (O2) to CYP3A4 (Fe?") to form Fe-O centre in order to
observe enzyme-oxygen substrate interactions. The voltammograms showed that as the
potential was scanned from -1.5 V to +1.5 V, the reduction currents steadily increased to a
maximum value until the saturation point was reached. About five cathodic peaks were
observed at 0.9 V (peak A1), 0.3 V (peak Az), -0.3 V (peak Az), -0.7 V (peak As) and -0.9 V
(peak As) with interestingly four anodic peaks which appeared at -0.2 V (peak B1), 0.25 V
(peak B2), 0.75 V (peak Bz) and 1.0 V (peak Bs4). The catalytic responses were attributed to
the biosensor materials present on the electrode surface with slight shifts and increasing
currents. The overlapping cathodic responses observed at -0.7 V (peak As) and -0.9 V (peak
As) with increasing indinavir concentrations were ascribed to the filled d-orbital of
palladium, since indinavir donates electrons through nitrogen group as well as coupling of the
(Fe'") to (Fe'") electrode process to the binding oxygen [58]. Moreover, the obtained cathodic
response observed at -0.9 V was chosen as a peak of interest since it obtained much higher
peak currents compared to peak Ai-As, which were attributed to cysteamine and QDs). The
rate of this binding of oxygen increased in the presence of indinavir. Thus it would be
possible to observe catalytic signal due to the coupling of the (Fe®*) to (Fe?") electrode
process to the binding oxygen. This binding inhibited the electrochemistry of cysteamine and

TGA-PdTeQDs. Figure 19(b) shows the calibration plot drawn from the linear region of the
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biosensor for indinavir. The biosensor’s sensitivity was determined to be 1.18 uA/nM, and

the detection limit value of 0.09 mgL™. From in vivo studies, the maximum plasma

concentration (Cmax), of indinavir (8 h after intake) range from 0.13 to 8.6 mgL™! [59]. The

Cmax values fall within the low detection limit of CYP3A4/TGA-PdTeQDs/Cyst/Au biosensor

system and its dynamic linear range. This indicates that the biosensor is suitable for

measuring the low concentrations of indinavir and can be customised for higher

concentrations.
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Figure 19: CVs measured at a potential window -1.5V to +1.5V in 0.1 M PBS at a scan rate

of 500 mV/s under aerobic conditions for (a) CYP3A4/TGA-PdTeQDs/Cyst/Au modified

electrode and (b) calibration curve drawn from a linear regression of the biosensor.
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4.3.4 Stability of the biosensor

The stabilisation and storage of enzymes and other proteins are of great interest in several
application areas where shelf life and stability during operation are required [60]. During the
last few years, several studies have focused on improving the stability of enzymes for use in
biosensors and bioreactors [60], because increasing the long-term stability of enzymes on the
electrode may extend the lifetime of biosensors [61]. In this study, the stability and
reproducibility of the biosensor was examined by leaving the electrode for hours in the fridge
(4 °C) [62]. CV measurements were taken at different time intervals {i.e. initial (black line),
1 h (red line), 3 h (green line) and 7 h (blue line)} to monitor the electrocatalytic responses of
the biosensor system as illustrated in Figure 20(a). The magnitude of the cathodic currents
observed at -0.35 V (peak A2) and -0.9 V (peak As) were increasing with time whereas the
anodic peak currents at -0.6 V (peak C1) and -0.1 V (peak C.) were unstable and unresolved
which were attributed to the products of the QDs and re-oxidation of CYP3A4 (Fe') to
CYP3A4 (Fe'"), respectively. However, the decreasing anodic peak observed at 0.7 V (peak
Cs) was attributed to the adsorbed cysteamine. Figure 20(b) shows the calibration curve
taken at a potential of -0.9 V (characteristic peak of interest) which gave a sensitivity value of
0.01 pA/h, mean value of 3.0, and standard deviation (SD) value of 0.184 and activity
response of 6.1%. The loss of the activity response observed may be due to storage and
changes of temperature undergone by the biosensor system hourly from the storage
temperature to the working temperature [63]. However, the CYP3A4/TGA-
PdTeQDs/Cyst/Au biosensor system still improved stability retaining 93% of its initial
response up to 7 h. Therefore, these results indicate good reproducibility and stability of the
biosensor and have proven that the biosensor can be used for several analysis without losing

its activity [64].
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Figure 20: CVs measured at a potential window -1.5 VV to +1.5 V in 0.1 M PBS at a scan rate
of 500 mV/s under aerobic conditions for (a) CYP3A4/TGA-PdTeQDs/Cyst/Au modified

electrode and (b) calibration curve drawn from a linear regression of the biosensor.

4.4 Microscopic measurements of the biosensor materials

4.4.1 Microscopic properties of the biosensor

In Figure 21 (a-d) the high-resolution scanning electron micrographs (HR-SEM) of the
various stages of electrode modification are shown. The HR-SEM micrograph in Figure
21(a) shows the morphology after the immobilising 3 pL of 0.02 M cysteamine aqueous
solution on aluminium stub surface. The morphology resembles a flat surface with holes onto
the aluminium stub surface whereas Figure 21(b) revealed nonuniform and agglomorated
spherical bubbles of PdTeQDs with collection of different sizes approximately 200 nm [65].
When PdTeQDs were combined with cysteamine, noticeable morphological changes were

observed which revealed a big irregular shape and unreacted quantum dots, indicating a
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strong interaction between amino groups of cystamine and carboxylic acid groups associated
with the PdTeQDs as illustrated in Figure 21(c) [66]. Moreover, when CYP3A4 enzyme was
added onto the QDs-Cyst surface the morphology became smoother with some unreacted
PdTeQDs due to the binding of activated carboxylic group from the quantum dots and amine
group of CYP3A4 enzyme, which offered a favourable orientation on the aluminum stub
surface [67]. Accordingly, this proves the efficient incorporation of CYP3A4 onto QDs-
cystamine on aluminium stub and these results are in good accordance with CV

measurements of the biosensor system.
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Figure 21: HR-SEM micrographs of (a) cysteamine, (b) TGA-PdTeQDs, (c) TGA-
PdTeQDs/Cyst and (d) CYP3A4/TGA-PdTeQDs/Cyst on aluminium stub at 200 nm scale

view.

4.5 Conclusion

The study demonstrated the successful synthesis and application of water-soluble and
biocompatible TGA-PdTeQDs in the development of electrochemical biosensor system for
indinavir detection. UV-Vis spectrometry showed a broad absorption band at 320 nm
associated with a band gap of 3 eV which indicates that TGA-PdTeQDs are semi-conductive

and biocompatible. The SEM images revealed a change in morphology after immobilization
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of CYP3A4 which confirmed the successful fabrication of the biosensor. When PdTeQDs
were immobilized on electrode together with CYP3A4, the resultant bioelectrode was shown
to undergo monooxygenation which is a net reduction reaction. Moreover, the developed
electrochemical biosensor system gave good stability and high reproducibility retaining 93%
of its initial response up to 7 h. A calibration plot from the increasing indinavir concentrations
plotted against increasing current was used to determine the sensitivity (1.18 pA/nM) and
low limit of detection (LOD) (0.09 mg L) values. The concentration range studied is much
lower than the range found in clinical samples of moderate drug metabolisers, where the
range of maximum plasma concentration (Cmax) 8 h after drug intake is 0.13 to 8.6 mg L.
This means that the biosensor can be applied for drug detection in patients who are ultra-
rapid metabolisers that clear drugs from their systems very quickly. Thus, there is high
expectation that such a device could be developed as a reliable tool for point of care diagnosis

for HIV and other diseases.
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CHAPTER FIVE

Summary

Over the past few years, the intensive research activity has been subjected to the interfaces
between genetics and drug metabolism. Drug metabolism is generally defined as consisting of
phase 1 oxidation reactions, mainly negotiated by cytochrome P450 enzymes in the liver.
However, the composition of each CYP450s in humans varies among individuals because of
unique combination of factors including genetic polymorphisms, the influence of diet, as well
as sex, age, and other. Notably, the inter-individual differences in response to drug treatment
has been linked to the drug metabolism classification or phenotypes (i.e. ultra-rapid,
moderate, or slow metabolisers) originating mainly from genetic polymorphism which is
regarded as a major problem in clinical practice. Several clinical studies have demonstrated
that breast cancer patients treated with adjuvant tamoxifen are influenced mainly by genetic
variation in CYP2D6 enzyme which result in an increased risk of recurrence and reductions
in disease-free survival. Therefore, innovative test protocols should be made available in
order to predict CYP2D6 phenotypes and individualise tamoxifen therapy. Hence, this study
focussed on the development of the next generation phenotype-based biosensor systems for
sensing and signalling tamoxifen bioactivity and biotransformation. In this chapter, the
catalytic responses of tamoxifen, biotransformation of tamoxifen to its primary and
secondary active metabolites, as well as, the individual biosensor materials used in this study

were characterised by SWV, UV-Vis, ATR-FTIR, PL, XPS, XRD and Raman spectroscopy.
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Palladium Telluride Quantum Dots Phenotype Biosensor for Tamoxifen

Abstract

An electrochemical phenotype biosensor for the determination of the metabolism of the most
prescribed breast cancer drug, tamoxifen, is presented. The sensor is based on the
combination of novel thioglycolic acid-capped palladium telluride (TGA-PdTe) quantum dots
(QDs) and genetically engineered cytochrome P450-3A4 (CYP3A4) or cytochrome P450-
2D6 (CYP2D6) enzymes. The two heme-thiolate enzymes, to a varying extent, catalyse the
activation of tamoxifen to its active form N-desmethyl-4-hydroxytamoxifen (endoxifen) for
cancer therapy. Square wave voltammetry (SWV) responses of the CYP3A4 (or CYP2D6)
ITGA-PdTeQDs|Cyst|Au biosensor systems showed catalytic cathodic peaks at -0.28 V (-0.3
V) for the tamoxifen monooxgyenation reaction. The tamoxifen biosensor had sensitivity
values of 0.00859 pA/pM (0.0110 pA/pM) and detection limits (LOD) of 9.25x10° ng/mL
(1.95x10* ng/mL) for the CYP2D6- and CYP3A4-based biosensors, respectively. The LOD
values are much lower than tamoxifen’s maximum steady state plasma concentration (Cmax 40
ng/mL), thereby indicating that the sensing device, in principle, would be suitable for

monitoring the drug in patients.
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5. Introduction

Tamoxifen is an oral non-steroidal anti-estrogen drug that has been used in the prevention
and treatment of breast cancer for the past 28 years [1-4]. The drug binds with estrogen
receptor (ER) to minimize the transcription of estrogen dependent genes [5,6]. Cytochrome
P450-2D6 (CYP2D6) and cytochrome P450-3A4 (CYP3A4) are the key enzymes that
converts tamoxifen to its active metabolites 4-hydroxytamoxifen (4-hydroxyTAM) and N-
desmethyl-4-hydroxytamoxifen (endoxifen), both of which have high affinity for estrogen
receptor than the parent drug. Studies indicate that up to 50% of ER-positive breast cancer
patients treated with tamoxifen experience relapse. Clinical evidence suggests that
differences in patients’ phenotype (i.e. a combination of the genetic variants of CYP2D6 and
CYP3A4 and drug interactions with the inhibitors of the enzymes) determine the variations in
the plasma concentrations of the two tamoxifen’s active metabolites, and thus whether a
patient is a functional, impaired or severely impaired metaboliser of the drug [7-10]. The risk
of inappropriate dosing is potentially high for breast cancer patients undergoing tamoxifen
therapy who may be impaired or severely impaired metabolisers. In this study, instead of the
costly and time consuming analytical techniques [11-14] currently used for quantitative
analysis of tamoxifen and its metabolites in biological fluids and pharmaceutical
formulations, novel phenotype tamoxifen biosensor systems are being presented. The sensor
was developed by the incorporation of thioglycolic acid (TGA)-capped palladium telluride
(PdTe) quantum dots (QDs) onto a gold electrode that was previously modified with self-
assembled cystamine dihydrochloride (Cyst). CYP3A4 (or CYP2D6) enzyme was then self-
assembled onto the modified gold electrode through a reaction mediated by n-3-

(dimethylaminopropyl)-n-ethylcarbodiimide hydrochroride, to form the final biosensor.
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5.1 Experimental

5.1.1 Chemicals and sample preparation

Tamoxifen citrate (TAM), molecular weight 563.64, human cytochrome P450-3A4 enzyme
(> 50 units/mg protein based on reductase activity) expressed in Saccharomyces cerevisiae,
cytochrome P450-2D6 enzyme (1425 units/mg protein based on reductase activity)
expressed in Saccharomyces cerevisiae were supplied by Sigma-Aldrich Sweden AB,
Stockholm, Sweden. (All other reagents were supplied as analytical grade materials by
Sigma-Aldrich Sweden AB, Stockholm, Sweden). The preparation of phosphate buffer
solution was achieved by dissolving one tablet in 200 mL of deionised water yielding 0.01
M phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH 7.4, at
25°C. A stock solution of 1 uM TAM was prepared in absolute ethanol from which a fresh
standard solution of 1.6 nM TAM was prepared by dilution with 0.1 M phosphate buffer
solution, pH 7.4 (PBS). Both stock and standard TAM solutions were stored at 4 °C.
Thioglycolic acid-capped palladium telluride quantum dots (TGA-PdTeQDs) were
synthesised in-house by reacting a mixture of thioglycolic acid and PdCl> with tellurium
powder reduced with sodium borohydride in alkaline medium (pH 11.4). A detailed
procedure for TGA-PdTeQDs synthesis was described in chapter 4 section 4.1.3, where the

stock TGA-PdTeQDs solution was 0.2 M in Pd?*.

5.1.2 Instrumentation

Electrochemical measurements were carried out in 0.1 M phosphate buffer, pH 7.4, cell
solution using a 3 mm diameter Au disk working electrode, a platinum wire counter electrode
and a Ag/AgCl (with 3 M KCI salt-bridge) reference electrode supplied by Bioanalytical
Systems, Incorporated (BASI), West Lafayette, IN, USA. The electrochemical signals were

recorded with an lviumStat Electrochemical Interface and Impedance Analyser (lvium
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Technologies B.V., Eindhoven, The Netherlands). Differential pulse (DPV) and square wave
(SWV) voltammograms were recorded at a scan rate of 20 mV/s. Infrared spectra of the
materials were acquired using attenuated total reflectance (ATR) platform by pressing the
solid electrodes onto the diamond crystal in a Bruker Model Tensor 27 FT-IR spectrometer
(Bruker Optics IFS 66 series) with a scan velocity of 10 kHz and a resolution of 4 cm™. X-
ray diffraction (XRD) patterns of the PdTeQDs were performed on (XRD, Model No
D/MAXPC 2500 X-ray, made in UK) operating in the scanning mode (12.082°-90.061°) and
using CuKa radiation (A = 1.5418 A) generated at 40 kV and at a current of 30 mA. Steps of
0.034° and step time 192 s employed. X-ray photoelectron spectroscopy (XPS) measurements
were performed on a Scienta ESCA 200 spectrometer in ultrahigh vacuum with a base
pressure of 10—10 mbar and monochromatic Al (K alpha) x-ray source providing photons
with 1486.6 eV. Raman analysis was done with an XPlora Horiba Jobin-Yvon spectrometer
equipped with high stability OLYMPUS BX41TF optical microscope and an Ilvac CCD

detector.

5.1.3 Preparation of CYP (3A4 or 2D6)/TGA-PdTeQDs/Cyst/Au phenotype biosensors

An aliquot (20 pL) of 0.02 M cystamine (Cyst) was drop-casted on a 3 mm diameter Au disk
electrode surface and kept in the dark for 24 h. The Cyst/Au modified electrode was
functionalised with a drop of a solution consisting of TGA-PdTeQDs (containing 0.2 M Pd?")
and 0.1 M 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide/0.1 M N-Hydroxysuccinimide
(EDC/NHS, ratio 1:1) and left to cure for 12 h. The TGA-PdTeQDs-modified electrode was
placed in an Eppendorf vial containing 0.5 mL of 0.1 M PBS and gently vortexed (Vortex-
Genie 2, Scientific Industries Incorporated, Bohemia, NY, USA) at 10 rpm for 5 min to
remove unbound TGA-PdTeQDs. A 3 pL CYP3A4 or CYP2D6 enzyme solution (used as
supplied) was then drop-coated onto the TGA-PdTeQDs/Cyst/Au electrode surface and kept
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at 4 °C for 3 h. The resulting CYP3A4/TGA-PdTeQDs/Cyst/Au (or CYP2D6/TGA-
PdTeQDs/Cyst/Au) biosensor was rinsed gently with distilled water to remove any physically

adsorbed enzyme and stored at 4 °C in 0.1 M PBS when not in use.

5.1.4 Procedure for tamoxifen metabolic pathway experiment

TGA-PdTeQDs/Cyst/Au electrode was prepared and held in an 8 mL electrochemical cell
solution containing 0.2 nM TAM in PBS to which 10 uL CYP3A4 enzyme (used as supplied)
was added in order to convert TAM to N-desmethylTAM. Then 10 pL of CYP2D6 enzyme
(used as supplied) was added to the cell solution to convert N-desmethylTAM to endoxifen.
Another experiment was performed with a fresh TGA-PdTeQDs/Cyst/Au electrode in which
the order of addition of the enzymes was reversed (CYP2D6 followed by CYP3A4) to
produce endoxifen via 4-hydroxytamoxifen (4-hydroxyTAM) intermediate metabolite. For
comparison, the above experiments were repeated with Au, Cyst/Au and TGA-PdTeQDs/Au

electrodes.

5.2 Results and discussion

5.2.1 Electronic transitions in TGA-PdTeQDs

The morphology and size distribution of the TGA-PdTeQDs were determined through HR-
TEM studies and the image is shown in Figure 22A. From the micrograph, it is observed that
TGA-PdTeQDs are spherical well dispersed particles of average size of 3-5 nm in diameter.
The well resolved lattice fringes and the selected area electron diffraction (SAED) patterns
(insert Figure 22A) confirmed the cubic zinc blende structure of PdTeQDs with three rings
attributed to (111), (220) and (311) lattice planes, respectively [15]. These results are

comparable with XRD measurements. The optical properties of TGA-PdTeQDs material were
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investigated to ascertain its suitability for incorporation into the biosensor systems [16]. The
UV-Vis absorbance study was first performed for cystamine which exhibited characteristic
absorbance bands at 310 and 335 nm associated with the n — o* transitions of the cystamine
thiol groups as illustrated in Figure 22B (a) [17]. When cystamine was combined with TGA-
PdTeQDs solution, a new absorbance band was formed at 357 nm (Figure 22B (b)) followed
by a decreased in the intensity of the band with time [18]. The 357 nm absorbance band was
attributed to n-n* electronic transition arising from a strong interaction between the amino
groups of cystamine and the carboxylic acid groups associated of TGA-PdTeQDs. Recent
studies suggest that proteins such as CYPs exhibit UV-Vis absorptions owing to tryptophan
(Trp, 280 nm), tyrosine (Tyr, 280 nm), phenylalanine (Phe, 257 nm) as well as peptide bonds
(225 nm) [19]. As illustrated in Figure 22B (c and d), the formation of new characteristic
bands observed at 260 nm for the UV-Vis of CYP2D6-(TGA-PdTeQDs)-cyst (c) and at 250
nm for the CYP3A4-(TGA-PdTeQDs)-cyst (d). These absorbance bands were attributed to
the m-n* and n-n* electronic transitions of aromatic heterocycle in Phe [19,20]. Moreover,
the shifts in the absorbance bands of Phe in the UV-Vis of the CYP-containing systems
suggested the occurrence of reactions between the amino groups (—NH.) of CYP enzymes

and the carboxyl groups (-COOH) of the thioglycolic acid capping agent [21].

Figure 22C shows UV-Vis spectra of tamoxifen and its active metabolites. The spectra of
the four compounds revealed similar characteristic features indicating that the electronic
structure of the boundary orbitals is slightly affected by the atoms in the lateral chain (i.e
alkyl amide group) [22]. Three characteristic absorbance bands were observed at 205 nm
(6.05 eV), 254 nm (4.88 eV) and 311 nm (3.98 eV), respectively for TAM Figure 22C (a),
which were attributed to n- 7*(transition of a non-bonding (lone pair) electron on the oxygen

up to a ©*) and to m-n* transition due to the extended conjugation of the triphenylethylene
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[23]. However, the two active metabolites 4-OHT and END exhibited similar absorbance
bands sharing similarities in their molecular structures as illustrated in Figure 22C (b and d).
The characteristic absorbance bands were observed at 210 nm (203 nm), 244 nm (244 nm)
and 291 nm (286 nm) for 4-OHT (END) associated with energy band gap values of 5.91 eV
(6.11 eV), 5.08 eV and 4.26 eV (4.34 eV), respectively. In addition, these absorbance bands
were attributed to the n-m* electronic transition in the aromatic ring and a shoulder which
appeared at 244 nm corresponded to an n - ©* electronic transition involving the formation
of a secondary amine group [24]. The presence of an O-H group around the aromatic ring
caused a blue shifted transition from 210 nm to 203 nm and 291 nm to 286 nm, respectively.
Furthermore, 4-OHT and END obtained larger bandgap values as expected at lower
wavelengths than TAM and NDMT [25]. In contrast with TAM, Figure 22C (c) exhibited
an extended broad absorbance band located at longer wavelength side (544 nm) associated
with energy band gap value of (2.28 eV). The characteristic band was attributed to charge
transfer migration (CT) involving the whole molecule [26]. Therefore, the obtained energy
band gap results are in accordance with clinical studies which indicated that 4-OHT and

END exhibited the highest activities and efficiencies compared to TAM or NDMT [23].

Tamoxifen is a pro-drug that requires metabolism to form the pharmacologically active
metabolites primarily by the CYP450-3A4 and (CYP450-2D6) enzymes. Although all
cytochrome P450 enzymes contain the same heme centre, their optical absorption spectra
differ only by a small extent in the different isozymes. Upon the addition of CYP2D6 enzyme
in endoxifen aqueous solution, a slight change in absorbance bands was observed from 203 to
212 nm and from 286 nm to 260 nm associated with energy band gap values of 5.85 eV and
4.77 eV, respectively. These changes were attributed to the displacement of coordinated

water associated with the active site causing changes in heme-iron spin state (from low-spin
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to high spin) as monitored by the shift in the Soret band from 286 to 260 nm [27].
Additionally, it has been suggested that the substrates containing nitrogen or oxygen donor
atoms causes the Soret band to shift [28]. Similarly, CYP3A4-END exhibited absorbance
bands at 207 nm (5.99 eV) and 260 nm (4.77 eV), respectively. Also, exhibited here was a
slight red shift accompanied by a decrease in absorbance intensity due to the main electronic
n—7t* transition of the porphyrin and resulted in the split Soret band indicating that CYP3A4
binds stronger than CYP2D6 due to their difference in their size of the active site and kinetic
space as illustrated in Figure 22D (d) [29]. Figure 22D (b and a), exhibited four absorbance
bands at 223 nm (5.56 eV), 260 nm (4.77 eV), 322 nm (3.85 eV) and 543 nm (2.28 eV) while
interestingly two characteristic broad absorbance bands were observed at 260 nm (4.77 eV)
and 409 nm (3.03 eV) for CYP2D6-4-OHT, respectively. A common feature of all the three
compounds was observed at 260 nm indicating that the biding of the enzymes with prodrug

and active metabolites occurred at 260 nm.
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Figure 22: HR-TEM image showing clearly the inter-plane spacing SAED (insert) pattern of
TGA-PdTeQDs at 5 nm scale view. (B) UV-Vis spectra of biosensor materials in the region
of 200-800 nm in 0.1 M PBS (pH 7.4) for (a) Cyst, (b) (TGA-PdTeQDs)-cyst, (c) CYP2D6-
(TGA-PdTeQDs)-cyst, and (d) CYP3A4-(TGA-PdTeQDs)-cyst. The insert in (B) is the

amplified UV-Vis spectra in the region of (310-420 nm). (C) UV-Vis spectra of (a) TAM, (b)
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4-OHT, (c) N-DMT, and (d) END. (D) UV-Vis spectra of substrate-enzyme systems in 0.1 M
PBS (pH 7.4) at 25 °C presented for (a) 4-OHT-CYP2D6, (b) NDMT-CYP2D6, (c) END-

CYP2D6 and (d) END-CYP3A4, respectively.

5.2.2 Optical properties of TAM and its active metabolites

Substrate binding to cytochrome P450 enzymes is often monitored by changes in electronic
transition using optical absorption spectra. The binding evidence comes from the change in
absorbance bands for different incubation periods as illustrated in Figure 23(A and B).
With increasing incubation time for Figure 23A (b) in the presence of CYP2D6, the
absorbance bands decreased to 250 nm (4.96 eV) and 300 nm (4.14 eV) due to the
formation of 4-hydroxyTAM and revealed that tamoxifen binding to CYP2D6 exposed the
Phe residues of CYP2D6 by extending the peptide bonds (i.e. linking the triphenylethylene
of TAM to CYP2D6 via amide bond) [30,31]. Consequently, the energy level of the n-n*
electron transition decreased, which caused a shift from 255 to 250 nm and 310 to 300 nm.
Upon the addition of CYP3A4 to TAM-CYP2D6 solution (Figure 23B (c)), there is an
increase in the absorbance band from 250 nm to 254 nm for which its intensity increases
with incubation times due to the formation of the secondary amine in endoxifen (N-
desmethyl-4-hydroxytamoxifen) by the demethylation reaction catalysed by CYP3A4 [32].
These results are in good agreement with ATR-FTIR data for the systems, which has a band
at 3200 cm™* attributed to be the characteristic band of secondary amides N-H of endoxifen.
The presence of cysteamine and QDs mixture in TAM aqueous solution resulted in the
shift in absorbance band from 254 nm to 258 nm with an existence of a new characteristic
absorbance band at 334 nm as shown in Figure 23C (a). However, an increase in
absorbance band intensity was observed when CYP2D6 enzyme was introduced in Cyst-
TGA-PdTeQDs-TAM solution with increasing incubation time. In addition, the observed

increase in absorbance intensity could also be attributed to the presence of QDs which
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acted as a mediator and promoted electrons from valence bands to conduction bands.
Interestingly, a decrease and a slight shift in absorbance band in the presence of CYP3A4
in Cyst-TGA-PdTeQDs-TAM-CYP2D6 solution was observed as illustrated in Figure
23D (b). These findings indicated that both CYP2D6 and CYP3A4 participated in the full
conversion of TAM to endoxifen. Calibration plots from the increasing incubation time
plotted against absorbance were used to investigate the formation of both primary and
secondary metabolites of tamoxifen as indicated in Figure 23 (E and F). Compared to TAM
(@), TAM-CYP2D6 (b) and TAM-CYP2D6-CYP3A4 (c) exhibited an increase and a slight
shift with increasing incubation time. Furthermore, the use of 0.1 M PBS, pH 7.4 causes the
intermediate formed (4-OHTAM) by TAM-CYP2D6 to be neutral and this neutral form of
the drug is thought to decompose with increasing incubation time. In contrast with Cyst-
TGA-PdTeQDs-TAM (a) and Cyst-TGA-PdTeQDs-TAM-CYP2D6-CYP3A4 (c), TGA-
PdTeQDs-TAM-CYP2D6 (red line) appeared at higher absorbance intensity, accompanied by

a large decrease from 15 min-20 min, indicating successful conversion of TAM to endoxifen.
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Figure 23: (A and B): UV-Vis absorption spectra of drug-enzyme complex recorded in a

200-800 nm range as a function of time (0-20 min) in 0.1 M PBS (pH 7.4) for (a) TAM, (b)

TAM-CYP2D6 and (a) TAM, (b) TAM-CYP2D6, and (c) TAM-CYP2D6-CYP3A4,

respectively. (C and D) represented UV-Vis spectra of (a) Cyst-(TGA-PdTeQDs)-TAM, (b)

Cyst-(TGA-PdTeQDs)-TAM-CYP2D6 and (a) Cyst-(TGA-PdTeQDs)-TAM-2D6, (b) Cyst-

(TGA-PdTeQDs)-CYP2D6-CYP3A4, respectively. (E and F) shows calibration curves taken

at 260 nm as a function of incubation time (0-20 min) in 0.1 M PBS for (A, B, C and D),

respectively.
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5.2.3 Spectroscopic properties of biosensor materials

Different architectures of the biosensor materials were investigated to elucidate the
mechanism of the enzymatic recognition event and of the role of the quantum dots. The
emission spectra showing the optical properties of cysteamine are illustrated in Figure 24A
(a). When excited at 260 nm, two maximum emission peaks were observed at 347 nm and
406 nm. These emission bands were attributed to the characteristic features of the thiol (-SH)
group and skeletal cysteamine molecules (mainly C—C stretching coupled with the C—N
groups [33]. Notably, TGA-PdTeQDs exhibited a shoulder and a broad fluorescence emission
peak at 374 nm and 426 nm, respectively. The onset broad emission peak observed at 426
nm was ascribed to different sizes of QDs related to the band gap energy of 2.91 eV while the
shoulder was due the metal-ligand-charge transfer (PdCl.-TGA). In addition, the observed
broad PL emission of TGA-PdTeQDs was related to the transitions originating from sulphur
vacancies of thioglycolic acid [34]. The combination of cysteamine and TGA-PdTeQDs
solution resulted in emission band shifts to longer wavelength with decreasing emission band
width at 350 nm (3.5 eV), 378 nm (3.3 eV) and 450 nm (2.75 eV), respectively. These
changes in emission bands were attributed to the interaction of cysteamine amine group with
the carboxylic functional group offered by TGA-PdTeQDs. When TAM was added in Cyst-
TGA-PdTeQDs solution, a noticeable shift accompanied by the enhancement of fluorescence
intensity emission peaks was observed due to the donation of nitrogen lone pair of tamoxifen
to the d-orbital of palladium metal as indicated in Figure 24 (c). However, the presence of
CYP2D6 in Cyst-TGA-PdTeQDs-TAM solution resulted in narrow emission band which
shifted to shorter wavelength accompanied by enhancement in fluorescence emission
intensity and this was ascribed to the binding of CYP2D6 heme centre with tamoxifen as

shown in Figure 24 (e) [35]. Similar behaviour was observed when CYP3A4 was introduced
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in Cyst-TGA-PdTeQDs-TAM-CYP2D6 solution. These results are in good agreement with
UV-Vis measurements.

Figure 24 (B) shows the fluorescence emission spectra of TAM and its active metabolites.
When excited at 360 nm, two characteristic fluorescence emission bands were observed at
352 nm and 390 nm associated with energy band gap values of (3.52 eV) and (3.18 eV) for
TAM as indicated in Figure 24(B) (a). The emission bands were attributed to the excited
tertiary amino group and n-m stacking of hydrocarbons in aromatic compounds of tamoxifen
[36]. A distinctive number of fluorescence emission bands were observed at 349 nm (3.55
eV), 365 nm (3.39 eV), 377 nm (3.29 eV) and 421 nm (2.95 eV) for NDMT while END
exhibited identical characteristic emission peak which appeared at lower emission width as
shown in Figure 24 B (c and d). In addition, a noticeable blue shift in emission peak
observed at 349 nm was attributed to the formation of a secondary amino group [36]. In
comparison with TAM, 4-OHT exhibited an emission peak at 421 nm (2.95 eV),
accompanied by a quench in emission peak intensity.

Fluorescence spectroscopy was employed to investigate protein-substrate interactions, prior
the fluorescent properties of the substrate or the fluorescence of the tryptophan and tyrosine
residues of the CYP450s [37]. As illustrated in Figure 24 C (e), CYP2D6 enzyme exhibited a
well-defined fluorescence emission band at 307 nm and the shoulder around 360 nm which
were attributed to characteristic features of two tryptophan residues [38]. Meanwhile, a large
red shift of fluorescence emission peak was observed after the addition of CYP3A4 in NDMT
solution, implying that the microenvironment around the CYP3A4 (heme centre) has changed
[39]. The binding of substrate to CYP450-3A4 enzyme has been extensively studied to
monitor the rare oxidation kinetics observed and its dominant involvement in the oxidation of
drug molecules [40]. The presence of CYP3A4 in END solution resulted in a slight red shift

in emission peak due to the hydrophobic interactions via the aromatic rings and aliphatic side
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chains as well as the hydrophobic pockets in CYP3A4 enzyme [39]. as illustrated in Figure
24 C (a). In comparison with CYP2D6, the presence of CYP2D6 in 4-OHT solution resulted
in additional number of fluorescence emission peaks at 297 nm, 365 nm, 377 nm, and 420 nm
as shown in Figure 24 C (d). The observed characteristic emissions could be attributed to
binding of 4-OHT with different tryptophan residues present in CYP2D6 (i.e. the
combination of two or more tryptophan residues) [41]. This, therefore indicates that all
fluorescent tryptophan residues present in both CYP450 (2D6 and 3A4) enzymes are

available for binding with TAM and its active metabolites.

Figure 24 (insert D and F) shows the calibration plots measured at different time intervals
(0-20 min) in 0.1 M PBS. When CYP450 enzymes interact with drugs, tryptophan
fluorescence intensity may change depending on the effectiveness of the interaction on CYP
conformation or via direct quenching effect. In this study, the decrease or increase of
fluorescence intensity was monitored at 367 nm and 365 nm for CYP2D6-TAM and
CYP3A4-CYP2D6-TAM, respectively. With increasing incubation time (Figure 24 insert
D) in the presence of CYP2D6 in TAM solution, a major decrease in fluorescence emission
peak was observed from 5 min to 20 min typically due to the changes in the tryptophan
conformation which resulted in the formation of 4-hydroxyTAM. In contrast, the presence
of CYP3A4 in the solution containing CYP2D6-TAM exhibited an increase in
fluorescence emission intensity from 0-10 min and equilibrated from 15-20 min. Based on
the obtained energy band gap values of 3.55 eV (3.54 eV) for 4-OHT (END) and 3.38 eV
(3.4 eV) for CYP2D6-TAM and CYP3A4-CYP2D6-TAM, we can conclude that both
CYP450 (2D6 and3A4) participate in the formation of active metabolites (i.e. 4-OHT and
END). Additionally, the obtained results are in good agreement with UV-Vis

measurements.
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Figure 24: PL emission spectra of sensor platform excited at 260 nm in 0.1 M PBS (pH 7.4)

for (@) Cyst, (b) TGA-PdTeQDs, (c) Cyst-(TGA-PdTeQDs), (d) Cyst-(TGA-PdTeQDs)-

TAM, (e) Cyst-(TGA-PdTeQDs)-TAM-CYP2D6 and (f) Cyst-(TGA-PdTeQDs)-TAM-

CYP2D6-CYP3A4, respectively. (B and C) PL emission spectra excited at 360 nm for (a) 4-

OHT, (b) TAM, (c) END, (d) NDMT and (a) CYP3A4-END, (b) CYP3A4-NDMT, (c)

CYP3A4, (d) CYP2D6-4-OHT, and (e) CYP2D6, respectively. (D and E) PL emission

spectra measured at different time interval (0-20 min) for (a) TAM, (b) CYP2D6-TAM at (0-

20 min) and (a) CYP2D6-TAM, (b) CYP3A4-CYP2D6-TAM, respectively. (F and an insert

E) Calibration curves taken at excitation wavelengths 365 nm and 367 nm as a function of

incubation time (0-20 min) in 0.1 M PBS for (D and E), respectively.
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5.2.4 Crystal structure of TGA-PdTeQDs

X-ray diffraction (XRD) technique was employed to investigate the crystal structure of
PdTeQDs. As illustrated in Figure 25, five distinctive diffraction peaks were observed at 2 6
= 32°, (111), 45.5° (200), 56.6°, (220), 66°, (311) and 75°, (222), respectively. These
reflection peaks are found to be consistent with the cubic structure of PdTeQDs [42]. The
strong and sharp diffraction peak at (111), in contrast with the other four diffractions
indicated preferential growth of the PdTeQDs [43]. Moreover, the presence of thioglycolic
acid (TGA) capping agent shifted the diffraction peaks toward the cubic crystalline phase due
to its strong and effective passivation of PdTeQDs surface [44,45]. This may have also
increased sulphur release on the surface of PdTeQDs [46]. The composition of quantum dots
was identified as PdsTe> and matched the standard pattern well (JCP2.2CA:00031-0941).
Interestingly, few additional peaks were observed at 2 6 = 39.7° and 41.2° and could be
attributed to different Te species or due to the existence of chalcopyrite type orderings, which
requires further experimental investigations. These results are in good agreement with HR-

TEM and XPS measurements.
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Figure 25: XRD pattern of TGA-PdTeQDs

5.2.5 Optical vibrational modes of TGA-PdTeQDs

Raman spectroscopy is a powerful, non-destructive technique effectively used in the micro-
structural characterisation of carbonaceous materials [47]. In this study, Raman spectroscopy
technique was employed to investigate photonic properties of PdTeQDs. Measurements were
made at room temperature in backscattering configuration excited by a 532 nm line of an Ar*
ion laser with power in the range of 1 mW at a wavenumber range 20 to 1500 cm™. Raman
vibrational modes corresponding to the crystalline core and Te defects of the PdTe QDs are
illustrated in Figure 26. The observed Te vibrational mode at a wavenumber of 99 cm
revealed the presence of Te crystals which could either appear within the center of the QDs or
at the boundary of the QDs [48-50]. In addition, existence of Te® appeared at only one
vibrational mode 300 cm™ in this range [51]. Furthermore, the presence of excess TGA
capping agent in the sample caused an increase in the intensities at 527 cm™ and 1099 cm™,

respectively. The increase could be attributed to the formation of a ternary Pd-S-Te
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interlayer corresponding to the longitudinal optical (LO) photon peak [52], and due to the
interaction between TGA and PdTeQDs through mixed banding modes of the v(C-H), v(C-
C), and v(C-0), respectively [53]. The occurred interaction can also be described as surface
optical photon (SO). Moreover, the exhibited vibrational mode at 800 cm™ could be ascribed
to the binding of TGA with PdTe through the sulphur atom [54]. This, therefore revealed that
thiolates are strongly passivating the surface of the QDs. The obtained results are comparable

with FTIR and XPS measurements.
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Figure 26: Raman spectra of TGA-PdTeQDs

5.2.6 Electronic transitions of TGA-PdTeQDs
X-ray photoelectron spectroscopy (XPS) was employed to analyse the information on the
surface chemical compositions and valence states of PdTe quantum dots. The analysed QDs

present the characteristic signal from Pd, Te, O and C photoemission regions [55]. Figure 27
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shows the XPS spectra of the 3d core-level [56]. The core-levels were analysed with attention
to the Pd 3d and Te 3d spin-orbit components, which are of major interest for assessing the
particle size effect and oxidation state of Pd atom on PdTeQDs. In Figure 27A, three strong

peaks with binding energies at 335, 337 and 343 eV were assigned to Pd3ds/2 and Pdsdg/2

respectively. Such binding energy values are in accordance with those reported for metallic
Pd, thus confirming the successful reduction of Pd** —Pd® [57]. The measured binding

energy difference between (Pd?") Pd3d5/2and (PdO) Pd3d3,2 was 8 eV, which is consistent with

the binding energy observed for stoichiometric PdTe. When inspected carefully, it was
observed that each Pd 3d peak was quite broad, implying the possibility of overlapping peaks.
As shown in Figure 27B, the characteristic peaks at 587, 573 and 567 eV were assigned to

Tesdalzand Teads,2 respectively [58]. Additionally, the peaks centred at 286 eV and 288 eV

were attributed to the alkyl chain of capping agent and the oxidised form of carbons, which
are usually detected as (C=0, O-C-O and COO), as shown in Figure 27C. Furthermore, the
strong peak of O 1s centred at 532.5 eV was due to carboxyl oxygen of thioglycolic acid
ligands present in thiol-capped PdTeQDs [59]. As it can be seen in Figure 27E, the overview

XPS spectrum confirmed the existence of S, Pd and Te in TGA-PdTeQDs.
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Figure 27: XPS of TGA-PdTeQDs: Palladium 3d (A), tellurium 3d (B), thioglycolic acid

Clsand Ols (C and D). (E) revealing an overview XPS spectrum of TGA-PdTeQDs.

5.2.7 Structural properties of sensor materials

Further characterisation by ATR-FTIR was performed to evaluate the interaction between the
TGA-PdTeQDs, Cyst, and CYP450-(2D6 and 3A4) enzymes. The spectra shown in Figure
28A (a) was attributed to the successful binding of TGA capping agent on to the PdTe core,
this was confirmed by disappearance of S-H broad band stretch at approximately 2550 cm™
indicating the formation of S-PdTe bonds between TGA and PdTe core [60]. The absorption
band at 1700 cm™ was ascribed to the vibration of the carboxylic group (COOH) [61].
Furthermore, the band at 1502 cm™ was associated with CHz. The difference in band intensity
in all the spectra may occur because of intramolecular bonding between the carboxylic group
and the amine group in the experimental spectrum. A decrease in C=0 stretch of carboxylic
acid and a shift in O-H stretch from 3250 cm™ to 2750 cm™ was observed in Figure 28A (b),
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this shift was due to the interaction between TGA-PdTeQDs and cystamine. However, when
the sensor platform, made of CYP2D6-(TGA-PdTeQDs)-cyst was prepared and analysed by
FTIR (Figure 28A c), two strong absorption bands were observed at 2956.02 cm™ and 2800
cm?, respectively. The bands at 2956.02 cm™ was attributed to be the characteristic band of
primary and secondary amides N-H of the protein backbone and the band at 2800 cm™ was
due to C-H stretch [62]. In this work, this band resulted from the reaction of the free
carboxylic group (-COOH) in TGA-PdTeQDs and the free amine group (- NH2) in CYP2D6.
Furthermore, a decrease in absorption bands were observed when CYP3A4-TGA-PdTeQDs-

cyst was exposed to FTIR spectrum as shown in Figure 28A (d).

There is an infrared spectroscpic evidence for drug binding to CYP450 (2D6 and 3A4) active
sites. This evidence for drug binding comes from spectral changes observed from the ATR-
FITR of TAM-CYP2D6-(TGA-PdTeQDs)-Cyst and TAM-CYP3A4-(TGA-PdTeQDs)-Cyst
with five major absorbance bands of the functional groups present, as shown in Figure 28B
(green and blue lines). These functional groups include, alcohol O-H stretching, alkane C-H
stretching, alkene —C=C- stretching, C=0 stretching, protonated COO- stretching, C-N
stretching, C-C streching and N-H stretching with their frequencies appearing at 3200 cm™,
2950 cm?, 1620 cm™, 1770 cm™, 3400 cm™ 2000 cm™, 1050 cm, 1000 cm™ and 3500 cm*
respectively [63]. The infrared spectra of free TAM, CYP2D6 and CYP3A4 in the region of
3500 cm™ to 2800 cm™ were compared with those of TAM-CYP2D6-(TGA-PdTeQDs)-Cyst
and TAM-CYP3A4-(TGA-PdTeQDs)-Cyst, in order to examine the drug binding to O-H and
N-H as well as the existence of hydrophobic contacts in their complexes [64]. Clearly, the
presence of TAM in solutions containing CYP2D6-(TGA-PdTeQDs)-Cyst and CYP3A4-

(TGA-PdTeQDs)-Cyst had an effect on the spectral absorbane bands intensity with major
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shifts indicating a strong tamoxifen binding with CYP3A4 and CYP2D6 enzymes,

respectively.
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Figure 28: (A) ATR-FTIR interferograms accumulated over the spectral range s of 500-4500
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(d) CYP3A4-TGA-PdTeQDs-Cyst. (B) ATR-FTIR spectra of (black line) TAM, (red line)
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line) TAM-CYP3A4-(TGA-PdTeQDs)-Cyst.
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5.3 Electrochemical properties of the biosensor system

5.3.1 Biosensor’s electrochemical responses

DPV experiments were performed to characterise the surface features of the modified
electrodes in 0.1 M PBS, pH 7.4 at 25 mV/s. For the bare gold electrode shown in Figure
29A (a), two significant reduction peaks were observed at -0.23 V and -0.45 V, respectively.
The reduction peaks were attributed to the reduction of O, to H.O, and a further reduction of
H20, [65]. Compared to bare Au electrode, cysteamine exhibited a cathodic peak at -0.8 V
which was ascribed to the reduction of the oxidized form of cysteamine as shown in Fig. 25A
(b)[66]. Moreover, TGA-PdTeQDs as seen in Figure 29A (c), exhibited two cathodic peaks
at -0.35 V and -0.75 V, respectively. The first cathodic peak was attributed to the reduction of
Te® to Te? [67] and the second cathodic peak was duge to PdTeQDs. Quantum dots have been
employed as a mediator to provide efficient electron transfer and as a stable platform for
enzyme incorporated onto gold electrode. To understand this, the electrochemical responses
of CYP2D6 enzyme immobilised onto Au ‘and quantum dot-modified Au electrodes were
studied under aerobic conditions. Notably, two cathodic responses were observed at-0.47 V
and -0.64 V for direct immobilisation of CYP2D6 on bare Au. The reduction peaks could be
attributed to the cleavage tryptophan residues present in CYP2D6 [68]. These results
complemented PL results where tryptophan residues appeared at 307 nm and a shoulder at
360 nm. In comparison, CYP2D6/TGA-PdTeQDs/Cyst/Au exhibited a reduction peak at -
0.75 V as shown in Figure 29A (e). The cathodic peak was attributed to the coupling
between (NH>) groups from the CYP2D6 enzyme and COOH group from TGA-capped
PdTeQDs and an indication that TGA-PdTeQDs had not lost its electro-activity upon enzyme
immobilisation. The coupling was also observed in UV-Vis where the energy level of the =-
n* electron transition decreases, and resulted in a shift to more negative potential in DPV

measurements In Figure 29A (f), CYP3A4/TGA-PdTeQDs/Cyst/Au revealed one cathodic
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peak at -0.8 V which was attributed to monooxgyenation. Clearly, the presence of tamoxifen
in 0.1 M PBS resulted in an increase in peak current accompanied by a slight shift from -0.23
V to -0.26 V due to the adsorption of tamoxifen on gold electrode surface as illustrated in
Figure 25B (a). This indicated a slow electron transfer between the electrolyte containing
tamoxifen and the gold electrode surface. Compared to TAM-Au, cysteamine-modified
electrode revealed two cathodic peaks at -0.5 V and -0.75 V which were attributed to
cystamine and tertiary amine group present in tamoxifen’s molecule [32,69]. Notably, the
disappearance of an overlapping tamoxifen and PdTeQDs cathodic peak at -0.75 V in Fig
29B (c) was attributed to the filled d-orbital of palladium, since tamoxifen donated electrons
through nitrogen group [70]. When cystamine was chemisorbed onto TGA-PdTe QDs in the
presence of TAM in solution Figure 29B (d), the QDs on the thiol film had an influence on
the interface property of the modified electrode and resulted in a slight shift in cathodic peak
observed at -0.49 V due to the interaction between the cystamine and QDs. Further
investigation for this interaction was observed in ATR-FTIR spectra. As it can be seen in
Figure 29B (e) the presence of TAM in CYP2D6/TGA-PdTeQDs/Cyst/Au resulted in a shift
followed by a decrease in cathodic peak at -0.21 V whereas TAM-CYP3A4/TGA-
PdTeQDs/Cyst/Au gave a very small broad cathodic peak at -0.42 V. Several studies have
focussed on addressing the role of CYP2D6 genotypes in patients receiving tamoxifen [71].
For instance, experimental studies by Coller and co-workers have demonstrated that the
CYP2D6 genotype has an ability to form 4-OHT [72]. Hence in this study, TAM-CYP2D6-
TGA-PdTeQDs/Cyst/Au was easily converted to more potent 4-OHT, since the cathodic peak

appeared at less negative potential compared to TAM-CYP3A4-TGA-PdTeQDs/Cyst/Au.

The electrocatalytic responses of CYP2D6/TGA-PdTeQDs/Cyst/Au and CYP3A4/TGA-

PdTeQDs/Cyst/Au biosensor systems to successive additions of TAM were studied in the
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presence of oxygen in order to examine the interaction between the enzyme-oxygen and
substrate at a potential window of 0.2 V to -0.8 V. As illustrated in Figure 29 (C and D), only
one cathodic peak was observed in both biosensor systems at -0.3 V and -0.28 V, which
remarkably increased in the cathodic peak current and shifted to less negative potential after
each TAM addition. This behaviour was attributed to the coupling of the fast electron transfer
on the surface of the electrode with the reduction of TAM or within the biosensor film.
Furthermore, these responses were expected since square wave voltammetry (SWV) is a
more sensitive and appropriate technique for the detection of analytes at very low
concentrations. Figure 29 (E and F) shows the calibration curves drawn from linear
regression of the biosensor responses. The sensitivities were derived from the calibration
curve slopes 0.00859 pA/pM (0.0110 pA/pM) and the detection limits (LOD) were calculated
to be 9.25x10° ng/mL (1.95x10* ng/mL) for CYP2D6/TGA-PdTeQDs/Cyst/Au
(CYP3A4/TGA-PdTeQDs/Cyst/Au) biosensor systems. From these results, the developed
biosensor systems can be able to detect samples or material from lower (nM) to higher (UM)
concentrations. Since the past few years, suggestions have been made over TAM
(approximately 92%) being primary demethylated by CYP3A4/5 to N-desmethylTAM (ND-
TAM) followed by hydroxylation to endoxifen by CYP2D6 [10,73]. In contrast,
hydroxylation pathway only contributes about 7% of tamoxifen metabolism [27]. This
evidence comes from our findings obtained in Figure 29(D), which confirmed that CYP3A4
converted approximately 92% TAM into N-desmethylTAM. The detection limits of the
biosensor systems were compared with recent studies using different detection methods. The
table below gives the relevant information. It was found that the two biosensor systems
exhibited good performance. In addition, the results demonstrated that the two phenotype-
based biosensor systems could be used to detect real samples. Figure 30 describes the

binding of TAM onto the active site of the CYP2D6 or CYP3A4 enzymes, followed by
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reduction by electron and shift in spin state from low spin to high spin. Monooxygen onto the

active site may lead to another electron reduction and formation of by-product

Table 2: Detection limits of tamoxifen using different detection methods (the original values
are all converted to ng/mL)

Method Limit of detection References
(LOD) (ng/mL)

HPLC-DA 55.7 [74]

LC-MS/MS 105 [75]

HF-LPME 0.5 [76]

LD-LC 1 [77]

CYP2D6/TGA- 0.0000952 This work
PdTeQDs/Cyst/Au

CYP3A4/TGA- 0.000195 This work
PdTeQDs/Cyst/Au
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Figure 29: (A and B) DPVs of biosensor platform measured at a potential window (0.2 to -

0.85V)in 0.1 M BBS (pH 7.4) at 25 mV/s under aerobic conditions for (a) Bare Au, (b) Cyst

(c) TGA-PdTeQDs, (d) CYP2D6/Au,

CYP3A4/TGA-PdTeQDs/Cyst/Au  electrodes.

() CYP2D6/TGA-PdTeQDs/Cyst/Au and (f)

(C and D) SWV measurements for

(CYP2D6/TGA-PdTeQDs/Cyst/Au) and (CYP3A4/TGA-PdTeQDs/Cyst/Au) biosensor

systems upon successive addition of tamoxifen concentrations 0.55 pM-11 pM. (E and F)

corresponding calibration curves drawn from linear region of the biosensor systems.
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Figure 30: Scheme for the electrocatalytic mono-oxygenation reaction of TAM-bound
cytochrome P450-3A4 or CYP2D6; where TAM and 4-HydroxyTAM refer to prodrug and its

by-product, respectively.

5.3.2 Conversion of tamoxifen to its active metabolites

The conversion of tamoxifen was performed on a gold electrode surface under aerobic
conditions at a potential window (0.2 V to -0.8 V), as shown in Figure 31A. The DPV signal
of tamoxifen (Figure 31A (a)) in 0.1 M PBS exhibited a well-defined cathodic peak current
at -0.33 V, which was attributed to the adsorption of tamoxifen onto gold electrode surface.
The presence of CYP2D6 enzyme in solution containing TAM revealed three additional

cathodic peaks at -0.81 V, -0.40 V and 0.1 5 V accompanied by a slight shift and decrease in
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cathodic peak due to the interaction between CYP2D6 and tamoxifen Figure 31A (b).
Moreover, the cathodic peak observed at -0.4 V was typical for reduction of the (Fe'") to
(Fe™ on an electrode surface [78] while the cathodic peak observed at -0.81 V was ascribed
to monooxygenation. In addition, DPV measurements revealed that CYP2D6 displayed
electrochemical properties that are consistent with other reports of heme-thiolate proteins
immobilized on gold electrode surface [79]. Furthermore, the cathodic peak appearing at 0.15
V was due to the reduction for bare gold electrode [80]. Literature suggested that the distance
between the protonatable nitrogen atom in tamoxifen and the para position on the adjacent
aromatic ring is > 12 A, which is usually 5 A greater than the upper limit for CYP2D6
substrate specificity with regards to the currently accepted template model [81]. Interestingly,
recent reports have focussed on genetic and environmental factors that causes a change in
CYP2D6 activity and affect TAM treatment outcomes. Moreover, fewer suggestions have
been made towards CYP2D6 genetic variants which causes a decrease in enzyme’s activity
resulting in significantly reduction in conversion of TAM to 4-OH-TAM and endoxifen
[82,83]. This, therefore provides an evidence for the decrease and a shift to more negative
potential obtained in our study. Under aerobic conditions, the presence of CYP3A4 in
CYP2D6-TAM solution resulted in a decrease and slight shift in cathodic peak from -0.4 V to
-0.42 V due to the formation of an active metabolite endoxifen as shown in Figure 31A (c).

Palladium telluride quantum dots coated on the bare gold electrode act as an effective layer
that promotes electron trasnsfer. When CYP2D6 enyzme was drop-casted on TGA-
PdTeQDs/Cyst/Au modified elecctrode Figure 31C (insert black line), two cathodic peaks
were observed at -0.69 V, -0.43 V and appeared at lower current intensity than in Figure 31C
(insert red line). The cathodic peak observed at -0.69 V could be attributed to the interaction
between QDs and CYP2D6 enzyme which might result in several conformational changes in

the microenvironment surrounding CYP2D6 that may affect the bioactivity and
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electrochemical properties of the immobilized protein. However, the electrochemical
properties of TGA-PdTeQDs and cystamine showed a decrease in peak current at -0.82 V in
the presence of tamoxifen due to n-m* electron transition due to the interaction between
strong amide (N-H) bond formed by QDs and cyteamine and the lone pair of nitro group
present in tamoxifen as shown in Figure 31C (a). Time dependent studies were performed to
monitor the electrochemical behaviour of tamoxifen in the presence of both enzymes as
shown in Figure 31 (B and D). For TAM and TAM-CYP2D6-CYP3A4, a decrease in peak
current with increasing time was observed resulting in the formation of an active metabolite
endoxifen. Moreover, these results are in good accordance with UV-Vis and PL

measurements.
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Attempts have been made by several studies trying to define the primary metabolism of TAM
in humans. Notably, demethylation of the aminoethoxy side chain to N-desmethylTAM has
been regarded as the main route of TAM metabolism [9]. In comparison with CYP2D6,
CYP3A4 has a relatively larger active site which could lead to alternative docking
interactions for tamoxifen since one side of the heme pocket appears to contain several
aromatic amino acid residues that is mainly predicted and competent of binding tamoxifen
via its phenyl ring moieties. As illustrated in Figure 32A (b and c), the presence of CYP3A4
in TAM solution resulted in a slight shift in cathodic peak current from -0.27 V to -0.3 V.
The shift was ascribed to the conversion of TAM to NDMT. In contrast with CYP2D6-TAM
and CYP3A4-CYP2D6-TAM as shown in Figure 31 (b and c), CYP3A4-TAM and
CYP2D6-CYP3A4-TAM obtained higher peak current intensities by values of 0.5 A and
0.37 MA, respectively. These values confirmed that CY3A4 is a major catalyst which
converts 92% TAM to its active metabolite NDMT. However, the disappearance of
tamoxifen peak observed at -0.82 V in Figure 32(c), was attributed to hydrophobic contact
between one of the putative active site aliphatic amino acid residues and the ethyl group of
tamoxifen, which gives further support to enzyme-substrate interaction. The presence of both
CYP2D6 and CYP3A4 enzymes in TAM-(TGA-PdTeQDs/Cyst/Au) revealed a distinctive
number of cathodic peaks at -0.82 V, -0.76 V, -0.31 V and -0.23 V respectively. The changes
in peak current were attributed to the conversion of tamoxifen to an intermediate (NDMT) by
CYP3A4 followed by hydroxylation by CYP2D6 to the formation of endoxifen. Moreover,
the reduction peaks observed at -0.31 V and -0.228 V, indicate that the conversion was faster.
This, therefore, provides evidence that CYP3A4 is a major catalyst. Compared to Figure
31B, the peak current intensities appeared higher than in TAM alone, as observed in Figure

32B.
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Figure 32: (A and C) DPV experiments recorded at a potential window (0.2 to -0.85 V) for
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5.4 Conclusion

This study has been conducted to develop electrochemical phenotype nanobiosensors for
detection of breast cancer drug, tamoxifen. The nanobiosensors employed two heme-thiolate
enzymes heme enzymes CYP2D6 and CYP3A4 which converted tamoxifen prodrug to its
active metabolite, endoxifen. ATR-FTIR, UV-Vis, XPS, Raman, XRD results confirmed a
successful synthesis of the novel TGA-PdTeQDs. Calibration curves drawn from linear
region were used to determine the sensitivity and detection limits of the biosensor systems.
CYP2D6/TGA-PdTeQDs/Cyst/Au gave sensitivity value of 0.00859 yA/pM and detection
limit of 9.52x10° ng/mL tamoxifen at a square wave voltammetry (SWV) potential of 0.3 V,
while CYP3A4/TGA-PdTeQDs/Cyst/Au gave a sensitivity value of 0.0110 pA/pM and LOD
value of 1.95x10™* ng/mL tamoxifen at a SWV potential of 0.28 V, respectively. The obtained
detection limits are much lower than the allowable daily intake of tamoxifen recommended
by the FDA. This, therefore, indicates that CYP450 (3A4 and 2D6) enzymes are suitable for
determining tamoxifen and may be suitable for point-of-care analysis. Moreover,
approximately 92% of TAM was converted to N-desmethylTAM and hydroxylated by about
7% by CYP2D6 to its active metabolite, endoxifen. Thus, the CYP3A4 enzyme has been

found to be a major catalyst for N-desmethyl TAM.
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CHAPTER SIX

Summary

The important role played by surface stabilization agents during the colloidal synthesis of
quantum dots has been widely studied over the past few years. The choice of the surface
ligand and its length play a crucial role with regards to the mobility and the conductivity of
the quantum dot films. In general, short chained ligands are the mostly preferred ligands for
colloidal synthesis to inhibit nanoparticle overgrowth and aggregation of the prepared QDs.
Hence in this study, we introduced a new thiol-zype 3,3-DTDPA capping agent employed to
improve the stability and efficiency of PdTeQDs. In this chapter, the novel 3,3’-DTDPA-
PdTeQDs were characterised by HR-TEM, SAXSpace, UV-Vis and PL. Also, the biosensor
responses to tamoxifen and the biotransformation of TAM to its primary and secondary

metabolites were determined by DPV studies.
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Electrochemical Dithiodipropionic Acid-Palladium Telluride Quantum

Dots Phenotype Sensor for Tamoxifen

Abstract
In this study, we report the development of a highly-sensitive 3,3’-dithiodipropionic acid-
capped palladium telluride quantum dots (3,3’-DTDPA-PdTeQDs) phenotype-based
biosensor for the determination of tamoxifen. This system comprised of the 3,3’-DTDPA-
PdTeQDs deposited on gold electrode surface through the cysteamine sulphur group. 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide/N-Hydroxysuccinimide cross linking agents were
used to activate the COOH groups present in 3,3-DTDPA of the QDs for the attachment of
CYP3A4 or CYP2D6 enzyme to form a final biosensor. HR-TEM, SAXSpace and SAED
pattern revealed that the PdTeQDs materials are spherical in shape and have average
diameters of 3-5 nm. The PL emission spectra revealed a blue-shift from (513nm to 502 nm)
with decreasing particle size. The value of band gap energy has been found to be in range of
2.4 eV-2.5 eV. Moreover, this behaviour is related to size quantum confinement attributed to
the small sizes of the QDs. The tamoxifen biosensors had a limit of detection (LOD) values
of 6.88x10™° ng/mL (1.75x10° ng/mL) for CYP3A4 (CYP2D6) biosensor systems that are
much lower than the tamoxifen’s maximum steady state plasma concentration (Cmax 40

ng/mL normally obtained 5 h after drug administration).

158

http://etd.uwc.ac.za



6. Introduction

This chapter describes simple, cost-effective preparation and characterization of water-
soluble and biocompatible 3,3’-dithiodipropionic acid- capped palladium telluride quantum
dots (3,3’-DTDPA-PdTeQDs). The colloidal synthesis of 3,3-DTDPA-PdTeQDs are
important because 3,3’-dithiodipropionic acid (3-3°’DTDPA) has been regarded as a novel
capping agent used in PdTeQDs [1]. Several reports have focussed on the widely used short
ligands such as 3-mercaptopropionic acid (3-MPA), thioglycolic acid (TGA) [2,3]. However,
3,3-DTPA is found to be a very attractive ligand since it has disulphide in the molecular
structure and results in low densities of midgap states allowing for collection of charge
carriers over relatively long distances outside the depletion region [4] Moreover, this capping
agent results in the improvement of optical properties and catalytic performance of QDs [5].
Hence, in this study the functionalised 3,3-DTDPA-PdTeQDs were conjugated with CYP450
(3A4 or 2D6) enzymes for the development of a highly sensitive and stable phenotype

biosensor system for the determination of tamoxifen drug.

6.1 Experimental

6.1.1 Chemicals and sample preparation

Tablets labelled as 20 mg tamoxifen citrate (TAM) molecular weight 563.64 were provided
by (City Kem Pharmacy, Cape Town). A stock solution of 1 uM TAM was prepared in
absolute ethanol from which a fresh standard solution of 1.6 nM TAM was prepared by
dilution with 0.1 M phosphate buffer solution, pH 7.4 (PBS), for experimental investigations.
Both stock and standard TAM solutions were stored at 4 °C. 0.1 M phosphate buffer solution,
pH 7.4 was prepared from disodium hydrogen phosphate dibasic and sodium dihydrogen
phosphate monobasic using Milli Q water purification. All the reagents were of analytical

grade and obtained from Sigma-Aldrich Sweden AB, Stockholm, Sweden including human
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cytochrome P450-3A4 enzyme (> 50 units/mg protein based on reductase activity) expressed
in Saccharomyces cerevisiae, cytochrome P450-2D6 enzyme (1425 units/mg protein based

on reductase activity) expressed in Saccharomyces cerevisiae.

6.1.2 Instrumentation

All electrochemical experiments were carried out in 0.1 M PBS, pH 7.4 using a CHI 760E
electrochemical workstation (Shanghai CH Instrument Co., China). The electrochemical
measurements of the biosensor systems were conducted in a three-electrode system with modified
gold disk electrode (3 mm diameter) as the working electrode, a platinum wire as the counter,
and Ag/AgCIl (3 M NaCl) as a reference electrode supplied by Bioanalytical Systems,
Incorporated (BASI), West Lafayette, IN, USA. To evaluate the electrocatalytic behaviour of
the biosensor materials on gold electrode, differential pulse voltammetry (DPV) experiments
were performed in 0.1 M PBS over a potential range of 0.2 V to -1.4 V at a scan rate of 100
mV/s. The high-resolution scanning electron microscopy micrograms (HR-SEM) of the QDs
were imaged using a Ziess Auriga SEM operating at 50kV and high resolution-transmission
electron microscope (HR-TEM) equipped with an energy-dispersed spectroscopy (EDS)
detector was used to study the size and morphology of samples. Ultraviolet-visible (UV-Vis)
absorption measurements for the prepared PdTeQDs were obtained using 1 cm quartz cuvette
on a Nicolet Evolution 100 UV-Visible spectrophotometer (Thermo Electron, UK) over a
wavelength range of 200 to 800 nm. The photoluminescence (PL) spectra were recorded
using a Nanolog, Horiba NanoLog™ 3-22-TRIAX (USA), with double grating excitation and
emission monochromators, plus an imaging spectrograph for a second emission channel and
excitation wavelength used was 325 nm. Small-Angle X-Ray Scattering (SAXS)
measurements for PdTeQDs were obtained using a 1 mm thin walled capillary (i.e. liquids
that contains mainly water or hydrocarbons) at the beamline ID09B. We used the CCD
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detector (Anton Paar, GmbH, Australia, 133 mm diameter, 2048 x 2048 pixels) at a distance

of 0.6 m and an X-ray energy of 10 keV.

6.1.3 Synthesis of 3,3 -DTDPA-capped PdTeQDs

The experimental procedure was performed in accordance with previous studies [6], with
some modifications, employing a different capping agent. In a typical synthesis experiment,
PdCl2 (0.166 g, 0.938 mmol) and 3,3’-dithiodipropionic acid (3,3’-DTDPA) (196 pL, 2.813
mmol) were dissolved in 10 mL of deionised water in a three-neck round bottomed flask,
followed by adjustment of the pH to (11.2-11.8) by addition of 5 M NaOH solution with
stirring. The mixture was stirred and bubbled by N> gas for 30 min. In a second reaction

flask, NaHTe solution was prepared by mixing tellurium powder (0.127 g, 0.625 mmol) and

NaBH, (0.151 g, 2.5 mmol) in 10 mL deionised water and heated to 80 ‘C for 30 min until

the solution attained a light purple colour. Next, the tellurium precursor solution (NaHTe)
was injected onto (PdCl, and DTDPA) reaction flask, and the resulting solution was stirred
and heated (100 °C). The progress of the QDs synthesis was then followed by removing
aliquots from the reaction medium at different time intervals and submitted to UV-Vis and
PL for analysis. The reaction was quenched by immediately washing the QDs several times
with ice cold distilled water, followed by centrifugation at 15,000 rpm for 20 min to remove
impurities and excess reaction products. The obtained solid was re-dispersed in distilled

water and stored in the refrigerator for further use.
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6.1.4 Preparation of CYP (3A4 or 2D6)/TGA-PdTeQDs/Cyst/Au phenotype biosensors

An aliquot (20 pL) of 0.02 M cystamine (Cyst) was drop-casted on a 3 mm diameter Au disk
electrode surface and kept in the dark for 24 h. The Cyst/Au modified electrode was
functionalised with a drop of a solution consisting of 3,3’-DTDPA-PdTeQDs (containing 0.2
M Pd?*) and 0.1 M 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide/0.1 M N-
Hydroxysuccinimide (EDC/NHS, ratio 1:1) and left to cure for 12 h. The 3,3’-DTDPA-
PdTeQDs-modified electrode was placed in an Eppendorf vial containing 0.5 mL of 0.1 M
PBS and gently vortexed (Vortex-Genie 2, Scientific Industries Incorporated, Bohemia, NY,
USA) at 10 rpm for 5 min to remove unbound 3,3’-DTDPA-PdTeQDs. A 3 uL CYP3A4 or
CYP2D6 enzyme solution (used as supplied) was then drop-coated onto the 3,3’-DTDPA-
PdTeQDs/Cyst/Au electrode surface and kept at 4 °C for 3 h. The resulting CYP3A4/3,3’-
DTDPA-PdTeQDs/Cyst/Au (or CYP2D6/3,3;-DTDPA-PdTeQDs/Cyst/Au) biosensor was
rinsed gently with distilled water to remove any physically adsorbed enzyme and stored at 4

°C in 0.1 M PBS when not in use.

6.1.5 Pathways for TAM metabolism

3,3’-DTDPA-PdTeQDs/Cyst/Au electrode was prepared and held in an 8 mL electrochemical
cell solution containing 0.2 nM TAM in PBS to which 10 uL CYP3A4 enzyme (used as
supplied) was added in order to convert TAM to N-desmethylTAM. Then 10 pL of CYP2D6
enzyme (used as supplied) was added to the cell solution to convert N-desmethylTAM to
endoxifen. Another experiment was performed with a fresh 3,3’-DTDPA-PdTeQDs/Cyst/Au
electrode in which the order of addition of the enzymes was reversed (CYP2D6 followed by
CYP3A4) to produce endoxifen via 4-hydroxytamoxifen (4-hydroxyTAM) intermediate

metabolite.
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6.2 Results and discussion

6.2.1 Crystal structure of 3,3-DTDPA-PdTeQDs

HR-TEM technique was employed to investigate the microstructure of 3,3’-DTDPA-
PdTeQDs in detail. Figure 33(A) depicts the HRTEM micrograph for as-prepared PdTeQDs
and electron diffraction pattern (SAED) (insert of Figure 33(A), displaying a broad size
distribution and nearly spherically shaped agglomerated QDs, with average sizes of 3-5 nm in
diameter [7]. Moreover, the existence of the well- resolved lattice fringes confirmed the good
crystallinity of the QDs, which was further supported by the SAED pattern plane spacing
(111), (221) and (311) revealing a cubic zinc-blende structure of the QDs [8]. The diameter
of the QDs are comparable to that reported by Singh and co-workers [9]. The energy
dispersive spectroscopy (EDS) spectrum shown in Figure 33(B), confirmed the presence of
Pd, Te and S in the synthesised 3,3’-DTDPA- PdTeQDs as well as the presence of Cu which
was due to the copper grid used during sample preparation. Therefore, the results confirmed

that PdTeQDs were synthesised successfully.
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Figure 33: HR-TEM micrograph of (A) 3,3’-DTDPA-PdTeQDs (insert is an SAED pattern)
at 5 nm scale view. (B) HR-TEM-EDS spectrum of 3,3-DTDPA-PdTeQDs revealing

chemical composition.
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6.2.2 Optical properties of 3,3 ’-DTDPA-PdTeQDs

Figure 34 shows the absorption and emission spectra for PdTeQDs. In this chapter, 3,3’-
DTDPA was employed as a new capping agent which efficiently improved the water-
solubility and stability by producing a thiol complex around the surface of the PdTeQDs and
passivates the surface to sustain high-quality optical properties[10,11]. Interestingly, the
presence of DTDPA resulted in a series of characteristic absorbance bands at 212 nm, 250
nm, 267 nm, 320 nm, 415 nm and 563 nm for 30 min and 60 min, respectively, as shown in
Figure 34 A. The UV-Vis spectra obtained at 60 min appeared at much higher absorbance
intensity than 30 min, implying the growth of QDs. Two characteristic absorbance bands
observed at 212 nm and 250 nm were attributed to the bond formation of metal-to-ligand
charge transfer (PdCl>-DTDPA) [12]. Tellurium is a toxic metalloid present as a trace
constituent in the earth’s crust only in about 0.001 parts per million. In the UV-Vis spectrum,
the chalcogenide tellurium (Te) is known to exhibit two characteristic absorbance bands[13].
The first characteristic absorbance band observed at 267 nm was ascribed to T while the
second absorbance band at 563 nm was assigned to the reduction of Te** to T? in the visible
region [14,15]. PdTeQDs exhibited a characteristic absorbance band at 320 nm, which is
consistent with results obtained in chapter 3 and 4 in the presence of different stabilizing
agents. Moreover, the absorbance band appearing at lower energy 415 nm was due to the
presence of Pd?* ions in the reaction mixture [16]. Figure 34 B shows the normalized
photoluminescence spectra (PL) of six aliquots taken during the synthesis of the QDs.
Literature suggested that the quantum-confined size effect causes a characteristic change in
bandgap energy with decrease in particle size which corresponds to blue shift in emission
spectra [17]. Hence, this phenomenon was also observed here, where the excitonic emission
bands blue shifted from 513 nm to 502 nm corresponding to widening of the bandgap

energies from (2.4 eV-2.5 eV), revealing a decrease in particle sizes. Notably, the QDs
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aliquots emitted at similar emission intensity, however, their emission band widths became
much broader with prolonging the reaction time, indicating the various sizes of the as-
prepared PdTeQDs. Furthermore, the bandgap energies of QDs obtained from UV-Vis (2.2
eV) and PL (2.4 eV) are comparable, indicating that 3,3’-DTDPA-PdTeQDs are

semiconductive.

4
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Figure 34: (A) UV-Vis of 3,3’-DTDPA-PdTeQDs (30 min, black line) and (60 min, redline)
in the region of 200-800 nm in 0.1 M PBS (pH 7.4). (B) normalized PL for 3,3’-DTDPA-
PdTeQDs excited at 325 nm for (black line) 0 min, (red line) 20 min, (green line) 30 min,

(blue line) 40 min, (cyan line) 50 min and (pink line) 60 min, respectively.
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6.3 Introduction to small angle x-ray scattering (SAXS)

Small-Angle X-Ray Scattering (SAXS) is described as a powerful method employed to
determine the structure of particle systems regarding parameters such as averaged particle
sizes, shapes, distribution, and surface-to-volume ratio [18]. In contrast with other techniques
that provide the information about particle size and shape such as HR-TEM, SAXSpace has
an advantage of analysing a variety of materials including aerosols, colloidal suspensions of
all types, powders, solids, thin films, biological samples as well as biomolecular
interactions[19,20]. Usually, the X-rays are directed through the sample transmission mode
and every particle directed into the beam will provide a signal. Literature suggests that the
time requirements of the experiments mainly depend on the used instrumentation classified

into two groups, (1) line collimation instruments and (2) point collimation instruments.

1. Line-collimation instruments confine the beam only in one dimension so that the beam
profile is a long but narrow line with typically 20 x 0.3 mm?. This instrument is much more
compact than the point-collimated systems, and is less expensive and normally illuminates a

larger amount of sample to collect more scattering [21].

2. Point-collimation instruments have pinholes that usually shape the beam to a small
circular or elliptical spot. Moreover, this class of instruments also dominates the small-angle

scattering field at synchrotrons as well as neutron sources due to their flexibility [22].

6.3.1 SAXSpace experimental procedure

An aliquot (35 pL) of 3,3-DTDPA-PdTeQDs was loaded in a 1 mm thin walled quartz
capillary and was exposed to the beam at a distance of 305.3mm from the CCD and
temperature-controlled at 21 °C. Measurements were performed with the SAXSpace system

(Anton Paar, GmbH, Australia) in line-collimation mode with an accessible q range of
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0.0732-1.66nm. For each measurement, six frames were obtained at 100 s exposure time and
averaged. Moreover, the deionized water was also measured as a reference under the same
conditions as the QDs. Data evaluation/analysis was performed with the GIFT software
(generalized indirect Fourier transformation (GIFT) which is a versatile tool for the
evaluation of small angle scattering data) in order to determine the particle size and the size
distribution of the dispersions [19]. In SAXS, the scattered X-ray intensity is measured as a
function of the magnitude of the scattering vector, ¢, which is related to the scattering angle,

20, where by

q= 4msin(0)/A, eq (1)

and A is the incident radiation wavelength [23]. The SAXS curves were then converted by
PDDF into intensity, volume and number weighted size distributions as illustrated in Figure

35.

6.3.2 SAXSpace for 3,3-DTDPA-PdTeQDs

As can be seen in Figure 35A, the majority of poly-dispersed PdTeQDs appeared at small-
angle scattering pattern with the average sizes ranging from 3 nm to 5 nm followed by the
decreased scattering fraction number of bigger particles observed at larger scattering angles
(12.5 nm) [22]. Normally, small angle scattering pattern can be considered as the sum of the
scattering patterns of the individual particles contained in the scattering volume fraction.
Thus, the scattered intensity generally decreases with scattering angle and the investigation is
established on assessment of the scattering by a single particle [24]. Figure 35B revealed a
series of PdTeQDs weighted by volume fraction at 5 nm, 12.5 nm, 18 nm, 25 nm, 32 nm and

45 nm, [4] respectively. In contrast to other QDs at larger scattering patterns, the volume
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fraction of the QDs at small scattering angle pattern (5nm) was more prominent indicating
that various QDs sizes mostly occupied at small angle scattering pattern. Moreover, these
results are in good accordance with HR-TEM. Literature suggested that the intensity of the
scattering signal normally goes with the sixth power of the particle size. Therefore, bigger
particles at larger angles obtain much intensity than small particles at small angles [22,24].
Hence, as indicated in Figure 35C, the intensity signal obtained by QDs around (5 nm-7nm)
was nearly invisible than the intensity at large angles (i.e. the particles ranging from 25 nm to
35 nm in diameter). This, therefore, concluded that larger particles overshadowed the

intensity signal of the particles at small angles.
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Figure 35: SAXS measurements of (A) Number, (B) volume and (C) intensity weighted size
distributions of 3,3-DTDPA-PdTeQDs, respectively.

6.4 Electrochemistry of the biosensor systems

6.4.1 Biosensor responses to tamoxifen

Figure 36 (A and B) illustrates the catalytic responses of CYP2D6/3,3’-DTDPA-

PdTeQDs/Cyst/Au and CYP3A4/3,3’-DTDPA-PdTeQDs/Cyst/Au in the absence and

presence of tamoxifen at 100 mV/s. In the presence of oxygen, the biosensor system (A)

revealed two characteristic cathodic peaks at 0.05 V and -0.99 V while (B) displayed cathodic
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peaks at -0.16 V and -0.46 V, respectively. Upon the addition of tamoxifen, a gradual
increase in cathodic peaks accompanied by slight shifts to less negative potentials were
observed, indicating a more readily reduced species [25]. In general, oxygen is known to be
the natural co-substrate of CYP450 enzymes and obviously binds to the ferrous ion of the
enzyme’s heme centre at a fast rate which results in a major increase in cathodic signal [26].
However, studies have indicated that 4-HydroxyTAM (results from CYP2D6 mediated
metabolism) is a minor metabolite even though it is regarded to be more potent antiestrogen
than TAM [27]. Hence, the broadness of the cathodic peak observed at -0.96 V in Figure
36A, illustrated a weak electron speed compared to biosensor system (B) [28]. Based on these
results, it can be concluded that CYP3A4 is a major catalyst for N-desmethylTAM.
Calibration curves drawn from the linear regression of the biosensor systems are illustrated in
Figure 36 (C and D). The sensitivities were derived from the calibration curve slopes 2.353
HA/pM (0.614 pA/pM) and the detection limits (LOD) were calculated to be 1.75x107° ng/mL
(6.88x10° ng/mL) for CYP2D6/3,3’-DTDPA-PdTeQDs/Cyst/Au (CYP3A4/3,3’DTDPA-

PdTeQDs/Cyst/Au) biosensor system, respectively.
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Figure 36: (A and B) DPV measurements recorded at a potential window (0.2 to -0.85 V) in
0.1 M PBS for (CYP2D6/3,3’-DTDPA-PdTeQDs/Cyst/Au) and (CYP3A4/3,3’-DTDPA-
PdTeQDs/Cyst/Au) biosensor systems upon successive addition of tamoxifen concentrations
0.55 pM-5 pM. (C and D) corresponding calibration curves drawn from linear region of the

biosensor systems.
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6.4.2 Conversion of tamoxifen to its active metabolites

Over the past few years, the basic theories about TAM metabolism and responses have been
associated with the study by Jordan and co-workers which demonstrated that high first-pass
metabolism of TAM exhibits an increase in its activity and further investigated the first active
primary metabolite, 4-hydroxyTAM [29]. In this study, DPV was employed to investigate the
characteristic features of the modified gold electrode systems in 0.1 M PBS at 100 mV/s. In
the presence of TAM in solution, as shown in Figure 37A, two characteristic cathodic peaks
were observed at -0.016 V and -0.32 V. The first cathodic peaks could be attributed to the
adsorption of tamoxifen and the second cathodic peak could be due to the interaction between
QDs and cysteamine. When CYP2D6 enzyme was introduced in solution containing TAM-
(3,3’-DTDPA-PdTeQDs/Cyst/Au), the enhancement in cathodic peak at -0.06 V and the
disappearance of the peak at -0.32 V was observed. This enhancement could be based on the
formation of a minor metabolite 4-hydroxyTAM as shown in Figure 37A (b). Several studies
have suggested that the primary metabolites of TAM can be further oxidized by the human
CYP system to a variety of important metabolites [30]. Thus, the presence of CYP3A4
enzyme in TAM-CYP2D6-(3,3’-DTDPA-PdTeQDs/Cyst/Au) solution resulted into a
remarkable enhancement of cathodic peak which shifted to more positive potential, indicating
a formation of a secondary metabolite endoxifen. In contrast, Figure 37B revealed two
characteristic cathodic peaks at 0.02 V which appeared at higher current intensity than the
cathodic peak at -0.32 V in the presence of TAM in 0.1 M PBS. Interestingly, the cathodic
peak slightly increased by a factor of 2 uA when CYP3A4 enzyme was introduced in solution
however, the cathodic peak at -0.32 V decreased in peak current factor of about 4.1 pA.
Furthermore, the presence of CYP2D6 in solution containing CYP3A4-TAM- (DTDPA-
PdTeQDs/Cyst/Au resulted in a major decrease in cathodic current. The observed cathodic

peak had properties consistent with a secondary metabolite (endoxifen). The obtained results
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suggest that N-desmethyl- and 4-hydroxy-TAM formation accounts for approximately 92%
and 7% of primary TAM oxidation respectively [31]. Figure 37 (C and D) shows the
calibration plots measured at different incubation times. It is known that TAM undergoes
metabolism, the longer duration of incubation may increase the formation of primary and
secondary metabolites which may elucidate the exact contribution of specific metabolic
pathway to the overall clearance or activation of the drug[27,32]. Several investigators have
tried to use long duration of incubation to observe the sensitivity of the metabolites that are
normally made at a slower rate. As it can be seen in Figure 37C (c), there was no observable
change in cathodic current compared to Figure 37C (a and b). However, in Figure 37 D,
there was an observable change in cathodic currents with increasing incubation time.
Interestingly at 20 min TAM and its active metabolites appeared at the same current intensity

indicating successful conversion of TAM to endoxifen.
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Figure 37: (A and B) DPVs recorded at a potential window (0.2 to -0.8 V) for (a) TAM-
(3,3’-DTDPA-PdTeQDs/Cyst/Au),  (b)TAM-CYP2D6-(3,3’-DTDPA-PdTeQDs)/Cyst/Au)
and () TAM -CYP3A4-CYP2D6-(3,3’-DTDPA-PdTeQDs)/Cyst/Au); (a) TAM- (3,3’-
DTDPA-PdTeQDs/Cyst/Au), (b) TAM-CYP3A4-(3,3°-DTDPA-PdTeQDs)/Cyst/Au)  and
(c) TAM -CYP2D6-CYP3A4-(3,3’-DTDPA-PdTeQDs/Cyst/Au). (C and D) time dependent
studies performed from (0-20 min) for (a) TAM- (3,3’-DTDPA-PdTeQDs/Cyst/Au),
(b)TAM-CYP2D6-(3,3’-DTDPAA-PdTeQDs)/Cyst/Au), (c) TAM-CYP3A4-CYP2D6-
(3,3’ DTDPA-PdTeQDs)/Cyst/Au; (a) TAM- (3,3’-DTDPA-PdTeQDs/Cyst/Au), (b) TAM-
CYP3A4-(3,3’-DTDPA-PdTeQDs)/Cyst/Au)  and (c) TAM-CYP2D6-CYP3A4-(3,3’-

DTDPA-PdTeQDs/Cyst/Au), respectively.
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6.5 Conclusion

The study demonstrated the successful synthesis of water-soluble and biocompatible 3,3’-
DTDPA-PdTeQDs for the development of phenotype-based biosensor system for tamoxifen
detection. Differential pulse voltammetry (DPV) responses of the CYP3A4 (or CYP2D6)
3,3’-DTDPA-PdTeQDs/Cyst/Au  biosensor systems indicated -0.46 V (-0.96 V) as the
suitable potentials for monitoring the tamoxifen monooxygenation reaction. Consequently,
the phenotype biosensor systems have a potential of being an alternative testing tool in
comparison to chromatographic methods for determining tamoxifen in pharmaceutical
formulation. In addition, this study presents an important application of nanomaterial in
medical diagnostics. The biotransformation results obtained in DPV studies may serve as a
basis to predict and estimate the contribution of those metabolic pathways and CYP450s
relevant to TAM clearance and its conversion to pharmacologically active metabolites in vivo

at therapeutic concentrations.
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CHAPTER SEVEN

Conclusions and Recommendations

This chapter gives an overview of the main objectives and the achievements of the study. It
also outlines the future investigations required for (i) the optimization of the performance of
the phenotype biosensor systems and (ii) the determination of the metabolic pathway for

tamoxifen biotransformation that will be most beneficial in sensor development.

183

http://etd.uwc.ac.za



7.1 Conclusions

This study reported the successful synthesis of water-soluble and biocompatible (PdTeQDs)
produced by a simple, inexpensive and reproducible aqueous method capped with 3-
mercaptopropionic acid (3-MPA), thioglycolic acid (TGA) or 3, 3’-Dithiodipropionic acid
(3,3’-DTDPA), to improve their stability and solubility. Functionalisation of the quantum
dots with capping agents is very important in biosensor field and the effect of different
capping agents on the surface of the QDs were investigated by microscopic,
spectrophotometric and electrochemical analysis. HR-TEM, SAED, XRD and SAXSpace
studies revealed the information about the crystallinity and size of the QDs with average sizes
of 3-5 nm in diameter. The composition of the quantum dots was verified by EDS, and XPS
studies, in which the constituents in Pd, Te, and S were observed. Moreover, XPS gave
further details about the valence levels and core/shell structure of the QDs. The presence of
the stabilizing capping agent on the QDs surface was successfully confirmed by FTIR and
Raman studies, which revealed the specific characteristic features CH,, COOH, and SH as
well as O-H functional groups. The optical properties of the QDs materials were studied by
ultraviolet-visible spectroscopy (UV-Vis) showing absorption band edges at 320 nm
corresponding to energy band gap values of 3 eV, 3.87 eV and 2.2 e V for 3-MPA-, TGA-
and 3,3’-DTDPA-capped PdTeQDs, respectively. The excellent electrochemical transduction
characteristics of the three surface bound quantum dots were used as the principle for sensor
development. When the quantum dots were immobilized on electrode together with CYP3A4
or CYP2D6, the resultant bioelectrode was shown to undergo monooxygenation which is a
net reduction reaction. This procedure can be applied in heme-enzyme linked biosensor
system for the determination of not only drug metabolism but also the detection of other
analyte of clinical, environmental and nutritional importance. The differences in the detection

limits using different techniques (as shown in Table 3) of the biosensor systems constructed
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with different capping agents demonstrate one possible method of controlling the

performance of this class of biosensor.

Table 3: Phenotype-based biosensor systems for tamoxifen and indinavir using different

electrochemical methods (the LOD values are all converted to ng/mL)

Techniques | Biosensor Detection | Limit of Dynamic Substrate
potential | detection | linear
V) (ng/mL) range (pM)
CcVv CYP3A4/3-MPA- 0.25 40 x 10° 1-9 Indinavir
PdTeQDs/Cyst/Au
CcVv CYP3A4/TGA- 0.9 90 x 10° 0.4-0.9 Indinavir
PdTeQDs/Cyst/Au
SWV CYP2D6/TGA- 0.3 9.52x 10° | 0.55-8.8 Tamoxifen
PdTeQDs/Cyst/Au
SWV CYP3A4/TGA- 0.28 1.75x 10° | 0.55-8.9 Tamoxifen
PdTeQDs/Cyst/Au
DPV CYP2D6/3,3’-DTDPA- 0.96 1.95x 10* | 0.55-3.3 Tamoxifen
PdTeQDs/Cyst/Au
DPV CYP3A4/3,3-DTDPA- 0.46 6.88 x 10° | 0.55-5.6 Tamoxifen

PdTeQDs/Cyst/Au

Generally, the LOD values obtained with the various phenotype sensors were lower than

tamoxifen’s maximum steady state plasma concentration (Cmax 40 ng/mL), thereby indicating

that the sensing device, in principle, would be suitable for real time monitoring the drug at

point-of-care. This means that the biosensor can be applied for drug detection in patients who
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are ultra-rapid metabolisers that clear drugs from their systems very quickly. Based on the
low DLR values studied, the biosensor systems are very sensitive (down to femto-molar
concentrations) and suitable for signalling drug metabolic activity in real time. In this study,
two heme-thiolated CYP450 enzymes (CYP3A4 and CYP2D6) participate in
biotransformation of TAM to its active metabolite. The obtained results suggest that N-
desmethyl- and 4-hydroxy-TAM formation accounts for approximately 92% and 7% of
primary TAM oxidation, respectively. The biotransformation results obtained in DPV studies
may serve as a basis to predict and estimate the contribution of those metabolic pathways and
CYP450s relevant to TAM clearance and its conversion to pharmacologically active
metabolites in vivo at therapeutic concentrations. This work is very important and aimed to
improve the quality life of women, particularly breast cancer patients. The phenotype based
biosensor system will lead to proper drug prescription arising from a point of care testing of
the patient’s response to drug administration. In addition, the sensing protocol will be suitable
for the use at doctor’s office to provide a patient’s full response pattern for tamoxifen, and
therefore, assist the doctor to determine appropriate dose. Hopefully in future the phenotype
based biosensor system will be available in pharmacies and hospitals for monitoring a proper

dosage of tamoxifen for breast cancer patients.
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7.2 Recommendations for future studies

Further studies of phenotype based biosensor systems and applications are discussed below.

> Determination of tamoxifen activation in HeG2 and Hep3B human hepatoma cell

lines as well as developing drug toxicity testing protocol for cell lines.

> Individual electrochemical sensing of tamoxifen and its active metabolites (N-
desmethylTAM. 4-HydroxyTAM, and endoxifen) using direct electrochemistry or

enzyme/aptamer-based biosensors.
» Testing of bi-polar tamoxifen phenotype base biosensor system with clinical samples.

> Application of the phenotype based biosensor for detection of toremifene (an analog

of TAM) since it is also taken by breast cancer women at high risk.

> 96-well multichannel robotic electrochemical system must be studied to understand

the metabolic pathway (clearance) of tamoxifen drug.

» Integration of tamoxifen metabolism reaction steps using a single microfluidic sensor
system that will consist bi-polar reactors for enzymes catalysis and reactors for the

detection of metabolites.
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