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Abstract

With rising knowledge of the effects on plasma concentration caused by allelic variations in the
cytochrome P450 genes and other metabolic factors such as drug-drug or drug-food
interactions, more attention is paid to the possibility of therapeutic drug monitoring (TDM).
Thus, there is a rising demand for quick, low-cost and efficient equipment for drug targeting.
For such devices, electrochemical biosensing techniques serve as a promising alternative.
Toremifene is the chlorinated analogue of tamoxifen and is used for adjuvant antiestrogenic
treatment for breast cancer and could serve as a candidate for TDM treatments. In this work, a
proof of concept enzymatic electrochemical biosensor is developed for the detection of
toremifene in aqueous solution. The biosensor uses water-soluble 6-mercaptopropinoic acid
capped copper selenide quantum dots (6MHACuSe QDs) conjugated to a cysteamine self-
assembled monolayer on a gold electrode. The 6MHACuSe QDs where further conjugated with
CYP2C9 enzyme, which has shown to have a major part in the hydroxylation of toremifene
(TOR) to form 4-hydroxytoremifene-(40H-TOR).-The 6MHACuSe QDs where synthesized
using a facile and rapid aqueous route. Results from synthesis of 3-mercaptiorproionic acid
(3MPA) and mercaptosuccinic acid (MSA) capped copper selenide QDs, are also presented in
the study and compared to the results of the 6MHA capped copper selenide QDs. X-ray
diffraction analysis (XRD) confirmed formation of copper selenide species of non-
stoichiometric form CuzxSe (for the 6MHA and 3MPA capped CuSe QDs) and B-CuSe
stoichiometric form (for the MSA capped CuSe QDs). XRD and high resolution electron
microscopy (HRTEM) confirmed that 6MHA capped CuSe QDs had the smallest average
particle core size when dried. Furthermore small-angle x-ray scattering (SAXS) and dynamic
light scattering (DLS) showed MSA capped CuSe QDs had the smallest size in aqueous
solution, though with a high ability to aggregate. The capping of CuSe QDs was confirmed by
FTIR via the specific COOH, CH; and C-S signature bands of 3MPA and 6MHA. The water-
soluble nature of the MSACuSe QDs pointed towards bonding of the thiol carboxylic acid.
However, the MSA bond to the CuSe QDs is probably unstable, leading to lower stability of
the QDs in aqueous solution. UV-vis absorption confirmed a large blue shift of the band gap
compared to the bulk material for all formed QDs which is attributed to the quantum
confinement effect. Photoluminescence (PL) measurements showed that the QDs emits light at
435 nm (6MHA and 3MPA capped CuSe QDs) and 485 nm (MSA capped CuSe QDs). Cyclic
voltammetry studies confirmed favourable electrochemical properties showing that the QDs

could be utilized as a component in electrochemical biosensors. This was further investigated



by applying the 6MHACuSe QDs in the final toremifene biosensor construct. Cyclic
voltammetry (CV) and square-wave voltammetry (SWV) studies showed that the 6MHACuSe
QDs served as an electron mediator and enzyme immobilizer on the electrode surface. The QDs
also showed to retain the catalytic properties of the CYP2C9 enzyme. The small KM APP
values obtained for CV and SWV (0.08 pM and 0.27 pM respectively) indicates high binding
affinity between the substrate and CYP2C9 enzyme on the electrode surface. The biosensor
response for the CV measurements had a very small dynamic linear range (DLR) up to 0.3 pM,
R? = 0.85078, with a sensitivity of 241.2 nA pM™. The limit of detection (LOD) corresponded
to 0.28 pg mL™. The DLR could be slightly improved by the use of SWV as a detection
technique in comparison to cyclic voltammetry. The SWV measurements gave a DLR up to
0.6 pM (R? = 0.98432). The sensitivity obtained was 212.7 nA pM* with a LOD corresponding
to 0.08 pg mL™. The LOD values obtained are lower than detection limits reported for other
toremifene detection techniques. Toremifene in blood plasma or urine samples is commonly
determined by HPLC or LC-MS/MS techniques-and the LOD ranges within 0.2 — 30 ng mL™.
In addition, the LODs of the biosensor-construct-is-significantly lower than reported steady state
plasma concentrations (Css) amongst patients.with advanced breast cancer administered with
60 mg (normal daily dose) of TOR Amongst these patients, Css = 879 ng mL™. Thus, as a
general conclusion of this work, it can be stated that the biosensor was shown to have the

potential of detecting presence of very small amounts of toremifene in plasma samples.
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Chapter 1: Introduction

Summary
This chapter gives an introduction to the need of the study. The problems that may occur with

antiestrogenic treatment are explained together with the growing interest for personalized care
and therapeutic drug monitoring. This'chapter-also explains the aims and objectives of the
study which involves creating a biosensor; for the detection of toremifene. The different parts of
the study involve: synthesizing water soluble copper selenide quantum dots, modifying a gold
electrode using cysteamine monolayer conjugated to quantum dots and cytochrome P450 2C9
enzyme and study the electrochemistry of the modified electrode in the presence of toremifene

at different concentrations. Finally, the chapter presents the structure of the thesis.



1.1 Background

1.1.1 Breast Cancer
Breast cancer is the leading form of cancer amongst women and the number of cases are

increasing. In the United States for instance, breast cancer is estimated to represent 30 % of the
new cancer cases in 2017. This will result in 40 610 deaths within the American population.

[1-3] Worldwide, breast cancer accounts for to 18.2 % of all cancer deaths.[4]

Cancer is caused by uncontrolled cell division of abnormal cells in a part of the body.[5] Most
commonly breast cancers starts in the epithelial cells of the gland tissues in the breast. In such
cases the cancer either starts in the milk ducts or in the milk producing glands called lobules.
Less common types of breast cancers may also start in the cells of the fat, muscle or connective
tissue.[6] The causes are not completely established but risk factors such as age, genetic impact
and environmental factors plays a role in the likelihood of getting the disease.[4] The treatment
used for breast cancer is depending.on-the cancer-type and weather the cancer is invasive (has
spread to surrounding tissue) or in-situ (in place).[6] The treatment can either consist of local
treatment, such as radiation and operation, or systemic therapies using drugs. The systemic
therapies involves chemo, hormone and targeted therapies. Amongst these, antiestrogenic
treatments, such as tamoxifen, toremifene-and-raloxifene;-has.impact breast cancer treatment
worldwide and has significantly reduced.breast cancer-recurrence and improved overall survival

rate amongst women.[7]

However, there are still many problems remaining with the breast cancer treatments available
today and the challenges regarding treatment response and the cancer reoccurring.[7] Lack of
targeted hormone receptors in the cancer cells and hormone therapy resistance are some of the
factors creating issues for the effectiveness of the hormonal cancer treatment.[7-9] Other
potential problems could arise from individual allelic variations of drug metabolizing enzymes
and interfering drug-drug interactions. Different approaches are taken to solve these issues in
the aiming at reducing recurrence and mortality amongst patient. More interest is focused on
the possibilities of personalized treatment and individual monitoring of administered drugs.
[10-13]



1.1.2 Treatment of Breast Cancer with Toremifene
Antiestrogenic treatments is a fundament of medical breast cancer therapy, with tamoxifen as

the oldest drug prescribed for these treatments.[14] Toremifene is the chlorinated analogue of
Tamoxifen and both drugs falls under the category of selective estrogen receptor modulators
(SERMs). SERMs binds to the estrogen receptor (ER). Depending on the tissue SERMs can act
agonistic, which induces the effect of estrogen, or antagonistic, causing an antiestrogenic
effect.[15-18] In general, SERMs exhibits antiestrogenic effects on the breast tissue, making
them a useful treatment for ER-positive invasive breast cancer.[19,20] A cancer cell is said to
be ER-positive if it contains estrogen receptors and thus relies on estrogen to grow.
Antiestrogenic therapy aims to stop or reduce the estrogen induced growth of the cancer
cells.[21] Some members of the SERM group of compounds, e.g. tamoxifen and raloxifene, has
shown to significantly reduce the risk of breast cancer in women considered to be of high- and
average-risk to develop the disease. These medications are also approved for preventative

treatments of breast cancer. [20,22]

Toremifene was developed with the aim-of making a more efficient antiestrogenic compound
than Tamoxifen, for breast cancer treatment.[23] In 1997 the drug was approved by the U.S
Food and Drug administration for treatment of advanced breast cancer in postmenopausal
women with tumors that are ER+ or have an unknown ER status.[24,25] Toremifene differs

from Tamoxifen with only one atom (Figure 1.1).

Figure 1.1 Molecular structure of Toremifene (left) and Tamoxifen (right).

Three prospective, randomized, controlled trials compared toremifene and tamoxifen as
treatment of advanced breast cancer in postmenopausal women with ER+ or ER unknown
tumors. All studies indicated that Toremifene and Tamoxifen are equally effective and safe
treatments of postmenopausal women with ER+ and ER-unknown breast cancer.[26-28]



Studies has also been performed to investigate the difference between toremifene and tamoxifen
as adjuvant treatment of postmenopausal women with endocrine-sensitive breast cancer. The
studies compared the ratio of 5-year disease-free survival (DFS) and overall survival (OS). No
significant difference in DFS and OS could be proven between the patient groups, indicating
that the treatments have equal efficiency when used as adjuvant breast cancer therapy for the
treatment of postmenopausal women.[27,29-33] Additionally, toremifene and tamoxifen have
similar side effects and toxicity levels in both pre- and postmenopausal breast cancer
patients.[29,33,34] However, a study performed on premenopausal breast cancer patients
registered at Sun Yat-Sen Memorial Hospital (China) showed the same efficiency in overall 5-
year survival but with significantly higher recurrence-free survival among the patients treated
with Toremifene compared to patients treated with tamoxifen. [34] In vitro, the efficiency of
toremifene in terms of ER affinity and growth inhibition of ER+ cancer cells is similar to that
of tamoxifen. [23,35] However, two metabolites of tamoxifen which is 4-hydroxyl-tamoxifen
(40H-TAM) and 4-hydroxyl-N-desmethyl-Tamoxifen (endoxifen) are more potent in ER
binding and inhibition of ER+ cancer-cell-growth-than-tamoxifen and toremifene. Thus,
tamoxifen is often referred to as a prodrug with endoxifen as the main active metabolite.[35,10]
Plasma concentrations of tamoxifen and its metabolites has shown to have significant variations
in patients with different genotypes of the cytochrome P450 (CYP) 2D6 enzyme CYP,.
Furthermore, use of CYP2D6 inhibitors, for instance selective serotonin reuptake inhibitors
(SSRIs), was also shown to give alteration in'plasma ‘concentration for tamoxifen and its
metabolites. [10-12] Thus, the ability to metabolize tamoxifen iinto its active forms vary widely
amongst individuals although there are still uncertainties on how these alterations actually affect
the treatment outcome.[12]

Toremifene is not considered a prodrug and is not considered to be affected by CYP2D6
polymorphism alone. [12] A comparative metabolic study of Toremifene and Tamoxifen with
human liver microsomes (HLMs) was performed by Watanabe and co-workers [35] This study
suggested that CYP3A4 has the biggest impact on the direct metabolism of toremifene by
catalyzing the N-demethylation of Toremifene to form N-desmethyl-Toremifene (NDM-TOR),
which is the metabolite occurring in highest concentration in the plasma. Further, CYP2C9 had
the biggest role in metabolizing toremifene to its second metabolite 4-hydroxyl-toremifene
(40H-TOR). Figure 1.2 shows the suggested reaction pathway along with the percentage of
total normalized reaction rate (% TNR) which describes the metabolic contribution of each

isoform normalized with the relative content of P450 in pooled human liver microsomes.[35]
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Figure 1.2 The suggested metabolic pathway of Toremifene to form its main metabolites: NDM-TOR, 40H-TOR and 40H-
NDM-TOR. The figure illustrates the main enzymes involved and the metaholic contribution of each isoform normalized with
the relative content of P450 in in pooled human liver microsomes in %TNR, presented in the work by Watanabe and co-
workers:[35]

The same study showed that both 40H-TOR and 4O0H-NDM-TOR had a much higher potency
to inhibit ER+ cancer cell growth. However, based on plasma measurements of toremifene and
its metabolites performed in previous research [36] the authors argue that these metabolites are
cannot be responsible for the pharmacologic effects since their plasma concentration are low or

undetectable. Thus, toremifene itself is responsible for the anticancer effect in vivo. [35,36]

1.1.3 Motivation of the study
Toremifene is to a lower extent than tamoxifen metabolized by the CYP2D6 enzyme and thus

may be less influenced by allelic variations in of the CYP2D6 gene or drug-drug interactions.
However, CYP2C9 enzyme, which has a bigger role in the toremifene metabolism, also has
allelic variations of CYP2C9*2 and CYP2C9*3. To have polymorphic alteration in both the
CYP2D6 and CYP2C9 is rare and constitutes less than 1 % of the Greek population.[37]

However, in the comparative metabolic study by Watanabe and co-workers [35] the authors



discuss the possibility that decreased functional alleles of both CYP2D6 and CYP2C9 could
influence the pharmacokinetics of toremifene amongst the patients carrying them. [35] Whether
these polymorphic alterations actually effect the treatment outcome of toremifene therapy
amongst the carrying population is still to investigate. However, with rising knowledge of the
effects on plasma concentration caused by allelic variations in the cytochrome P450 genes and
other metabolic factors such as drug-drug or drug-food interactions, more attention is paid to
the possibility of therapeutic drug monitoring (TDM). The possibilities to observe the plasma
concentration and moderate the doses individually between patients could optimize the dosing
and treatment outcome. In a review by Widmer and co-workers [13] the authors analyze the
benefits with therapeutic drug monitoring of anticancer drugs. The review demonstrates that
TDM has had clinical benefits in some cases of cancer treatment where concentration-effect

relationship has been studied.[13]

Toremifene and tamoxifen could be candidates for such personalized treatments. The methods
used for TDM are often liquid chromatography-tandem mass spectrometry (LC-MS/MS),
which is quick and efficient but-expensive. [13,38,39] Laboratories not equipped with LC-
MS/MS apparatus, High-performance liquid chromatography coupled to ultraviolet or
fluorescence techniques is also an alternative. [40-42]. However, issues that may arise with
these techniques is sampling of potentially-significant'amounts of blood, shipments to distant
laboratory, extensive costs of the potentially expensive equipment, potential delays caused by
delivery of results and possibly complex interpretation of data. Thus, technological

developments that could facilitate the plasma measurements for TDM are needed.[13]

An enzyme based electrochemical biosensor for the target of toremifene could serve as a
quicker, cheaper and more available method to measure plasma concentration, compared to the
methods that are currently used. Such biosensor could also facilitate the possibility of research
in the field of plasma concentrations relations to treatment outcome. In the study presented in
this thesis a biosensor has been constructed. The biosensor was constructed using a gold
electrode modified with a combination of CYP2C9 enzyme and copper selenide quantum dots
as electron mediators. The purpose was to construct a toremifene biosensor that could detect

the concentration status in plasma samples.



1.2 Aims and objectives of the study
The aims of this study is to construct a biosensor for detection of toremifene drug as a proof of

concept drug monitoring tool. The biosensor could be used for further development of effective,

portable devices to measure plasma concentration of patients during treatment. Furthermore,

the aim of the study was to provide a tool for further understanding of the drug and its

metabolites. The biosensor is constructed using a gold electrode, cysteamine (Cys), 6-

mercaptohexanoic acid capped copper selenide quantum dots (6MHA-CuSe QDs) and CYP2C9

enzyme. Construction of the Au/Cys/6MHACuSe/CYP2C9 biosensor involves following steps:

Formation of self-assembled monolayers (SAMs) of cysteamine on gold electrode
surface by utilizing the strong covalent interaction between the gold surface and the
thiol group of the cysteamine. This will create the Au/Cys modified electrode.
Synthesis of CuSe QDs capped with 6-mercaptohexanoic acid using aqueous
method. This will be followed by immobilization of 6MHACuSe QDs on Au/Cys
modified electrode by letting it-react-chemically for 5 h with free amino groups of
the cysteamine in presence of cross-linking agents (EDC/NHS), giving rise to a
strong ester bond.

Construction of a biosensor by binding the amino groups of CYP3A4 enzyme with
Au/Cys/6MHACuSe surface through-the-carboxylic acid of the quantum dots.
Characterisation of . Au/Cys/6MHACuSe/CYP2C9 biosensor using cyclic

voltammetry (CV), square wave voltammetry (SWV) in presence and absence of

toremifene.



1.3 Thesis layout

This thesis consists of 5 chapters:

Chapter 1: Provides an introduction to the thesis giving the background of the topic,
problem statement, motivations and aims and objectives of the study.

Chapter 2: Contains a detailed literature review on the topic: “The Role of Quantum Dots
in Hemolytic Enzyme-Based Electrochemical Biosensors”.

Chapter 3: Describes the synthesis, characterization and electrochemical properties of
water soluble copper selenide quantum dots using different capping agents.

Chapter 4: Describes the construction-and-characterization of the
Au/Cys/6MHACuSe/CYP2C9 biosensor-

Chapter 5: Provides general conclusions and recommendations for the work presented.
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Chapter 2: Literature review - The Role of
Quantum Dots in Hemolytic Enzyme-based
Electrochemical Biosensors

Summary
The chapter contains a literature review regarding the work published on the role of quantum

dots as a component of heme enzyme-based electrochemical biosensors. The chapter gives an
introduction to the topic of enzyme based electrochemical biosensor and quantum dots. The
chapter also describes the catalytic.cycles of cytochrome P450 and peroxidases for substrate
oxidation. Lastly, the review summarizes studies on the combination of QD and heme based

enzymes in electrochemical biosensors, their structure and function.
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Abstract

Electrochemical biosensors has shown promising possibilities as a molecular detection tool,
mainly due to their fast response, low cost, high sensitivity and uncomplicated operation for
analyte detection. The use of heme based enzymes as a biorecognition element for such
constructs has been widely explored with promising results for molecular detection. However,
frequent attempts are made to improve sensitivity and selectivity. Thus, the implementation of
quantum dots (QDs) in combination with heme based enzymes has recently gained interest in
the research world. QDs are semiconductive nanocrystals with 2-10 nm diameter. Due to their
specific quantum confinement effect, accredited to their small size, the QDs have shown
promising optical and electrochemical properties. In combination with heme based enzymes the
guantum dots have shown to provide a stable microenvironment. High maintenance of the
biological activity of the enzyme has been shown when immobilized on a QD modified
electrode surface. In the case of photoelectrochemical and-electrochemiluminescent biosensors,
the QDs provide a key element for the biosensor function. This review summarizes a number
of studies on the combination of QD and heme based enzymes in electrochemical biosensors,

their structure and function.
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2.1 Introduction
In the latest years, electrochemical biosensors has been developed for various pharmaceutical

and clinical applications. One well known example is the glucose biosensor for self-monitoring
of blood glucose in diabetic patients. [1-3] Due to a higher interest in personalized treatments,
real-time drug monitoring and point-of-care disease diagnostics, there is a need for efficient,
cheap and quick biological sensors capable of detecting a certain biological molecule. [2-4]
Currently, drug targeting for therapeutic monitoring of anticancer drugs is mostly performed
using liquid chromatography-tandem mass spectrometry (LC-MS/MS) [3,5,6] For laboratories
unequipped with this technology, High-performance liquid chromatography coupled to
ultraviolet or fluorescent techniques can be used. [7-9] However, these techniques have issues
caused by expensive equipment, potential need to transport the samples to distant laboratories
and complex data interpretation. [3] In contrast, electrochemical biosensors has shown
advantages in comparison to the conventional drug-targeting methods, due to their fast
response, low expenses, high sensitivity and-uncomplicated operation for analyte detection.
[10-13]

A biosensor consists of two key elements: the bioreceptor and the transducer. The bioreceptor
is a biological molecule capable of identifying the target analyte. Antibodies, enzyme,
membranes and cells are some . examples-of what-the receptor can consist of. Whereas the
transducer translate the carrying.energy.from the identifying reaction into an analytical signal.
In electrochemical biosensors, the biological reaction between the biosensor and analyte causes
a detectable electrical signal. [14,15] The use of enzymes as the bioreceptor components in
electrochemical biosensors has shown certain advantages in detection of specific analytes,
mainly due to their ability to specifically bind to a substrate but also detect many different
analytes. In addition, enzymes are not consumed after the interaction with is target substrate,
which enables continuous use of the detector. There are however other disadvantages related to
the enzyme being sensitive to multiple factors in the surrounding conditions such as pH,
temperature and inhibition caused by certain chemicals. [4] Amongst the various enzyme used
for such electrochemical biosensor constructions, heme based enzymes has shown great
potential for detection of various substrates. Two families of heme based enzymes that has been
widely studies as a bioelectrode component is cytochrome P450s (CYPs) and peroxidases, thus

especially horse radish peroxidase. [2,16-21]

Cytochrome P450s is a family of enzymes, all with a critical heme group, that metabolizes

many xenobiotic (industrially synthesized compounds) and many commonly used prescription
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drugs. [22] Electrochemical biosensor using different CYPs immobilized on the electrode
surface has been created for a wide range of applications such as anti-tuberculosis drug
monitoring, cocaine detection and metabolic study of bisphenol A. [16-18] The possibility of
using CYPs electrochemical biosensor both as drug targeting techniques and for metabolic
studies of drugs has given rise to many studies and applications. Frequently, new ways to
increase the performance and sensitivity of these sensors are investigated. [21] Like CYPS,
peroxidases are heme containing enzymes that plays a big role in drug metabolism. By using
hydrogen peroxide (H202) peroxidases catalyzes oxidation of many different oxidizable
xenobiotics.[23] Amongst the peroxidases, horseradish peroxidase (HRP), has been explored

in a great amount of biosensor constructs, optical as well as electrochemical. [19,20,24-29]

Recently, the use of quantum dots (QDs) as an electron mediator between the electrode and the
heme based enzyme in electrochemical biosensors has been investigated. QDs makes a good
material for enzyme immobilization. Fur such applications, studies have reported promising
results with enhanced electrocatalytic-response -and--sensitivity for the target substrate.
[10,28,30] This review will focus on the studies regarding quantum dot based electrochemical
biosensors on heme based enzymes. Amongst these mainly cytochrome P450s and horseradish
peroxidase have been used for these purposes. However, sulfite oxidase has also been explored
as a part of a quantum dot based photoelectrochemical biosensor. [10,20,29-33] Table 2.1
shows a summary of the electrochemical biosensor constructs combining quantum dots and

heme based enzymes.
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Enzyme Quantum Dots Other electrode Electrode Results Reference

modification material
3-mercaptopropinic acid capped L-cysteamine self-assembled Reduction peak at Ndangili and co-

CYP3A4 ZnSe QDs monolayer Gold -200 mV in presence of workers [10]
0.33 uM of 17p-estradiol.

3-mercaptopropionic acid capped  L-cysteine self-assembled Irreverseble reduction peak  Nxusani and co-

CYP3A4 Ga,Se; QDs monolayer Gold at workers [30]
-220 mV in presence of
17-alpha-ethinyl estradiol

Thioglycolic acid functionalized Surface immobilized Indium tin Chatodic photocurrent Xu and co-

CYP2C9 CdTe QDs 3-aminopropyltriethoxysilane oxide observed at -200 mV workers[31]

3-mercaptopropionic acid capped  Amino-functionalized surface Indium tin Photocurrent response at Qian and co-

CYP2D6 CdSe QDs. oxide applied potential of -200 workers [32]
mV attributed to catalytic
activity of enzyme

HRP CdSe/ZnS QDs None Glassy carbon Reduction peak and Wang and co-
oxidation peak detected workers [29]
between
-177 and -242 mV with 65
mV peak separation in
presence of H,0,

HRP CdSe QDs within a template of None Indium tin Enhancement of current Yang and co-

mesoporous silica (MS) spheres oxide response when illuminated  workers [34]
with UV in presenece of
H.0,

HRP CdTe-CdS core-shell QDs Graphene-gold nanocomposites, Gold Increased cathodic and Zhiguo and co-

gold nanoparticles anodic current attributed to  workers [20]
catalytical activity of
enzyme towards H,0O,.

HRP Graphene QDs Chitosan Glassy carbon Reduction current with Muthurasu and co-
onset potential -320 mV workers [19]
and half-wave potential -

455 mV in presence of
H20,

HRP Graphene QDs Thiol-tethered Gold Amperometric current Hu and co-
oligodeoxynucleotide probes, response in presence of workers [28]
target DNA, aminated indicator target analyte miRNA
probe (NH,-DNA)

HRP ZnS QDs Ordered mesoporous carbon, Glassy carbon Detectable Zhang and co-

Chitosan

electrochemiluminscent
response in presesence of
target analyte

glyphosphate

workers [35]
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HRP

HRP (In
biconjugation
with antibodies
and Au

nanoparticles)

Sulfite oxidase

Thioglycolic acid capped CdS
QDs

Poly-(diallyldimethylammonium
chloride)-graphene-CdSe QDs

Polyethylenimine entrapped CdS
nanoparticels

Poly(diallyldimethylammonium
chloride)

Polyclonal goat antimouse 1gG
(Aby), Mouse 1gG (Ag),
Polyclonal goat antimouse 1gG
(labeled with HRP, Ab,)
Benzo-4-chlorohexadienone

Chitosan

3,3'-Dithiodipropionic acid di(N-
hydroxysuccinimide
ester) self-assembled monolayer

crosslinked with succimide
active ester and branched

polyethyleneimine

Indium tin

oxide

Glassy carbon

Indium tin

oxide

Detectable photocurrent
with intensity reversed
proportional to
concentration of target

analyte mouse 19G (Ag).

Electrochemiluminiscent
peak at -1.2 V with
intensity proportional to
the logarithm of the
concentration of target
analyte Hg?*.

An increase in oxidation
current starting at -250 mV
in presence of target

analyte sulfite

Zhao and co-
workers [36]

Cai and co-
workers [37]

Zeng and co-
workers [33]

Table 2.1 A summary of the different enzymes, QDs and electrode types used for construction of electrochemical biosensors.
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2.2 Redox center of Heme-containing Enzymes

Heme enzymes uses the heme group as a cofactor. Heme consists of a ferrous iron (Fe') in the

center of a porphyrin molecule (Figure 2.1). [38]

CH,

7 CH,
/CHZ
CH;,
CH, CH;
0™ “oH o’ OH

Figure 2.1 The molecular structure of heme.

The amount of enzymes falling under this category is extensive with peroxidases being the most
studied in the field. The enzymes can catalyze both reductive and oxidative reactions. Heme
enzyme oxidants can thereafter be divided into-two-categories: oxygenases (that use O to
oxidize substrates) and peroxidases, (that,use H2O,-for oxidizing substrates), with the later
mentioned being the most usual oxidant since Oz is not a reactive molecule. The role of the
heme group for heme oxygenases is to overcome the kinetic barrier present for reactions
between O2 and the majority of biological molecules. In the case of the peroxidases, the reaction
between H>O. and transition metals generate toxic hydroxyl radicals which damages the
enzyme. Thus, the active site of the heme enzyme is designed to reduce the formation of these
destructive hydroxyl radicals by ensuring domination of an alternative pathway, forming H.O
and a naked O atom instead.[38] Since CYPs and HRP are the most used heme enzymes for
quantum dot electrochemical biosensors, the following subchapters will focus on the reaction

mechanism of these enzymes.
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2.2.1 Monooxygenation reaction of CYP enzymes
The use of CYPs as a biorecognition element has shown good potential thanks to their high

specificity in combination with their ability to metabolize a broad range of substances.
Endogenous substances such as fatty acids, steroids and prostaglandins acts as CYP substrates.
The CYP substrates also includes drugs and toxins. At the same time, CYPs has the ability to
metabolize endogenous substances with high specificity, for instance the conversion of steroid

hormones. This allows good possibilities for distinction of specific substrates. [16-18,22,39]

The active site of the cytochrome P450 enzyme is the iron containing heme group. Through
substrate binding to the active site, the enzyme metabolizes a variety of reactions in vivo such
as hydroxylation, epoxidation, N-,S- and O-demethylation. Through these reaction, the CYPs
participates in the phase | metabolism of drugs and xenobiotics, allowing second-phase
metabolism and excretion from the body through the urine. [21,40] Substrate hydroxylation
under CYP catalysis refers to the hydroxylation of a substrate RH by inserting an oxygen atom
to form ROH. The reaction uses molecular—-oxygen and the overall reaction follows
Equation 2.1.[22,39]

RH + 0, + 2H* — ROH + H,0 (2.1)

In vivo, the reaction of CYPs isdependent on the.cofactor NAD(P)H that works as an electron
donor. In addition, cytochrome P450 reductase (CPR) is needed for transfer of the electrons
from NAD(P)H to the CYP enzyme.[21,22] A schematic illustration of the cytochrome P450

catalytic cycle is showed in Figure 2.2.
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ROH Hexa coordinated

low-spin ferric form
Product is released RH

CYP4:10-OEGIH H20
2

CYP,s,-Fe'V=O(RH
aso-Fe "=0(RH) Binding of substrate

H>0O CYP,sy-Fe(RH)
H+
CYP,5,-Fe-O0H(RH) ¢
Intermediate
formation CYP,so-Fe'(RH)
e Reduction

CYP,50-Fe''-O,"(RH)
H+
0,
Binding of molecular oxygen

Figure 2.2 The catalytic cycle-of cytochrome-P450-enzymes-for substrate hydroxylation.

The most accepted model for the rreaction mechanism of substrate hydroxylation by CYP
involves 7 steps. However, the mechanism involves intermediate step that are still not fully
understood. Before binding of substrate for reaction initiation, the CYP is in hexa-coordinated,
low-spin ferric form with water serving as the sixth ligand. The cycle starts with the substrate
binding to the active site of the enzyme, causing exclusion of the water ligand. This induces a
shift to a 5-coordinate high-spin state. In the second step, a positive shift of the redox potential
occurs as a consequence of the decreased polarity of the enzyme. This positive shift enables the
transfer from one electron from a redox partner to reduce the enzyme from the ferric (Fe'") to
the ferrous (Fe') state. Thirdly, molecular oxygen is bound to the ferrous enzyme to form the
Fe''-O, complex. In step four, an iron-hydroperoxo (Fe'"-OOH) intermediate is formed by
transfer of an electron followed by a proton to the Fe''-O, complex. In step five, the O-O bond
is cleaved. A water molecule and an iron-oxo ferryl (FeV=0) intermediate is released. In the
sixth step, the iron-oxo intermediate extracts one hydrogen atom from the substrate, reducing
the intermediate to a ferryl specie (Fe'V-OH) and forming a substrate radical (R"). This is
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followed by a radical recombination to form the enzyme-product complex. Alternatively, the
complex is formed without the radical forming intermediate step. In the final step, the product
ROH is released and the initial low-spin ferric enzyme is reformed. [22,39,41,42]

By immobilizing CYPs on an electrode surface it is possible to eliminate the need for NAD(P)H
and CPR as a part of the metabolizing reaction. In this situation, the electrode will serve as the
electron donor. When applying a voltage to the electrode with the immobilized CYP enzyme in
presence of a CYP substrate, a redox reaction will be triggered. Thus, a current will be generated

which will give a direct indication of CYP dependent electrocatalysis. [21,39]

2.2.2 Mechanism of HRP Catalysis
Peroxidases uses H»O, catalyze the one-electron oxidation of a great variation of oxidizable

xenobiotics. The overall reaction of oxidation of xenobiotics (XOH) involves the steps
described in Equation 2.2 to Equation 2.4.[23] The peroxidase catalytic cycle for xenobiotics

oxidation is illustrated in Figure 2:3.

Peroxidase + ROOH — Compound I+ ROH (2.2)
Compound I + XOH — Compound Il + X0* + H* (2.3)
Compound Il + XOH — Peroxidase + H,0 (2.4)

Peroxidase-Fe!ll

ROOH
XO*+ H50
OH
XOH
Compound II-Fe!'Y=0 Compound I-Fe!V=0(P* )

XO*+H' XOH

Figure 2.3 Peroxidases catalytic cycle for oxidation of xenobiotics.
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In the first step, peroxidases catalyzes the oxidation of hydroperoxides that loses two electrons.
This causes the formation of the corresponding alcohol of the hydroperoxide and compound I,
which is an intermediate with distinct spectral characteristics that are different from the resting
enzyme. Studies suggest that in the forming of compound I, an electron is transferred from the
iron and a second from the porphyrin ring in the heme group to form a porphyrin n-cation (Pe+)
radical. In some peroxidases, one of the electrons are transferred from an amino acid sidechain
rather than the porphyrin group. In the second step, compound 1 is reduced to compound Il by
receiving an electron from a substrate molecule which reduces the porphyrin z-cation radical.
Compound Il is a well-defined Fe'V=0 specie. In the last step, a substrate molecule reduces

Fe'Vback to Fe'' in the heme prosthetic group and the resting enzyme is reformed.[23,38,43]

Horseradish peroxidase is a plant based peroxidase and the electrochemical behavior of this
enzyme has been thoroughly studied. The electrochemistry observed when immobilizing HRP
on an electrode surface is due to Fe''"/Fe'' electron transfer reaction occurring on the heme group
in the active site.[44] The E =*x:2* values for the-protein-may differ depending on experimental
conditions such as pH, immobilization;method and interference of other electrode surface

modifications such as quantum dots.[19,44]

2.3 Quantum dots-based biosensors

2.3.1 Biocompatible quantum dots
Quantum dots (QDs) are semi-conductive particles with size normally varying from 2-10 nm

in diameter and are defined as particles with physical dimension smaller than the exciton Bohr
radius [45,46]. Their good photo luminescent and electrochemical properties enables a broad
spectra of applications such as light-emitting diodes (LED), photovoltaics, bioimaging and
medical diagnostics. [38,47,48]

The optical properties of QDs is due to the excitement of electrons from the valance band to the
conduction band. The difference in energy between these two bands are known as the band gap
(Egap). Photons are absorbed by semiconductor QDs if the excitation energy exceeds the band
gap. When an electron is excited to a higher energy level in the conduction band, a hole is left
in the valence band. The electron and its associated hole can be hold together by electrostatic

attraction and forms an exciton. The distance between the electron and its hole in an exciton is
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called the “Bohr radius of the exciton” and is typically a few nanometers in size. An exciton is
free to move in every direction when formed in a bulk material. However, in the situation of a
QD, the diameter is reduced to the same order of magnitude as the Bohr radius and the exciton
cannot move freely. When the QDs diameter is smaller than the Bohr radius of the exciton,
guantum confinement occurs. This causes a transition from continuous to discrete energy levels.
The energy levels of the valence and conduction band, within the QD, becomes quantized and
the energy values can be directly related to the particle size. The unique optical properties of

the QDs is accredited to this quantum confinement effect. [49,50]

One of the most interesting of the QD properties is the possibility to tune their properties by
changing the particle size. Especially the wavelength of fluorescence emission.[51] With
different absorption techniques it is possible to study the relation between QD particle size and
bandgap values. The absorption band shifts to lower energies as the size of the QDs increases.
With diameters below the Bohr radius the absorption spectrum shows a fine structure, which is
due to the discrete energy levels [49,50].- The lowest detectable peak in the absorption spectra
is called “quantum-confinement peak’ and illustrates the lowest excited energy state of the

semi-conductive nanoparticle. [46]

Surface modifications are often required in order to improve the water solubility of the QDs
and obtain biocompatibility. Commonly, the surface of the QD is modified with either
polymers, thiol compounds, mercaptopropionic-acid compounds or organic groups.[52] Such
modifications makes it possible;to furtherlink the-QDs to other biological molecules such as
antibodies, aptamers and enzymes. Through this, the QDs can be further applied for biological,

medicinal and biodetecting purposes.[10,33,52-56]

2.3.2 Types of QDs biosensors
The application of QDs in biosensors has been explored in numerus studies. Through covalent

attachment of different biorecognition molecules e.g. DNA strands, cells and enzymes QDs can
make part of highly sensitive biosensors. The sensors applications ranges from DNA sensing
for clinical diagnostics to detection and discrimination of genetically modifies organisms.[57—
59] Likewise, QDs in enzyme based electrochemical biosensors has promising possibilities as
a biological detection tool. [20,60,61] Different enzymes has been used for these applications.
In a recent study Han and co-workers immobilized the enzyme tyrosinase to a CdS quantum

dot/chitosan nanocomposite matrix. The CdS QD/Citosane/Tyrosinase mixture was then spread
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on a glassy carbon electrode. This created a sensor with high sensitivity to the detection of
catechol and a low detection limit of 0.3 nm at a signal-to-noise ratio of 3. [61] More enzymes
have been used for electrochemical biosensing utilizing quantum dots, for example glucose
dehydrogenase and acetylcholinesterase, with the heme based enzymes representing a big part.
With the aim of enhancing current intensity without compromising the stability and biological
activity of the enzyme.[10,19,20,28-32][59,62]

2.4 Biosensing with QDs-CYP electrodes

2.4.1 Electrochemical sensors
Many different techniques have been reviewed regarding immobilizing enzymes on the

electrode surface, creating a bioelectrode. The use of self-assembled monolayers (SAMs) and
nanoparticles has been utilized to fulfill this task. A popular alternative is gold nanoparticles
due to its good electron mediating-abilities.[21,63,64] Also different forms of graphene
nanocomposites have been explored as a part of a CYP-electrochemical biosensor. [65,66] The
use of different types of QDs as electron mediators in a cytochrome P450 based electrochemical
biosensor has been explored in 4 recently published articles. Ndangili and co-workers [10] made
a biosensor construct using 3-mercapopropionic acid (3MPA) capped ZnSe quantum dots
conjugated to a gold electrode previously /modified with self-assembled L-cysteamine (Cys).
Cytochrome P450 3A4 was then conjugated .onto the-modified electrode to create the final
Au/Cys/BMPA-ZnSe/CYP3 A4 biotransducer. This was used for detection of 17p3-estradiol (E2)
which is an endocrine disrupting compound. The catalytic response of the biosensor was studied
in aerobic conditions using cyclic voltammetry (CV) and square wave voltammetry (SWV).
The studies were carried out in phosphate buffer of pH 7.4 and with different concentrations of
E2. In the presence of 0.55 uM of E2, a reduction peak was observed at -200 mV. The results
were compared to the catalytic response of the biotransducer in absence of quantum dots
(Au/Cys/CYP3A4) with and without E2 in the solution. Figure 2.4 shows cyclic
voltammograms of these studies carried out at 40 mVs* scan rate.[10]
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Au/Cys/3MPA-ZnSe/CYP3A4 + 0.55 uM E2
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Figure 2.4 Cyclic voltamograms of Au/Cys/CYP3A4, and Au/Cys/3MPA-ZnSe/CYP3A4 with 0.55 uM of E2 (black and red
respectively) and without E2 (blue and green), in phosphate buffer of pH 7.4 at 40 mVs. (Reprinted from Ndangili and co-
workers[10] with permission)

The catalytic response of the Au/Cys/3MPA-ZnSe/CYP3A4 was compared to the response of
AU/Cys/CYP3A4 in presence of E2,~where-a-weak reduction peak could be observed at
-382 mV. This potential shift was attributed to the quantum dots ability to confine electrons in
three dimensions. Thus, the activation energy of the reaction was lowered due to enhancement
of the electrochemical reaction. The Michaelis-Menten constant (Km®® ) was calculated to 0.15
mM. The authors discuss the low value-of Ky2**as-an-indication that the 3MPA-ZnSe QDs
were both biocompatible and provided. a- stable -microenvironment for immobilization of
CYP3A4. The detection limit for the sensor was determined to 1.03*107*° M which is in the
same order of magnitude as the upper limit for naturally occurring levels of E2 measured in
bovine plasma or serum (1.47*10°1° M). Thus, the biotransducer could be applicable for E2
detection in bovine serum. When storing the transducer for 2 weeks the sensor lost 46.23 %
(standard deviation 0.15: n=8) of its previous response. Thus, this electrochemical biosensor is

rather considered a “single use biotransducer”.[10]

In another article, Nxusani and co-workers 2012 [30], developed an electrochemical biosensor
for detection of 17-alpha-ethinyl estradiol (17EE). The biosensor construct consisted of SMPA
capped GaxSez quantum dots deposited on an L-cysteine modified gold electrode and coupled
to genetically engineered CYP3A4. The biosensor response was likewise investigated using CV
and SWV in aerobic conditions in 0.1 M phosphate buffer saline (PBS) with pH 7.4. Upon
addition of 17EE into the PBS solution, an irreversible reduction peak occurred at a potential
of -220 mV. The reduction peak current at a potential of Ep = -220 mV increased with increasing

concentration of 17EE. The biosensor could detect concentrations of 17EE down to 15*10° M.
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The response of the Au/L-cystein/3MPA- Ga>Ses/CYP3A4 biosensor construct was compared
to the response of the bare gold electrode, the L-cystein modified electrode and the biosensor
construct in absence of the CYP3A4 enzyme (Au/L-cystein/3SMPA- GarSesz). Only Au/L-
cystein/3MPA-Ga Sez gave a slight response in presence of 17EE. Though, there were no
control experiments for the response of the biosensor construct without the 3MPA-Ga;Ses
quantum dots, which makes it difficult to infer the exact effect of the QDs to the final biosensor
construct. [30]

2.4.2 Photoelectrochemical Sensors
A photoelectrochemical sensor was developed in the work presented by Xu and co-workers

2014 [31], with the purpose of creating a light driven drug metabolism system by utilizing the
optical properties of quantum dots. In this construct, CdTe QDs functionalized with thioglycolic
acid (TGA) were linked to the amino groups of 3-aminopropyltriethoxysilane (APTES)
immobilized on an indium tin oxide-(ITO) electrode. Thereafter, CYP2C9 enzyme was coupled
to the TGA functionalized CdTe QDs by covalent binding of the amino groups of the protein
to the carboxylic groups of the TGA.[31] Characterization of photoelectric properties of the QD
film, using illumination by a Xe lamp, showed a detectable photocurrent. This is contrary to the
simple ITO/APTES electrode under the same applied potential. Thus, the obtained photocurrent
was attributed to the generation.of electron-hole pair-and electron transfer between the TGA-
CdTe QDs and the electrode. When CYP2C9 was added to the electrode, there was an increase
in cathodic photocurrent upon illumination. The intensity of photocurrent increased with
increasing amount of CYP2C9 in relationship to the TGA-CdTe QDs. This indicated that
CYP2C9 enzyme accelerated the electron transfer from QDs to CYP2C9. The TGA-CdTe QDs,
fixed on the electrode surface, worked as a light-controlled switch for the electron transfer to
CYP2C9 in the oxidized state.[31] Consequently, the electrons from the conduction band of the
QDs were trapped by the enzyme, whilst the electron holes (generated in the valence band)
were being filled through electron transfer from the electrode. Furthermore, the authors
evaluated the light-driven drug metabolism on the system, using tolbutamide as the target
substrate. The photocurrent increased with increasing concentration of tolbutamide at the
applied potential of -200 mV. The photocurrent response plotted against the concentrations of
the substrate showed a hyperbolic behavior that could be fitted with Michaelis-Menten
equation. Knm®P was calculated to be 76.28 + 3.59 uM, which was in agreement with other

reports of hydroxylation of tolbutamide with Kn®P ranging from 60 to 400 pM. Similar results
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were obtained for inhibition studies using sulfaphenoazole as a strong competitive inhibitor for
CYP2C9. The photocurrent response of tolbutamide hydroxylation decreased with increasing
concentrations of sulfaphenoazole at -200 mV. The authors argue that: the results suggest that
the quantum dot functionalized electrode provides a stable bioenvironment for the immobilized

enzyme therefore maintaining its biological activity.[31]

A similar photoelectrochemical construct was made by Qian and co-workers 2014.[32]
Likewise in this work, the authors used an amino functionalized indium tin oxide electrode.
CdTe quantum dots functionalized with 3-mercaptopropionic acid were immobilized on the
surface followed by cytochrome P450 2D6 enzyme. This resulted in a photoelectrochemical
platform with possibilities of in-situ (in reaction) monitoring of light-driven drug metabolism.
The CYP2D6/CdTe/NH2-1TO electrode was studied in PBS pH 7.4. When illuminating the
system with a white light source, cathodic photocurrent was observed at applied potentials more
negative than 100 mV. Whereas anodic photocurrent was observed at more positive potentials.
The induced photocurrent was attributed-to the generation.of electron-hole pair and the electron
transfer between CdTe QDs and the electrode, with the.same mechanism as described in the
article by Xu and co-workers[31] To investigate the light-driven drug metabolism of the system,
tramadol was chosen as substrate. An increase in cathodic phatocurrent was observed at applied
potential of -200 mV (vs. SCE) upon-addition of tramadol to the PBS, in contrast to the control
experiment in absence of CYP2D6 were no increase in photocurrent was detected. This increase
in photocurrent as a function of increased concentration followed Michaelis-Menten kinetics
and Km®® was calculated to be 1.35 UM, which is lower than the reported value for tramadol
metabolized by human microsomes (210 pM) and for in-solution CYP2D6-dependent tramadol
O-demethylation using NADPH as the electron donor (26.2 uM). Furthermore, inhibition
experiments were carried out using quinidine as CYP2D6 inhibitor. The photocurrent decreased
gradually with increasing amount of quinidine added to the PBS solution containing a constant
tramadol concentration of 2.7 uM. The results suggested good retained metabolic activity of
the CYP2D6 enzyme. The aim of the construct was to create a photoelectrochemical platform
with the concept of light-driven drug metabolism for metabolic studies. However, the authors
also argue about the potential of utilizing this construct for investigation of drug-drug and drug-
enzyme interaction and development of new drugs.[32]
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2.5 HRP-QDs bioelectrodes

Horseradish  peroxidase is commonly wused in construction of electrochemical
biosensors.[27,67—-69] However, problems as denaturation can arise when the enzyme is in
direct contact with the electrode surface. At the same time, electron transfer between the HRP
and electrode is difficult because of the active center being positioned deeply into the three-
dimensional structure of the enzyme. Different materials such as self-assembled monolayers,
surfactants and nanoparticles have been explored as an electron mediator between the enzyme
and electrode.[29,70—72] The use of quantum dots in combination with HRP in electrochemical

biosensors has been explored in different varieties.

2.5.1 Peroxide sensors
In 2008, Wang and co-workers [29] reported a H20. biosensor based on HRP using lipophilic

CdSe/znS QDs incorporated in a glassy carbon electrode (GCE). The biosensor was
characterized using CV in 0.1 M-PBS pH 7.0. The-authors-investigated different methods to
incorporate the CdSe/ZnS QDs onto-the electrode surface. When the QDs were immobilized
using vapor depositions a clear well-defined quasi-reversible peak was observed for the
QD/HRP electrode. This was in contrast to when the QDs were directly dropped on the
electrode surface. The peak was:attributed to the electrochemical activity of the HRP enzyme.
The authors discuss that the slow vapor depositioniprocess of the QDs may have contributed to
a favorable orientation of the HRP, when.immobilized. on the surface. Thus, the QDs causes
enhancement of the electron transfer between the HRP and the enzyme. The oxidation and
reduction peaks were observed between -177 and -242 mV respectively, resulting in the formal
potential of E’=-210 mV. This is close to the -220 mV of the native HRP in solution. Therefore
the authors argue that the HRP enzyme has maintained its native structure when immobilized
on the CdSe/ZnS QD vapor deposited electrode. When performing CV in presence of H20- the
cathodic peak current intensity increased with increasing concentration of target substrate. The
same result was obtained when measuring steady-state current at the potential of -400 mV.
From this Km*P was calculated to be 0.152 mM, implying high catalytic activity of the
immobilized enzyme. The biosensor construct has a low detection limit of 2.85x10”7 M and
retained 89% of its initial sensitivity after 1 week of storing. Showing that the QDs not only
promoted the electron transfer between HRP and the electrode but also provided a stable

microenvironment for the enzyme. However, this result were only seen when the QDs were
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immobilized by vapor deposition. Thus, the authors argue that the electrochemical behavior of

the enzyme relies on the way the QDs were immobilized on the electrode surface.[29]

Another H>O; detection tool was reported by Yang and co-workers, 2010. [34] In this article a
photoelectrochemical H20. biosensor was developed using HRP together with CdSe QDs in a
mesoporous (MS) silica template. The CdSe/MS nanocomposites were immersed on an indium
tin oxide sheet. Thereafter, the HRP was immobilized on the CdSe/MS film. The amperometric
response of the biosensor to different concentrations of H.O> was investigated in PBS pH 6.8,
at applied potential 0.2 V, under UV illumination. The response current was linear to the
concentration of H20. within the range of 0.8-9.8 uM. From the concentration-current
relationship, the Michaelis-Menten constant was calculated to 2.72 mM. The HRP/CdSe/MS
electrode showed stronger reduction current under UV illumination than in the dark. The
authors argue that the results showed that the immobilized HRP retained its catalytic activity
on the CdSe/MS immobilized electrode. Further, the CdSe/MS also enhanced the catalytic
reduction of H>O». The increased current-response under UV illumination was attributed to
generation of electron-hole pair inthe QDs: Thus; facilitating the reduction processes between
the HRP and the electrode.[34]

The sensitivity towards H>O> within the QD based HRP electrochemical biosensors was
massively improved in a work published by Zhiguo and co-workers 2011[20]. In this article,
the authors created a hydrogen H;OQ2|capable of detecting the substrate at 3.2*10! M. The
biosensor had a wide calibration range of from 1*10"° M to 1.2*10® M and with a stability of
20 weeks. The constructs were made by sequential covering of a gold electrode with graphene-
gold nanocomposite (G-AuNP), CdTe-CdS core-shell quantum dots (CdTe-CdS), gold
nanoparticles (AuNPs) and horseradish peroxidase to create a HRP/AuNPs/CdTe-CdS/G-
AUNP/GE construct. The biosensor performance towards H2O> detection was investigated in
PBS pH 7.0 using CV and differential pulse voltammetry. The authors credited the high
sensitivity of the biosensor to the surface architecture of the electrode. The CdTe-CdS, located
in the middle, acted as an electron transfer channel between the G-AuNP and AuNPs. Thanks
to the CdTe-CdS QDs ability to carry and transfer charge ultrafast, the electron transfer was
rapid and efficient. Furthermore, the authors argue that certain arrangements of the CB and VB
of the CdTe-CdS QDs created a favoring electron transfer between the QDs and AuNPs or G-
AUNP layer.[20]

The most recently published H2O> electrochemical biosensor utilizing QDs in combination with
HRP was reported by Muthurasu and co-workers 2014.[19] The construct was made of
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graphene quantum dots (GQDs) conjugated with HRP and immobilized on a glassy carbon
electrode (GCE). The biosensor response towards H.O> was investigated using CV and
chronoamperometry (CA) in PBS pH 7.0. A redox peak corresponding to Fe''/Fe!' redox
reaction of the heme group could be observed. Amperometric studies were performed at the
applied potential of -445 mV. The results were compared to the response of the bare GCE and
GCE with only GQDs on the surface. The reduction current intensity was dramatically
increased when introducing the HRP enzyme on the electrode surface. The authors argue that
the GQDs facilitate the electron transport as well as provides possibility for favorable
orientation of HRP on the electrode surface. The sensor could detect concentrations down to
530.85 nM, which fell within the range of other reported H20> biosensors. The stability of the
biosensor was quite good with a decrease of 97 % of the reduction current after 3 months.
Overall, the authors demonstrated a simple construct of a H.O> biosensor with a fair detection
limit and good stability.[19]

The use of GQDs in HRP electrochemical biosensors was also explored by Hu and co-workers
2015. [28] An electrochemical biosensor for detection of miIRNA was developed using a
double-stranded DNA structure. The biosensor consisted of a gold electrode functionalized with
different DNA probes. Thereafter, graphene quantum dots were attached to the DNA strands.
These GQDs were then used as a platform for noncovalent attachment of HRP to the modified
electrode surface. The reaction used H202 mediated oxidation of 3,3°,5,5’-tetramethylbenzidine
to amplify the current signal for detection of miRNA-155. The biosensor response was
investigated with amperometric detection in 0.01 M PBS pH 7.4 in different concentrations of
miRNA. The amperometric current increased with the concentration of miRNA within the
impressive range of 1 fM to 100 pM. The sensor showed selectivity towards miRNA-155
compared to miRNA-21 and DNA at 10 pM respectively. Furthermore, it retained 85% of its
initial response to 1 pM RNA after one week storing. The authors attributed the good selectivity
and stability of the biosensor to the high surface to volume ratio of GQDs and their strong

interaction with the enzyme.[28]

2.5.2 Other HRP analytes
The use of HRP to detect other analytes, in alternative to the well explored H20- as a target

substrate, was also investigated by Zhang and co-workers 2015.[35] In this paper, an
electrochemiluminescent (ECL) sensor was constructed using ZnS QDs on ordered mesoporous

carbon (OMS) together with HRP on a glassy carbon electrode. The aim of the construct was
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the detection of glyphosate (Gly). In this article, QDs were synthesized directly on the electrode
surface by absorption of Zn?* ions on an OMS and chitosan coated electrode. Thereafter, HRP
was introduced together with H,O, and S,03> to generate H2S, which bound to the Zn?* and
generated ZnS QDs. The ECL response of the system was significantly lower in absence of
HRP. The authors argue that the presence of the HRP accelerated the reaction to form the ZnS
QDs on the electrode surface. In presence of the target analyte Gly, the ECL signal decreased
dramatically. This was due to the fact that Gly inhibited the HRP activity and thus the formation
on ZnS QDs. The ECL response of the biosensor decreased proportionally to increasing
concentration of Gly. The Michaelis-Menten constant was calculated to be 0.56 mM, by varying
the H20: concentration. Whereas inhibition studies were carried out by varying the Gly
concentration in the range of 0.1 nM to 10 mM. Moreover, the sensor showed remarkable

sensitivity and could distinguish different Gly concentrations in vegetable juice.[35]

In other studies, HRP and QDs has been combined with antibodies for detection of different
substrates. In an article by Zhao .and co-workers-2011 [36], a photoelectrochemical
immunosensor was created using: TGA capped;CdS QDs. The QDs were applied for their
photoelectrochemical properties rather than enzyme immaobilization. The base of the biosensor
consisted of a poly(diallyldimethylammonium chloride) (PDDA) ITO electrodes functionalized
with CdS QDs. On these electrodes-polyclonal goat antimouse 1gG (Abi) was immobilized.
Thereafter, different concentrations of the target antigen analyte mouse IgG (Ag) was dropped
on the electrode surface of several modified electrodes. This was followed by incubation with
HRP-labeled polyclonal goat antimouse 1gG (Ab>) to create the final CdS-Abi:-Ag- Ab>-HRP
modified electrode. Finally, the electrode was insulated with benzo-4-chlorohexadienone by
HRP accelerated oxidation of 4-chloro-1-naphtol. The photoelectrochemical immunoassay of
the electrodes, containing different Ag concentrations, was carried out in 0.1 M PBS pH 7.4
containing 0.1 M ascorbic acid. The applied potential was 0 V and the excitation wavelength
was 410 nm. The photocurrent response decreased with increasing Ag concentration. The
authors suggest that the decrease in photocurrent is due to three factors. Firstly, the formation
of Ab:-Ag- Ab-HRP immunocomplex provided a steric hindrance and lower the diffusion of
electron donor molecules to the CdS QDs layer. Secondly, the formation of the isolating benzo-
4-chlorohexadieone layer was accelerated by HRP. The layer crated a barrier for electron
transfer at the electrode surface. Again, the CdS QD interaction with the electron donor was
suppressed, which reduced the generation of photocurrent. Lastly, HRP absorbs light at 410 nm

as well. Thus, the enzyme acted as a competitor for light absorption hence affecting the
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photocurrent response of the QD modified electrode. From the biosensor assessment the
detection limit was found to be 0.5 pg mL™. After over 2 weeks of storage, the photocurrent
response of the detection of Ag was unchanged, indicating good stability. The biosensor could
also distinguish different Ag concentration in real samples of mouse serum, indicating the

possibility of practical application for the immonassay.[36]

In a more recent study, Cai and co-workers 2015 [37], likewise utilized antibodies together with
HRP and QD to create an ECL biosensor for the detection of Hg?*. PDDA functionalized
graphene (PDDA-GN) was conjugated to TGA modified CdSe QDs and immobilized on a
glassy carbon electrode surface. The PDDA-GN-CdSe layer was covered with a chitosan layer
and coated with specific antigen. Separately, HRP was bioconjugated with monoclonal
antibodies (Ab) and labeled with AuNPs creating Ab-AuNPs-HRP composites. The Ab-
AuUNPs-HRP composites were introduced to the biosensor system in an incubation solution
together with the target analyte Hg?*. The ECL response of the biosensor was investigated using
CV with Ag/AgCI reference electrode.-Different-concentrations of Hg?* was presented in
oxygen-saturated Tris-HCI buffer—pH 9.0 containing /0.1 KNO3 and 15 mM o-
phenylenediamine (OPD). Reductions peaks were observed at -0.72 V and -0.92 V. The -0.72
V reduction peak was attributed to the reduction of dissolved oxygen around the electrode
surface to create H>O> The self-produced-H>O> then reacted with electron injected CdSe QDs
to create excited QDs at -0.92 V. Subsequently, an emission peak at -1.2 V could be observed.
However, in the presence of HRP catalysis, OPD reacted with H2O2. The consumption of H.O>
thus quenched the ECL response. The effect was enhanced upon addition of HRP on the
electrode surface. In presence of different Hg?* concentrations, the Hg?* competed with the
coating antigen for binding of the Ab in the Ab-AuNPs-HRP composites. Higher Hg?*
concentration would result in less available Ab-AuNPs-HRP composites binding to the
modified electrode surface and theirs less quenching of the ECL response. Consequently, the
ECL response increased with increasing Hg?* concentration. From these studies, the lower limit
of detection was calculated to be 0.06 ng mL™?. Moreover, the biosensor showed good
selectivity in presence of other metal ions and showed acceptable recovery when applied to

waste water samples.[37]
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2.6 Other heme-enzyme biosensors
In addition to the CYPs and HRP based QD electrochemical biosensors, the heme containing

molybdoenzyme human sulfite oxidase (hSO) has also been used for such constructs. Zeng and
co-workers 2015 [33], reported a photoelectrochemical biosensor utilizing hSO for detection of
sulfite. The hSO enzyme was immobilized on an ITO electrode functionalized with
polyethylenimine-entrapped CdS QDs. The ITO electrode had firstly been covered with a self-
assembled monolayer consisting of 3,3’-Dithiopropionic acid di(N-hydroxylsuccinimide ester).
The biosensor system was investigated using CV in 750 mM Tris-acetate buffer pH 8.4 in the
presence of the target substrate sulfite. An increase in catalytic current can be detected with
starting point at -250 mV (vs. Ag/Ag CI reference electrode). As opposed to the system in
absence of sulfite. At this pH, Km®P was calculated to be 20 uM. Even though it is higher than
the reported value for hSO, the authors argue that the sulfite has sufficiently fast access to the
active site of the enzyme. The effect of light illumination of the biotransducer was also
investigated under aerobic conditions. The solution.was illuminated with 470 nm light and the
applied potential was 0 V. No photocurrent was-observed for the enzyme free system. However,
when hSO was present on the ITO/CdS QDs a catalytic photocurrent response could be detected
in presence of the target analyte. In| this article, the authors utilized both the
photoelectrochemical properties of the QDs as well as their ability to provide a biologically

stable microenvironment for the hSO enzyme.[33]

2.7 Conclusions
The use of QDs in combination with heme enzymes in electrochemical biosensors has been

explored in many varieties. The role of the QDs differs depending on the nature of the sensor.
In photoelectrochemical and electrochemiluminescent biosensors, the QDs provides a key
element for the structure. This is attributed to the ability to absorb and emit light with the
formation or recombination of electron-hole pairs. Whereas in amperometric devices the QDs
are rather utilized for enzyme immobilization and signal enhancement. In the construct
presented the QDs has shown to provide stable microenvironment for the immobilized enzymes
with retention of their biological activities. In addition, many have presented remarkable
sensitivity and selectivity indicating possibilities for practical applications. Thus, it has been
shown that QDs are a promising alternative as an electron mediator between the electrode and

enzyme in electrochemical biosensors.
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In some cases there are still many combinations of QD and heme enzymes to be explored for
further refinement of sensitivity, selectivity and stability. In addition, there are yet many
unexplored target analytes that could be detected with such electrochemical constructs. All in
all, electrochemical biosensors using QDs provides a good alternative to the detection methods

used today thanks to their high sensitivity, fast response and facile operation.
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Chapter 3: Preparation of water-soluble CuSe QDs

Summary
This chapter describes the synthesis of water-soluble and biocompatible copper selenide

quantum dots (CuSe QDs) produced by a simple, inexpensive and reproducible aqueous method
capped with 6-mercaptohexanoic. -acid ((6MHA);-3-mercaptopropionic acid (3MPA) or
mercaptosuccinic acid (MSA) to improve their stability and solubility. Also, this chapter
describes the various chemicals and analytical techniques employed, followed by a detailed
experimental procedure based on the synthesis of CuSe QDs. Some techniques used for QDs
characterization, such as electrochemical (Cyclic voltammetry), microscopic (HRTEM and
HRSEM) and spectroscopic methods (UV-vis absorption and photoluminescence) are also

presented in the chapter.
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Abstract

Metal-selenide quantum dots (QDs) have shown favorable electrical, optical and optoelectrical
properties, making them a suitable alternative for biosensor applications. Amongst these the
copper selenide (CuSe) QDs are an attractive alternative for optoelectronic devices. Due to the
poor water-solubility of QDs in general, surface modifications are often needed in order to
obtain biocompatibility. In the work presented, water-soluble, biocompatible copper selenide
quantum dots where synthesized through a quick, facile aqueous route. Three different capping
agents: 6-mercaptohexanoic acid (6MHA), 3-mercaptopropionic acid (3MPA) and
mercaptosuccinic acid (MSA) where used for the QDs synthesis. The effect of the capping agent
on stoichiometry, particle core and hydrodynamic size, stability in aqueous solution,
stoichiometry and optical and electrochemical properties was investigated through a number of
characterization techniques. X-ray diffraction analysis (XRD) confirmed formation of copper
selenide species of non-stochiometric form CuzxSe (for the 6MHA and 3MPA capped CuSe
QDs) and B-CuSe stoichiometric form (for-the-MSA capped CuSe QDs). XRD and high
resolution electron microscopy (HRTEM)-confirmed-that 6MHA capped CuSe QDs had the
smallest average particle core size-when- dried. \Whereas small-angle x-ray scattering (SAXS)
and dynamic light scattering (DLS) showed MSA capped CuSe QDs had the smallest size in
aqueous solution, though with a high ability to aggregate. The capping of CuSeQDs was
confirmed by FTIR via the specific COOH, CH; and C-S signature bands of SMPA and 6MHA.
The water-soluble nature of the MSACuSe QDs pointed towards bonding of the thiol carboxylic
acid. However, the MSA bond to the CuSe QDs is‘probably unstable, leading to lower stability
of the QDs in aqueous solution. UV-vis absorption confirmed a large blue shift of the band gap
compared to the bulk material for all formed QDs which is attributed to the quantum
confinement effect. Photoluminescence (PL) measurements showed that the QDs emits light at
435 nm (6MHA and 3MPA capped CuSe QDs) and 485 nm (MSA capped CuSe QDs). The
electrochemical properties investigated through cyclic voltammetry of the formed CuSe QDs
makes them a possible alternative as an electron mediator and enzyme mobilizing agent in

enzymatic electrochemical biosensors.
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3.1 Introduction
Quantum dots (QDs) are semi-conductive nanocrystals with a diameter range of 2-10 nm. More

specifically they are defined as particle with physical dimensions smaller than the exciton Bohr
radius and are sometimes referred to as large “artificial atoms”.[1-3] Due to their favorable
photochemical, electrical and size-tunable optical properties, QDs have been used for multiple
applications including light-emitting diodes (LED), photovoltaics and bioimaging and medical

diagnostics.[4-7]

Metal-selenide QDs have been studied extensively and shown favorable electrical, optical and
optoelectrical properties thanks to their ability to absorb light in the visible region and
transferred electrons to large bandgap semiconductors.[8-11] Amongst these, the copper
selenide (CuSe) QDs are an attractive alternative for optoelectronic devices.[12,13] Copper
selenide is a p-type semiconductor which has been studied for applications such as solar cells,
super-ionic conductors, optical filters and cancer therapy.[11,12,14,15] The material can appear
in different stoichiometries: CuSe, CusSe,-and-CuzSez-to.mention a few, non-stoichiometric
form (Cu.xSe) and multiple crystal structures (orthorhombic, hexagonal, tetragonal, cubic
etc.).[16] The stoichiometry and phase has shown to have strong influence on the band gap and
thermal stability of the material.[17,18] The copper selenide has been well explored as a
nanosized material with multiplestructures such-as-platelets;.snakes , bipyramids and tubes
[19-22] However, in recent years, the synthesis of. size-quantized particles of copper selenides
has gained interest in the science community.[12,15,23-25] Various routes have been reported
on the synthesis of CuSe QDs and many procedures require heating, specialized equipment
and/or are time consuming.[13,15,20,23-33] Furthermore, the CuSe QDs often requires organic
solvents such as toluene, cyclohexane and chloroform.[13,20,23,26] Therefore they are not
biocompatible and not applicable in biosensor fabrication. Recent studies have reported
dispersing CuSe QDs in agueous Rhodamine-B solution for analysis of photocatalytic
activity.[7] However, other reported solvents have been water-in-oil emlusion (published by
Ingole and co-workers [32]) and nitric acids (studied by Li and co-workers [28]). No reports
have been presented regarding improving the CuSe QDs water solubility. Although, Hessel and
co-workers reported synthesis of biocompatible, water-soluble CuSe spherical nanocrystals
with an average size slightly over the range for QDs (of 16 nm). The CuSe nanocrystals were
encapsulated with an amphiphilic polymer which enabled dispersion in aqueous phosphate
buffer saline (PBS) at physiological pH 7.40.[14]
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Due to the poor water-soluble nature of QDs in general, surface modifications are often required
to improve dispersity in water and obtain biocompatibility. These modifications often involves
capping the nanocrystal with either polymers, thiol compounds, mercapto propionic acid
compounds or organic compounds.[34] The most commonly used capping agents and ligands
for CuSe QDs have been focused on the long-chained amines such as (hexadecylamine and
oleylamine), phosphoric compounds (tri-n-octylphosphine and 1-dodeculphosphonic acid) and
carboxylic acid (oleic and stearic acid). The particles could be dispersed in organic
solvents.[12,13,15,20,23,26,27,30] Also the smaller molecule ammonium thiocyanate was
explored as capping agent to enable photovoltaic application of CuSe QDs.[13] However, a
few thiol ligands have been explored for synthesis of CuSe QDs. Balitski and-coworkers [26]
reported the use of 1-dodecanethiol for capping of CuSe nanocrystals that was dispersed in
toluene. Furthermore, Ingole and co-workers [32] reported the synthesis of 1-hexanethiolate
capped CuSe QDs that were synthesized through a water-in-oil micro emulsion technique. In
both cases, the authors argue that the thiol group.is reacting with the copper cation through
electron donation of the unpaired-electrons-on-the-sulfur-atom.[26,32] On another note, Chen
and co-workers reported the utilization of. 2-mercaptoethanol as a stabilizing agent for
formation of copper selenide nanostructures. [35] Short chained thiol carboxylic acids such as
3-mercaptopropinic acid are commonly used for Cd- and Zn- based QDs and result in water
soluble and biocompatible particles.[34] However, these compounds are yet to be explored for
capping of CuSe QDs.

In this work a green, room temperate, fast aqueous route is used for synthesizing water soluble
copper selenide quantum dots using three different capping agents with different properties.
The synthesis method was based on a previous method presented by Ndangili and co-workers
[36] for synthesis of 3-mercaptoproionic acid capped ZnSe QDs, with some modifications. For
the capping of the CuSe QDs the branched molecule mercaptosuccinic acid (MSA), the shorter
linear molecule 3-mercapto propionic acid (3MPA) and the longer chained linear molecule 6-
mercaptohexanoic acid (6MHA) have been explored. The structure of the capping agents is

illustrated in Figure 3.1.
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Figure 3.1 Molecular structure of MSA (left), 3MPA (middle) and 6MHA (right).
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In the synthesis, the strong S-Cu interaction was utilized. Copper cations (Cu?* and Cu*) has
shown to integrate strongly with thiol compounds (RSH) such as mercaptosuccinic acid. When
Cu?* ratio is below 0.5 to the thiol compound RSH in the reaction mixture, a RS-Cu* complex
is formed.[37] Leaving the carboxylic ends of the capping agents free to integrate with the polar
solvent. It is then possible to further conjugate the quantum dots to biological molecules such
as enzymes. Enabling the applications of the capped CuSe QDs as a part of an enzymatic
biosensor.[34,36,38]
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3.2 Experimental

3.2.1 Chemicals
All chemicals used in the experiments were of analytical grade and were used as purchased

without further purification. 3-mercaptopropinic acid (3MPA, >99.0%), mercaptosuccinic acid
(MSA, >98.0%), 6-mercaptohexanoid acid (90%), copper(ll) nitrate hydrate (Cu(NO3),
99.999% trace metal basis) , selenium powder (99.99% metal basis), sodium borohydride
(NaBH4, 98%), Sodium hydroxide (NaOH, 99.99% trace metal basis), sodium phosphate
dibasic dihydrate (Na2HPO4, >99.5%), sodium phosphate monobasic monohydrate (NaH2POg,
>909.0%) were purchased from Sigma-Aldrich (Cape Town, South Africa). 0.1 M phosphate
buffer solution, pH 7.4 was prepared from disodium hydrogen phosphate dibasic and sodium
dihydrogen phosphate monobasic using Millipore (18 MQ/cm) purified through SimPak® 1
water purification system (Merck Millipore, Germany).

3.2.2 Instrumentation
X-ray diffraction patterns were collected using a D8 High-Resolution Diffractometer from

Bruker, United States. Samples were precipitated through dilution with acetone. The samples
were centrifuged and dried toa powder at 50 °C under vaccum prior to analysis. XRD
experiment and analysis of compound composition from:the/XRD pattern was performed by
iThemba LABS, Summerset West, South; Africa.

Screen printed carbon electrodes (ref. DRP-110) from DropSens, Spain, were used as working
electrode to prepare samples for high resolution scanning electron microscope (HRSEM)
analysis and energy dispersive spectroscopy (EDS). The analysis was performed using an
Auriga Scanning Electron Microscope from Zeizz, Germany. Further analysis was performed
using ImageJ software. Samples were sonicated, filtrate through centrifugal filter and drop
coated on a carbon screen printed electrode (SPE). The electrodes were allowed to dry
overnight. High resolution transmission electron microscopy (HRTEM) and selected area
electron diffraction (SAED) together with EDS analysis was performed using Tecnai F20 Field
Emission Transmission Electron Microscope from FEI, Oregon, United States. Samples were
sonicated for 30 min and mounted on a nickel grid and allowed to dry under lamp. Images were
further analyzed in ImageJ software. Small angle x-ray scattering (SAXS) was done using
SAXSpace Small- and Wide-Angle Scattering System, from Anton-paar, Austria, using 35 pL
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of non-diluted liquid sample. A scattering curve was collected in SAXdrive software. Zero point
calibration was performed on the scattering curve using SAXtreat software and background
scattering removed using SAXquant software. Thereafter GIFT software was used in order to
fourier transform the scattering curve to pair distance distribution function (PDDF) and size
distribution curves. Hydrodynamic size (by number) and zeta potential was investigated by
dynamic light scattering (DLS) using Zetasizer Nano ZS from Malvern instruments, UK.
Samples were sonicated and filtered through centrifugal filter prior to analysis. Disposable
polystyrene cuvettes from SARSTEDT, Germany, was used for particle size measurements.
Disposable capillary zeta cell from Malvern Instruments, Germany, was used for zeta potential

measurements.

Fourier transform infrared (FTIR) spectroscopy was performed with Perkin Two IR
Spectrometer from Perkin Elmer, United States. Samples were precipitated and dried to a
powder at 50 °C under vacuum. The dried powder was grinded together with KBR and pressed
to athin pellet prior to analysis. Raman.spectroscopy was performed with XploRa PLUS Raman
Microscope from Horiba Scientific, Japan. Samples were drop coated on glass plates and
allowed to dry. Ultraviolet-visible (UV-vis) absorption-measurements were performed using a
Nicolet Evolution 100 UV-visible spectrometer from Thermo Electron, UK. 15 pL of the
sample was diluted with 800 pL distilled H2O-in a quartz cuvette. Photoluminescence (PL)
measurement was done with Fluorolog-3 Spectrofluorometer from Horiba, Japan. 37 pL of the

sample was diluted with 2963 uL destilled H20 in a quartz cuvette.

Cyclic voltammetry (CV) was performed using BAS100W integrated and Automated
Electrochemical Work Station from Bio Analytical Systems, Lafayette, USA. A three electrode
setup was used in a 10 mL electrochemical cell. A gold electrode (surface area = 0.0201 cm?)
from BAS was used as working electrode, a platinum wire from Sigma Aldrich served as the
counter electrode and a Ag/AgCI (3 M NaCl) from BAS was used as the reference electrode.

3.2.3 Synthesis of 6-mercaptohexanoic acid, 3-mercaptopropinoic acid

and mercaptosuccinic acid capped CuSe quantum dots
Elemental selenium powder was reduced using NaBHs. The reduction reaction was carried out

as follows: 7.9 mg selenium powder was added together with 7.6 mg NaBHa in a round bottom
flask and diluted with 10 mL distilled water. Mixture was allowed to react under N2(g)
saturation with stirring until solution turned bright orange. A 10 mL Se? were prepared

separately for each synthesis.
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Separately, a Cu(NOs). and capping agent solution was prepared as follows: 38 Mg Cu(NOz)2
powder was added to a round bottom flask. 240 g of mercaptosuccinic acid (MSA) was added
to the round bottom flask for synthesis of MSA capped CuSe QDs. For 3MPA and 6MHA
capped CuSe QDs 140 pL of 3MPA and 306 pL of 6MHA was added respectively. The mixture
was diluted to 10 mL with distilled water and pH adjusted to pH 11.8 with 2 M NaOH. The
solution was saturated with N2(g) for 40 min under stirring.

The QDs synthesis reaction was initialized by dropwise adding the total volume of Se? solution
to the Cu(NOs). and capping agent solution. This created the final ratio of Se?:Cu?*:Capping
agent to be 1:2:8 in the reaction mixture. The reaction was allowed to react under stirring in
N2(g) saturated environment. After 15 min a dark brown/black solution has formed and the
reaction was quenched in -20 °C for 20 min. Solutions were bottled and kept in -20°C
(MSACuSe QDs) or 4°C (6MHACuSe and 3MPACuSe QDs).

3.2.4 Preparation of modified-electrode
The quantum dots were drop-coated.on the gold electrode surface and dried in room temperature

in dark. Analyzed with BASW software. Before electrode modification the electrodes were
polished with alumina micro polish and polishing pads (Buehler, USA). For precursor studies:
1 mL of the precursors (prepared with the same concentrations as precursors solutions described
in synthesis) were diluted with 3 mL of 0.1°M phosphate buffer (pH 7.40). All experiments

were performed in phosphate buffer saturated with. Ar(g for/15 min.
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3.3 Results and discussion

3.3.1 Characterization

3.3.1.1 Chemical composition and crystal structure
Chemical composition and stoichiometry of the CuSe QDs and crystallinity was evaluated

through x-ray diffraction (XRD). The crystal structure (face-centered cubic) was confirmed
through selected area electron diffraction (SAED). Powder X-ray diffraction patterns for the
CuSe QDs capped with 6MHA, 3MPA and MSA are illustrated in Figure 3.2 together with the

SAED spectra for corresponding sample.
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Figure 3.2 The X-ray diffractogramms (left) and SAED spectra (right) of A) 6MHACuSe QDs B) 3MPACuSe QDs and C)
MSACuSe QDs.
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The x-ray diffraction pattern for the 6MHACuSe QDs (Figure 3.2 A) shows characteristic
features corresponding to (111), (200), (220), (311), (400), (331), (422), (511) planes which is
in good agreement with the JCPDS (Join Committee on Powder Diffraction standers) card
no. 00-006-0680, of Cu.xSe with face-centered cubic structure. The selected area diffraction
(SAED) pattern shows discontinuous rings with bright spots, indicating that the nanoparticles
formed are crystalline. The fact that some rings appear in higher intensities (220) indicates that
the QDs have a certain preferred orientations of the Cu>xSe planes in contrast to random
orientation.[39,40] By measuring the radii of the rings, the d-spacing of the SAED pattern was
investigated using Equation 3.1.[41]

d== (3.1)

Where R is the radii of a ring, measured as half the distance between to opposite laying bright
spots in the SAED pattern, d is the d-spacing, 4 is the electron wavelength and L is the camera
length.[41] Through this, d-spacing were found carresponding to (200), (220), (311), (331) and

(440) of face-centered cubic structure, confirming the results from the XRD pattern.

Similar results were obtained (for ;the, x-ray  diffraction. pattern of 3MPACuSe QDs
(Figure 3.2 B) where the same (111), (200), (220), (311), (400), (331), (422), (511) planes could
be identified as Cu,.xSe with face-centered cubic structure. There is also diffraction peaks in
the XRD pattern indicating presence of small portions of copper selenide in the stoichiometric
form of CuSe (JCPDS card no. 00-026-0556) in hexagonal structure, causing the slight
difference between the XRD pattern obtained for 6MHACuSe and 3MPACuSe QDs. The
d-spacing of the corresponding SAED pattern revealed planes corresponding to (111), (200),
(220), (311), (400), (422) and (531) planes of face-centered cubic structure.

In comparison, MSACuSe QDs (Figure 3.2 C) the XRD pattern reveals a different
stoichiometry in the copper selenide nanocrystals. The diffraction pattern showed features
corresponding to (110), (111), (022), (112), (023), (113), (006), (117), (131), (200), (133),
(028), (118), (041), (221), (222), (136), (206), (228), (242), (153) planes, which in accordance
with the pattern for B-CuSe (JPSDC card no. 00-027-0184) base-centered orthorhombic
structure. The pattern also revealed diffraction peaks caused by small fractions of another
stoichiometric form CusSe> (JCPDS, card no. 00-027-0184). Showing that the use of the
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branched thiol carboxylic acid as capping agent resulted in other stoichiometric forms of the
copper selenide compared to when linear capping agents where used. Furthermore, the
d-spacing values obtained from the SAED pattern corresponded to the (112), (222) and (153)

in base-centered orthorhombic structure.

The broadening of the peaks in the XRD pattern in comparison to the bulk material is caused
by the small size of the QDs. Through Scherrer formula (Equation 3.2) it is possible to get an

estimation of the particle size.[24]

0.944

A= Foos@ (3.2)

Where A corresponds to the average crystallite size, g is the full-widths-at-half-maximum
(FWHM) of the diffraction peaks, 4 is.the-angle-of diffraction and 4 signifies the wavelength
used for the X-ray irradiation (1,5406-A).; The average crystallite size was calculated from
multiple diffraction angles 9 and the average particle size was calculated to be 9.8, 10.3 and
22.1 nm for 6BMHACuSe, 3MPACuSe and MSACuSe QDs respectively. In the sample prepared
for XRD analysis, the MSACuSe nanocrystals diameter fall outside the range of quantum dots.
The nanoparticles were precipitated with acetone, centrifuged and dried prior to XRD analysis.
There is a possibility that the mercaptosuccinic acid capping agent detached when the particles
where precipitated in acetone, causing agglomeration of the QDs and thus the high average
particle size obtained.[34] The result from the synthesis using the MSA as capping agent
differed from the synthesis where 6MHA and 3MPA were used. Indicating the choice of
capping agent can have effect of the stoichiometry and the stability of the QDs. Nevertheless,
the SAED and the x-ray diffraction patterns shows that crystalline nanoscale copper selenide

species have been successfully formed in the synthesis.

3.3.1.2 Patrticle size, morphology and crystallinity
Particle size, morphology and further assessment of crystallinity was evaluated using high

resolution electron microscopy (HRTEM) and high resolution scanning electron microscopy
(HRSEM) together with energy dispersive x-ray spectroscopy (EDS) to confirm the chemical

composition. HRTEM studies were performed on a nickel grid where samples were sonicated,
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drop coated and allowed to dry under lamp. Results from HRTEM studies are shown i
Figure 3.3 to Figure 3.5.
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Figure 3.3 HRTEM images of 6MHACuSe QDs at magnitude of 0.20 um (top), 10 nm (bottom left) and 2 nm (bottom right).
Together with EDS graph (top), size distribution histogram (bottom left) and illustration of lattice fringes measures (bottom
right).

52



Mean = 9.77 nm
STD=279nm

8 10 12 14 16 18 20
Diameter (nm)

Figure 3.4 HRTEM images of 3SMPACuSe QDs at magnitude of 0.20 um (top), 10 nm (bottom left) and 2 nm (bottom right).
Together with EDS graph (top), size distribution histogram (bottom left) and illustration of lattice fringes measures (bottom
right).
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Figure 3.5 HRTEM images of MSACuSe QDs at magnitude of 0.20 pm (top), 10 nm (bottom left) and 2 nm (bottom right).
Together with EDS graph (top), size distribution histogram (bottom left) and illustration of lattice fringes measures (bottom
right).

In Figure 3.3 to Figure 3.5 it is possible to see that spherical particles have been formed with a
diameter within the nanorange. Table 3.1 shows a summary of the particle sizes and the size
range. In accordance with the XRD spectra, the 6MHACuSe (Figure 3.3) had the smallest
particle size. The average particle size (calculated from a sample number of N = 30 particles)
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was found to be 8.97+ 2.27 nm in diameter. The lattice fringes visible in the HRTEM indicates
good crystallinity. The distance between the fringes represents the inter-planar spacing (d-
spacing). In the case of the BMHACuSe QDs, lattice fringes of size 3.35, 2.80 and 2.01 A could
be measured and could be connected to the (111), (220) and (200) planes of Cu>xSe face-
centered cubic structure. 3MPACuSe (Figure 3.4) has an average particle size of 9.77 + 2.79
nm (N = 30). The observable lattice fringes had sizes of: 3.36, 2.55 and 2.00 A which was
attributed to (111), (220) and (200) planes of the Cu»xSe face-centered cubic structure.
MSACuSe QDs gave the largest average particle size with 9.90 + 4.35 nm (N = 30). Lattice
fringes of sizes: 3.37, 3.20, 2.80, 2.15, 1.70 and 1.60 A were measured and indexed to (111),
(022), (006), (117), (221) and (206) planes of B-CuSe base-centered orthorhombic structure.
Furthermore, in Figure 3.5 it is observable that the MSACuSe QDs have a tendency to form
lumps on the nickel grid. The results indicate that the MSA capped CuSe QDs has a sensitivity
towards drying. A similar problem was encountered by Ingole and co-workers [32] for
1-hexanethiolated capped Cuz.xSe QDs, which-oceurred too heavily agglomerate on the surface
of the TEM grid, making analysis of the particle size-impossible.

Nanoparticle Average particle diameter (nm)- | Particle size range (nm)
6MHACuSe 8.97 (F2.27) 5.75-16.55
3MPACuSe 9.77(+2.79) 6.23 —18.33
MSACuSe 9.90 (¥ 4:35) 6.75—18.57

Table 3.1 Average particle diameter and particle size range for the 6MHACuSe, 3MPACuSe and MSACuSe QDs.

HRSEM analysis was performed on carbon SPE where the samples were drop coated and
allowed to dry overnight. The results from the HRSEM together with corresponding the EDS
analysis are shown in Figure 3.6 to Figure 3.8.
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Figure 3.6 HRSEM of 6MHACuSe on carbon SPE at magnitude of 1 um (top) and 20 nm (bottom). EDS spectra is shown in
top figure.
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Figure 3.7 HRSEM of 3MPACuSe on carbon SPE at magnitude of 1 um (top) and 20 nm (bottom). EDS spectra is shown in
top figure.
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200 nm
H

Figure 3.8 HRSEM of MSACuSe on carbon SPE at magnitude of 1 um (top) and 20 nm (bottom). EDS spectra is shown in
top figure.
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The behavior of 6MHACuUSe QDs on a carbon SPE (Figure 3.6) exhibited agglomerated
spherical bubbles with collection of different sizes approximately 20 nm. The high abundance
of copper in relation to selenium is in accordance with the stoichiometry stated by the XRD
analysis (Cu2xSe). The S atoms detected in the EDS indicates presence of the capping agent
(6MHA). The 3BMPACuSe QDs (Figure 3.7) exhibit very similar properties as the 6MHACuSe
QDs on a carbon SPE. The particles arrange in bigger clusters and the EDS confirms copper
rich selenide species. Again in accordance to stoichiometry given in the XRD (Cu2«Se). Also
in this case, the S atom indicate presence of the capping agent. The MSACuSe QDs
(Figure 3.8) tends to cluster in bigger lumps on the carbon SPE compared to the 6MHA- and
3MPACuSe QDs. This makes it hard to get good resolution at lower magnitudes than 200 nm.
However, EDS reveals a higher copper/selenium ratio compared to the other QDs. Still in
agreement with the stoichiometry in the XRD for the MSACuSe QDs which was (B-CuSe).

Also here, presence of the S atom detected in.the-EDS indicates presence of the capping agent.

The size, morphology and crystallinity studies conducted by HRTEM and HRSEM, indicates
that spherical nanocrystals have been formed with an average diameter within the quantum dot
size range (<10 nm). The particles tend to form clusters when drop coated on a carbon SPE. In

particular the MSACuSe QDs tends to form thick lumps when.dried.
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3.3.1.3 Particle size, dispersion and stability in aqueous media
The particle size and size dispersion in aqueous media was investigated using small-angle x-

ray scattering (SAXS) and dynamic light scattering (DLS). Furthermore, information regarding
the stability of the nanoparticles in aqueous media (tendency to agglomerate) could also be
obtained through these techniques. The results from the SAXS analysis was Fourier
transformed using GIFT software, into a pair distance distribution function (PDDF) by volume
and size distribution by number function Nn(r). The results are shown in Figure 3.9 to
Figure 3.11.
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Figure 3.9 Representation of SAXS data for 6MHACuSe QDs in-form-of A) PDDF and B) particle radius (r) distributed by
number of particles.
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Figure 3.10 Representation of SAXS data for SMPACuSe QDs in form of A) PDDF and B) particle radius (r) distributed by
number of particles.
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Figure 3.11 Representation of SAXS data for MSACuSe QDs in form of A) PDDF and B) particle radius (r) distributed by
number of particles.

From Figure 3.9 B, it is possible to see that the 6MHACuSe QDs had an average radius of 2.8
nm giving an average diameter of 5.6 nm when diluted in ageous media. By examining where
the PDDF approaches zero (p(r) = 0) itis possible to extrapolate the largest particle size detected
in the SAXS measurement. In Figure-3.9-A; the PDDF curve-shows that the largest particles
detected have a radius of 27.5 nm--Furthermore, the unregular shape of the PDDF curve
indicates that there are aggregates of smaller particles sticking together in the sample. The
aggergates formed particles with larger radius.[42,43] HoweVer, as the size distribution curve
indicates (Figure 3.9B), the amount of particles having a large diameter is very small. Indicating
that the majority of the nanocrystalls formed: have a'diameter. that falls within the range of
guantum dots in aquaeous media.; The 3MPACuSe QDs (Figure 3.10 B) have an average
particle size of 8 nm in diameter (4 nm radius) in ageous media. Also here, the PDDF curve
(figure 3.10 A) shows that the largest detected particle has the radius of 40 nm. Some
irregularity towards the higher radius sizes indicates that also here aggregates has been formed
of smaller particles.[42,43] However, as in the situation for the 6MHACuSe QDs, the majority
of particles within the solution has an diameter below 10 nm. In the case of the MSACuSe QDs
(Figure 3.11 B) the most abundant size within the particles is 4 nm in diameter when dispersed
in ageous solution. The PDDF (Figure 3.11 A) indicates aggregates and presence of larger
particles of 14 nm radius.[42,43] However, also in this situation, the amount of larger particles

is very low.

In addition, dynamic light scattering (DLS) was used for estimation of particle size, dispersity
and stability in aqueous solution by analyzing average hydrodynamic size and zeta potential.
The experiments were carried out using a zetasizer nano. The results were listed in Table 3.2

together with a summary of the average particle sizes detected using SAXS.
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Average particle diameter in Average hydrodynamic Zeta potential
Particles solution (nm) diameter (nm) (mV) PDI
6MHACuUSe QDs 5.6 78.8 -47.3 0.134
3MPACuSe QDs 8 105.7 -41.6 0.221
MSACuSe QDs 4 50.8 -31.1 0.469

Table 3.2 Average particles diameter in solution (measured with SAXS), average hydrodynamic size (measured with
zetasizer), Zeta potential and polydispersity index (PDI) from zetasizer..

As shown in Table 3.2, the average hydrodynamic diameter is multiple times higher compared
to the diameters measured by SAXS. The polydispersity index (PDI) gives information about
homogeneity of the size distribution of the particles. The PDI for the 6MHACuSe and
3MPACuSe are < 0.3, indicating a narrow size distribution for the nanoparticles. Whereas the
MSACuSe QDs have a quite high PDI value (0.469) which points to that larger aggregates of
particles are forming.[44,45] The hydrodynamic size signifies “the size of a hard sphere that
diffuses in the same fashion as that of the particle being measured”. [46] Giving that, the
hydrodynamic size includes not only the core size of the particle but also surrounding capping
agent, surfactants and unbound starting material and solvent molecules. DLS has shown to be
more accurate for soft materials ‘such-as proteins. In-contrast to more dense material such as
metallic nanocrystals.[47] Thus; it.is nat surprising that the hydrodynamic diameter is bigger
than the core diameter. Similar effects have been reported for other capped copper selenide

nanocrystals and other nanoparticles.[14,47-49]

The zeta potential in all cases is < -30 mV, indicating potential stability of the colloidal system
(<-30 mV). A large average positive (> +30 mV) or negative (< -30 mV) zeta potential within
the particles in suspension means that they will tend to repel each other in the solution and there
is no tendency to form clumps or masses.[50] In the case of the CuSe QDs, all capping agents
seemed to give potentially stable nanoparticles with large negative zeta potential value.
Although the high PDI value from the zetasizer and the shape of the PDDF curve indicates that
there is some agglomeration occurring in the sample. Especially for MSACuSe, QDs which
had a PDI of 0.4609.
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3.3.1.4 Molecular bonding of capping agent assessment
Further characterization by solid FTIR was performed to evaluate structural properties of the

QDs. The samples were precipitated and dried prior to analysis. The results were compared
with the solid FTIR of MSA powder and the results are shown in Figure 3.12.
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Figure 3.12 The FTIR spectra of MSACuSe QDs (green line), 3BMPACuSe QDs'(blue line) and 6MHACuSe QDs (red line).

The broad absorption bands around 3400 cm™ was observed for all three QDs, which was
attributed to the OH stretching vibrations of absorbed water molecules.[51,52] In the case of
the pure MSA, SH stretches could be detected around 2550-2600 cm™.[53] These stretches
disappeared for all spectrum of the QDs, indicating successful deprotonation of the SH group
and points towards reaction between the sulfur and the copper ion. Likewise, in all cases there
were absorbance bands observed around 1430-1560 cm™. These were attributed to stretching
vibrations of the carboxylic acid groups. Indicating absorbance of the carboxylic capping agents
on the QDs surfaces. [51,52] However, in the case of MSACuSe QDs, these absorbance peaks
are small in comparison to the 3AMPACuSe and 6MHACuSe QDs. Suggesting that the presence
of capping agent is lower. Furthermore, stretching vibrations at 500-1000 cm™ attributed to C-
S stretching are seen in the case of 6MHACuSe and 3MPACuSe QDs. Which also points
towards successful binding of the 6MHA and 3MPA capping agents on the CuSe QDs
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surface.[51] However, these peaks are not observed in the case of MSACuSe QDs. Further
indicating that the MSA capping agent detaches in the participation and drying process, which
could contribute to the sensitivity of drying for the MSACuSe QDs. Perhaps also contributing

to the higher ability to agglomerate in agueous media.

3.3.2 Optical Properties

3.3.2.1 UV-vis absorbance and optical band gap
In order to investigate the optical properties of the synthesized QDs, room temperature UV-

visible absorption measurements were made. From the absorption spectra, the direct and

indirect band gap was determined by Tauc-relation (Equation 3.3).[54]

ahv = A(hv — Eg)" (3.3)

Where o is the absorption coefficient, h is Planck constant, v is the frequency, A is a constant,
Eg is the energy band gap and n = 2 for indirect and n=1/2 for direct allowed electron transitions.
The direct band gap energy (Egd) was obtained by plotting (ahv)? against ho and extrapolate
the linear portion of the curve (ahv)? = 0. The indirect'band gap energy (Egi) was determined
from (cho)*? against ho and extrapolation ofi . (ahv)¥? = 0 from the linear reagion.[54] The
results are shown in Figure 3.14, Figure 3.16 and Figure 3.18 for the 6MHACuSe, 3MPACuSe
and MSACuSe QDs respectively. The calculated band gap values together with the wavelength

for the absorption maxima’s (Amax) Were listed in Table 3.3.

Particles Amax (NM) Egd (eV) Egi (eV)

6MHACuSe QDs 435 2.44 1.77
3MPACuSe QDs 400 2.98 1.79
MSACuSe QDs 340 3.26 2.83

Table 3.3 The wavelength of the absorption maxima (imax) for the 6MHACuSe, 3MPACuSe and MSACuSe QDs absorption
bands and the direct (Egd) and indirect (Egi) band gap values.

The absorption spectra for 6MHACuSe QDs is illustrated in Figure 3.13 together with the
absorption spectra for the precursors used in the synthesis, and Figure 3.14 together with

corresponding direct and indirect band gap plots.
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Figure 3.13 Absorbance spectra of 6MHACuSe QDs-(green-line).and-1. mM aqueous solutions of Cu(NO3)2 (black line),
NaOH (red line), 6MHA (deep blue-line), Cu(NO3)2 and 6MHA mixture-(light blue line), Se2- (pink line).
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Figure 3.14 6MHACuSe QDs absorption band with left insert corresponding to the direct band gap plot and right insert
corresponding to the indirect band gap plot.
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The absorption spectra for the 6MHACuSe QDs (Figure 3.13) shows absorption bands at 220,
245, 330 and 435 nm, respectively. Through analyzing the absorption spectra of the precursors,
the bands at 220 and 245 nm could be assigned to the transitions caused by Cu(NOs3). and
6MHA precursors respectively. In the precursor mixture of Cu(NO3)2and 6MHA, an absorption
band appeared at 300 nm. This band can be explained by the ligand to metal charge transfer
(LMCT) transition from S(c) = Cu?*, between the copper and the sulfur atom from the capping
agent.[55-58] Therefore, the band at 330 nm in the 6MHACuSe QDs could be assigned as the
LMCT between the copper in the QDs and the capping agent, with a slight shift towards lower
energies. Lastly, the band at 435 nm only appears for the 6MHACuSe QDs mixture and could
be assigned as the absorption of the actual quantum dots formed. The 6MHACuSe QDs had a
direct band gap Egd = 2.44 eV and an indirect band gap Egi = 1.77 eV. The band gap of the
bulk copper selenide is not well defined because of its many stoichiometric form. Values has
been reported of direct band gap energies of 2.1-2.3 eV and indirect band gap energies of 1.2-
1.4 eV.[14,59] The blue shift of the band gap-from the bulk material is caused by the quantum
confinement effect on the nanoparticles. The-optical-properties of QDs is due to the excitement
of electrons from the valance band. to the conduction band, with the energy difference being
known as the band gap energy. [3] When the electron is excited from the conduction band to
the valence band, a hole is left in the valence band. The electron and its associated hole can be
hold together by electrostatic attraction, forming an exciton. The distance between the electron
and associated hole is known as exciton Bohr-radius. When'the QDs diameter is smaller than
the exciton Bohr radius, quantum ‘confinement occurs causing a transition from continuous to
discrete energy levels. The energy levels of the valence and conduction band within the QD
becomes quantized and the energy values can be directly related to the particle size.[60,61]

Figure 3.15 illustrates the absorption spectra obtained for SIMHACuSe QDs together with the
absorption spectra for the precursors used in the synthesis. Figure 3.16 shows the 3SMPACuSe
QDs absorption spectra together with corresponding direct and indirect band gap plots.
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Figure 3.15 Absorbance spectra of 3MPACuSe QDs (green line) and 1 mM aqueous solutions of Cu(NO3)2 (black line),
NaOH (red line), Cu(NO3)2 and 3MPA mixture (deep blue line), 3MPA (light blue line), Se2- (pink line).

2x10"

Egi=1.79 eV

—
o
J

q Egd =2.98 eV
= 200 N
H ‘_/\ /:
2 & 1x10"
L
0 8- 3 100 =
~~ L N—
5
© 0+—+ ] 0}
-~ 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 22 24 26 28 3.0 32 34 36 38
() 0-6 T Energy (eV) Energy (eV)
O
% .
o 0.4
(@)
o .
< 0.2

300 400 500 600 700
Wavelength (nm)

Figure 3.16 3MPACuSe QDs absorption band with left insert corresponding to the direct band gap plot and right insert
corresponding to the indirect band gap plot.

In the absorption spectra for SMPACuSe QDs (Figure 3.15) bands between 225-280 nm could
likewise be assigned to transitions caused by the Cu(NO3z)2 and 3MPA precursors. A weak band
at 320 nm could be attributed to the LMCT between the copper and 3MPA capping agent. The
band at 400 nm was attributed to the formed 3MPACuSe QDs. The band gaps were calculated
to Egd = 2.98 eV and Egi = 1.79 eV. This shows a blue shift from the bulk material.[14]
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The absorption spectra for the MSACuSe QDs were illustrated in Figure 3.17, together with the
absorption spectra for the precursors used in the synthesis. Figure 3.18 illustrates the MSACuSe

QDs absorption spectra and corresponding band gap plots.
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Figure 3.17 Absorbance spectra of MSACuSe QDs (green line) and 1 mM aqueous solutions of Cu(NO3)2 (black line),
NaOH (red line), Cu(NO3)2 and MSA mixture (deep blue line), MSA (light blue line), Se2- (pink line).
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Figure 3.18 MSACuSe QDs absorption band with left insert corresponding to the direct band gap plot and right insert
corresponding to the indirect band gap plot.

Also for the MSACuSe QDs (Figure 3.17) a rather distinct absorption band at 290 nm could be
detected, assigned to the LMCT between the copper and MSA capping agent. Furthermore, the

68



absorption band at 340 nm was assigned to the formation of MSACuSe QDs. The band gaps
were calculated to Egd = 3.26 and Egi = 2.83. The big blue shift from the MSACuSe QDs
compared to the 6MHACuSe and 3MPACuSe QDs could be explained by two factors. Firstly,
the stoichiometry differ for the MSACuSe QDs which mainly consisted of B-CuSe. The optical
properties of the material have shown to slightly vary with the stoichiometry.[59] Secondly, the
MSACuSe QDs were shown to have the lowest particle diameter when dispersed in aqueous
media. The particle size affects the band gap to shift towards higher energy values, which would
explain the difference in band gap values.[60,61] Further confirming the results from the SAXS

and DLS measurements.

3.3.2.2 Photoluminescence
The photoluminescent properties of the CuSe QDs were investigated by exciting the sample

with light of 398 nm. The emission spectra.together with corresponding excitation spectra for

the QDs are shown in Figure 3.19to Figure-3.21.
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Figure 3.19 The excitation spectra (red line) and the emission spectra (black line) of 6MHACuSe QDs.
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Figure 3.20 The excitation spectra (red line) and the emission spectra (black line) of 3MPACuSe QDs.
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Figure 3.21 The excitation spectra (red line) and the emission spectra (black line) of MSACuSe QDs.

In the emission spectra of 6MHACuSe (Figure 3.19) and 3MPACuSe (Figure 3.20) QDs a weak
emission peak could be detected at 435 nm. Whereas in the case of the MSACuSe QDs (Figure
3.21) an emission peak at 485 nm. The bands arise from electronic transitions within the

electronic band gap of the CuSe QDs exciton. The emission wavelength is consistent with
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earlier obtained emission wavelengths for CuSe QDs and nanocrystals.[13,24,33] The
measurements shows that the synthesized QDs are capable of emitting light of wavelengths in
the visible region. The low intensity of the fluorescence peaks can be explained by quenching
of the capping agent on the surface. Trung and co-workers showed that CdSe/ZnS QDs, capped
with the thiol consisting molecule cysteamine, had a reduced fluorescence intensity compared
to uncapped QDs.[62] In a review article by Xing and co-workers, the authors discussed the
generally lower fluorescence emission intensity amongst water soluble QDs. Though with the

advantage of the QDs being biocompatible.[34]
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3.3.3 Electrochemical properties
The electrochemical behavior of the CuSe QDs when immobilized on a bare gold (Au) electrode

was investigated using cyclic voltammetry at scan rates (v) varying from 10-100 mV s*. All
the experiments were carried out in 0.1 M phosphate buffer (pH 7.40) with a potential window
of -800 — 800 mV starting with an anodic sweep from -800 mV. The resulting cyclic
voltammograms are illustrated in Figure 3.22 to Figure 3.27.
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Figure 3.22 The cyclic voltammograms of 6MHACUSe QDs immobilized on a bare Au electrode at 25 mVs™.
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Figure 3.23 The cyclic voltammograms of 6MHACuSe QDs immobilized on a bare Au at multiple scan rates varying from
10-100 mVs™.
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Figure 3.24 The cyclic voltammograms.of 3MPACuSe QDs-immobilized-on a bare Au electrode at 25 mVs™.
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Figure 3.25 The cyclic voltammograms of 3SMPACuSe QDs immobilized on a bare Au electrode at multiple scan rates
varying from 10-100 mvs™.
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Figure 3.26 The cyclic voltammograms of MSACuSe QDs immobilized on a bare Au electrode at 25 mVs,
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Figure 3.27 The cyclic voltammograms of MSACuSe QDs immobilized on a bare Au electrode at multiple scan rates varying
from 10-100 mVs™.
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In Figure 3.22 to Figure 3.27 it is possible to see that the quantum dots exhibit oxidation (Ipa)
and reduction (Ipc) peak currents that are connected through a redox reaction. The Ipa and Ipc
occur at oxidation potentials (Epa) within the range 229 -160 mV and reduction potentials (Epc)
within the range of 159-30 mV. For reversible systems it is possible to estimate the number of

electrons involved in the transfer through Equation 3.4.[63]

AE ==— (3.4)

Where n represents the number of electrons and AE = Epa — Epc. The system is considered
completely reversible if the absolute value of the ratios between Ipc/Ipc = 1, AE = 59 mV, E”
(the formal potential) is positions midway between Epa and Epc (E” = (Epa + Epc)/2) and
independent of scan rate, Ip is proportional to the square root of the scan rate (v*/?) and Equation
3.4 is applicable. The reversibility of the system for each of the QDs was investigated through
calculation of Ipc/Ipc, AE, E°. The peak data together -with the calculated factors were
summarized in Table 3.4.[63]
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6MHACuSe QDs

v (mV s?) Ipa (UA) Ipc (LA) Epa(mV) | Epc (mV) | AE (mV) E°(mV) | llpc/lpal | n
10 -0.08119 0.07195 178 96 82 137 0.89 NA*
25 -0.2487 0.1079 188 62 126 125 0.43
40 -0.1743 0.1266 193 38 155 1155 0.73
50 -0.1946 0.1371 199 33 166 116 0.70
60 -0.2232 0.1482 197 34 163 115.5 0.66
75 -0.2744 0.166 196 31 165 1135 0.60
90 -0.3065 0.1589 195 32 163 1135 0.52
100 -0.3289 0.1561 198 30 168 114 0.47
3MPACuSe QDs
10 -0.1136 0.04442 159 131 28 145 0.39 NA*
25 -0.1625 0.0666 180 134 46 157 0.41
40 -0.1039 0.0839 185 137 48 161 0.81
50 -0.1701 0.1033 190 137 53 163.5 0.61
60 -0.152 0.1008 183 133 50 158 0.66
75 -0.1863 0.09034 189 144 45 166.5 0.48
90 -0.2141 0.09487 190 146 44 168 0.44
100 -0.2243 0.1085 192 149 43 170.5 0.48
MSACuSe QDs
10 -0.4411 0.3821 189 117 72 153 0.87 0.82
25 -0.6691 0.7873 210 139 71 174.5 1.18 0.83
40 -0.8647 1.029 220 143 77 181.5 1.19 0.77
50 -0.9842 1.117 225 147 78 186 1.13 0.76
60 -1.002 1.159 226 152 74 189 1.16 0.80
75 -1.107 1.254 232 155 77 193.5 1.13 0.77
90 -1.159 1.297 235 157 78 196 1.12 0.76
100 -1.108 1.29 229 159 70 194 1.16 0.84

Table 3.4 Shows the values of the oxidation and reduction peak current (Ipa and Ipc respectively), the oxidation and
reduction peak potential (Epa and Epc), 4E (i.e. Epa — Epc), the formal potential EQ’ the absolute value of the Ipa/lpc ratio
and the number of electrons n, at different scan rates (v). *NA = not applicable

The redox reaction corresponding to the Ipa and Ipc peaks for the 6MHACuSe and 3MPACuSe

QDs, was considered to be quasi-reversible. Thus the number of electrons could not be

calculated using Equation 3.4. The redox reaction of the MSACuSe QDs was concerned to be

completely reversible. Through Equation 3.4 the value of n was estimated to n = 1. The same

number of electrons were assumed to be involved in the 6MHACuSe and 3MPACuSe QDs

electron transfer.

From the cyclic voltammetry, a shift in current peak potential could be observed. In the case of

the 6BMHACuSe QDs the oxidation current peak (Ipa) shifts towards higher potential values
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from Epa =178 mV to Epa = 198 mV. In contrast, the reduction current peak Ipc shift towards
lower potential values, from Epc = 96 mV to Epc = 30 mV. This separation in AE values for
the redox reaction caused by the 6MHACuSe QDs is due to the quasi-reversible nature of the
reaction. In a quasi-reversible reaction, the AE/n ratio is > 59 mV, and is increasing with
increasing scan rates. Also for the SMPACuSe QDs, the AE/n ratio shows a shift towards higher
values with increase in scan rate. However, in the case of the MSACuSe QDs, the AE value
does not have a net shift towards higher potential values indicating that the reaction is of
reversible nature.[64] Furthermore, the cyclic voltammogram of the 6MHACuSe QDs (Figure
3.22) also shows a small oxidation peak at Epa = -592 mV. Also for SMPACuSe (Figure 3.24)
there is a distinct oxidation peak visible at around Epa = 624 mV. To further understand exactly
which components of the QDs that are being subject to the oxidation/reduction reaction, the
electrochemical behavior of the QDs precursor was investigated. Cyclic voltammetry of the
precursors: Cu(NOs),, reduced selenium (Se?) and the capping agents 6MHA, MSA and
3MPA, was investigated with the same conditions.as the QDs (i.e. bare Au electrode in 0.1 M
phosphate buffer pH 7.40). The phosphate-buffer-was-spiked with aqueous solutions of the

precursors. The resulting voltammograms are shown in.Figure 3.28 to Figure 3.32.

2.0 Cu’ +e—=Cu
] i

1'5—_ 2% cu? + 2 —=Cu

1.0
< 4
2 0.5-
0.0
-0.5
-1.0-
'1 .5 T T T T T T T 1
800 400 0 -400 -800
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“ +
Cu™ +e—=Cu

)

Current

2+

+ + T
Cu— Cu° +e Cu— Cu +e

Figure 3.28 Cyclic voltammograms of 4 mM Cu(NO3)2 diluted in 0.1 M phosphate buffer (pH 7.40) measured with bare gold
electrode with proposed reaction mechanisms responsible for the current peaks.
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Figure 3.29 Cyclic voltammograms of 2 mM Se? (right) diluted in 0.1 M phosphate buffer (pH 7.40) measured with bare
gold electrode with proposed reaction mechanisms responsible for the current peaks.
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Figure 3.30 Cyclic voltammogram measured with bare Au electrode of 32 mM 6MHA diluted in 0.1 phosphate buffer (pH
7.40) with proposed reaction mechanisms responsible for the current peaks.
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Figure 3.31 Cyclic voltammogram measured with bare Au electrode of 32 mM 3MPA diluted in 0.1 phosphate buffer (pH
7.40) with proposed reaction mechanisms responsible for the current peaks.
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Figure 3.32 Cyclic voltammogram measured with bare gold electrode of 32 mM MSA diluted in 0.1 phosphate buffer (pH
7.40) with proposed reaction mechanisms responsible for the current peaks.

The electrochemical behavior of Cu?* in phosphate buffer solution is illustrated in Figure 3.28.
The electrochemical characteristics of copper in aqueous media has been well characterized and
is demonstrated in Equation 3.6 to Equation 3.8. In absence of complexing agents stabilizing

Cu", disproportionation occurs in accordance to of Equation 3.9.[65,66]

Cu?* +e” o Cut (3.6)
Cut+e o Cu (3.7)
Cu? +2e” o Cu (3.8)
2Cut - Cu** + Cu (3.9)
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In the presence of complexing agents, Cu® is stable in aqueous solution. Thus, Cu®* may
undergo a two-step electron transfer from Cu?* to Cu. This causes the Cu?*/Cu* redox reaction
to be visible in the cyclic voltammetry as two redox peaks, which is illustrated in Figure 3.28.
The oxidation peak occurring at -22 mV was assigned to the one electron oxidation of Cu to
Cu*. Whereas the oxidation at 180 mV was assigned to the oxidation of Cu*to Cu?*. Two
reduction peaks were observed at 55 mV and -135 mV, respectively. The first reduction peak
was attributed to the reduction of Cu?*to Cu* and the second reduction peak was ascribed to
further reduction of Cu* to Cu. In addition, a weak reduction peak at -245 mV was assigned to

the two electron transfer reduction of Cu?*to Cu.

Figure 3.29 shows the cyclic voltammogram of Se? in phosphate buffer. The reaction

mechanism for the reduction of selenium using NaBHa, is illustrated in Equation 3.10.

2Se + 4NaBH, — 2NaHSe + Na,B,0, + 14 H; (3.10)

Where NaHSe corresponds to the selenium being in 2- reduced form. Se? can thereafter occur
in equilibrium states in aqueous solutions.[53,67] The reactions occurring for the cyclic
voltammogram (Figure 3.29) was assigned to the reactions illustrated in Equation 3.11 (for the
peak occurring at -585 mV) and Equation 3.12 (for the oxidation peak occurring at 630 mV).

Se?” & Ses) + 2e” (3.11)

Secsy + Hp0 < H,SeO3 + 4H* + 2e~ (3.12)

The capping agent interaction with the gold electrode was also investigated. The oxidation
current visible in the cyclic voltammograms for the capping agents (Figure 3.30 to Figure 3.32)
at -600 mV to > 800 mV, could be attributed to the oxidation of the thiol group (RSH) to form
thiol radicals (RSe¢). Which could thereafter react to form disulphides.[68,69]
The proposed mechanism in shown in Equation 3.13 and Equation 3.14.

RSH > RSe+e” +HY (3.13)
2RS e — RS — SR (3.14)
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The oxidation and reduction current peaks occurring for the 6MHACuSe QDs and 3MPACuSe
QDs is possible to connect to the quasi-reversible redox reaction of Cu* «» Cu?* + e, of the
copper species within the QDs. The average formal potential for the reaction was calculated to
E”~ 120 mV for 6MHACuSe QDs and E®~ 159 mV for the 3MPACuSe QDs respectively.
The oxidation peak occurring at Epa = -592 mV for the 6MHACuSe QDs, could be assigned to
the oxidation of Se? = Se + 2e", within the quantum dots. The oxidation peak occurring at Epa
= 624 mV for the 3AMPACuSe QDs, is probably caused by the oxidation of the deprotonated
thiol capping agent on the QDs surface. Another explanation could also be the oxidation
selenium.[70] The completely reversible reaction visible for the MSACuSe QDs involves
transfer of one electron and is occurring with the average formal potential of E® = 183 mV. The
redox reaction could be assigned to the one electron oxidation and reduction of

Cu < Cu* + ¢, of the copper agent within the QDs.

From the measurements it can be said that the quantum dots exhibit specific electrochemical
properties depending of the nature of the capping-agent. This can partly be explained by the
different stoichiometries for each of the CuSe QDs, but also by the interaction between the
specific capping agent and the electrode surface. The QDs showed good ability to immobilize
on the electrode surface and could be further used for different electrochemical constructs. The
biocompatibility attributed to the capping of the thiol carboxylic acid, makes them a good

alternative in electrochemical biosensors and other bioelectric systems.
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3.4 Conclusion
Water-soluble copper selenide QDs were successfully synthesized through an aqueous route

with the use of different capping agents: 6MHA, 3MPA and MSA. These capping agents have,
to the best of our knowledge, never been explored for capping of CuSe QDs before. The type
of capping agent had effect on the stoichiometry, size distribution and stability of the QDs. The
formed nanoparticles had a small average size which was confirmed through HRTEM, SAXS
and XRD analysis. HRTEM and XRD analysis showed that 6MHACuSe QDs gave the smallest
average core size when dried. The average core size calculated was 8.97 and 9.8 nm for HRTEM
and XRD respectively. In aqueous solution, the MSACuSe QDs has the smallest hydrodynamic
size 50.8 nm in diameter (concluded by DLS) and core size of 4 nm (showed in the SAXS
measurements). However, the tendency to aggregate was also largest within the MSACuSe
QDs. This could be seen by the irregular shape of the PDDF curve from the SAXS

measurements and the high PDI value of the DLS measurements.

The capping of CuSeQDs was confirmed- by FTIR via.the specific COOH, CH; and C-S
signature bands of 3MPA and 6MHA.. The water-soluble nature of the MSACuSe QDs pointed
towards bonding of the thiol carboxylic acid. However, the MSA bond to the CuSe QDs is
indicated to be unstable, leading to lower stability of the QDs in aqueous solution. The
stoichiometry of the QDs also showed to-be affected-by-the capping agent of choice and was
investigated through XRD analysis. The linear molecules 6MHA and 3MPA mainly gave non-
stoichiometric form (Cu2xSe) and the branched MSA capping agent gave mainly B-CuSe
stoichiometric form. This difference gave effect on the optical and electrochemical properties
of the QDs, which was investigated through UV-vis absorption, PL and CV. The QDs exhibited
a large blue shift of the band gap (caused by the quantum confinement effect) which was
determined through UV-vis absorption studies. PL studies confirmed that the 6MHACuSe and
3MPACuSe QDs emits light at 435 nm whereas the MSACuSe QDs emits light at 485 nm.
Cyclic voltammetry studies confirmed good electrochemical properties when immobilized on
an electrode surface. These makes the QDs possible to use as an alternative in enzymatic

electrochemical biosensor as an electron mediator and enzyme linking agent.
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Chapter 4. Enzyme-based Toremifene Biosensor

Summary
The chapter describes the fabrication of an enzyme-based electrochemical biosensor for the

detection of toremifene (TOR). The biosensor consisted ‘of a'gold electrode modified with a
monolayer of cysteamine conjugated to 6MHACuSe QDs. The QDs were further conjugated to
cytochrome P450 2C9 enzyme (CYP2C9). The surface topography of surface modified gold
electrodes was examined using atomic force microscopy (AFM) for confirmation of successful
construction of biosensor surface. The biosensor response to different TOR concentrations

were investigated using cyclic voltammetry (CV) and square-wave voltammetry (SWV).
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Abstract

With rising knowledge of the effects on plasma concentration caused by allelic variations in the
cytochrome P450 genes and other metabolic factors such as drug-drug or drug-food
interactions, more attention is paid to the possibility of therapeutic drug monitoring (TDM).
Thus, there is a rising demand for quick, low-cost and efficient equipment for drug targeting.
For such devices, electrochemical biosensing techniques serve as a promising alternative.
Toremifene is the chlorinated analogue of tamoxifen and is used for adjuvant antiestrogenic
treatment for breast cancer and could serve as a candidate for TDM treatments. In this work, a
proof of concept enzymatic electrochemical biosensor is developed for the detection of
toremifene in aqueous solution. The biosensor utilized water-soluble 6-mercaptopropinoic acid
capped copper selenide quantum dots (6MHACuSe QDs) conjugated to a cysteamine self-
assembled monolayer on a gold electrode. The 6MHACuSe QDs where further conjugated with
CYP2C9 enzyme, which has shown to have-a major.part in the hydroxylation of toremifene
(TOR) to form 4-hydroxytoremifene (40H-TOR). Cyclic voltammetry (CV) and square-wave
voltammetry (SWV) studies showed that.the 6MHACuSe QDs served as an electron mediator
and enzyme immobilizer on the electrode surface. The QDs also showed to retain the catalytic
properties of the CYP2C9 enzyme. The small Ky values obtained for CV and SWV (0.08
pM and 0.27 pM respectively) indicates high binding affinity between the substrate and
CYP2C9 enzyme on the electrode surface. The biosensor response for the CV measurements
had a very small dynamic® ‘linear “range” " (DLR) wup to 03 pM,
R? = 0.85078, with a sensitivity of 241.2 nA pM™. The limit of detection (LOD) corresponded
t0 0.28 pg mLL. The DLR could be slightly improve by the use of SWV as a detection technique
in comparison to cyclic voltammetry. The SWV measurements gave a DLR up to 0.6 pM
(R? = 0.98432). The sensitivity obtained was 212.7 nA pM™ with a LOD corresponding to
0.08 pg mL™. The LOD values obtained are lower than detection limits reported for other
toremifene detection techniques. Toremifene in blood plasma or urine samples is commonly
determined by HPLC or LC-MS/MS techniques and the LOD ranges within 0.2 — 30 ng mL™.
In addition, the LODs of the biosensor construct is significantly lower than reported steady state
plasma concentrations (Css) amongst patients with advanced breast cancer administered with
60 mg (normal daily dose) of TOR Amongst these patients, Css = 879 ng mL™. The biosensor

has potential of detecting presence of very small amounts of toremifene in plasma samples.
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4.1 Introduction
Breast cancer is the leading form of cancer amongst women. In the year of 2017, breast cancer

is estimated to represent 30 % of the new cancer cases in the United States.[1,2] Antiestrogenic
treatment is the fundament of medical breast cancer treatment. Amongst these, the selective
estrogen receptor inhibitor (SERM) tamoxifen is the oldest prescribed drug for targeted
antiestrogenic breast cancer therapy. [3] Toremifene is the chlorinated analogue of tamoxifen
(Figure 4.1) and has also been approved for use as postoperative adjuvant antiestrogenic
treatment of breast cancer. [4,5]

Figure 4.1 Molecular structure of Toremifene (left) and Tamoxifen (right).

Tamoxifen is often referred to as a prodrug due to its more potent ER-binding and inhibiting
metabolites: 4-hydroxyl-tamoxifen and endoxifen.[6,7] Plasma concentrations of tamoxifen
and its metabolites have shown significant variations within patients carrying different
genotypes of the cytochrome P450 (CYP) 2D6 enzyme. [7-9] In contrast, toremifene is not
considered a prodrug or as being affected by CYP2D6 polymorphism. [9] However, in a
comparative metabolic study by Watanabe and co-workers [6], CYP2C9 enzyme showed to
have a dominating role in the 4-hydroxylation of toremifene to 4-hydroxyl-toremifene
(40H-TOR) in human liver microsomes. 40H-TOR is one of the main metabolites in the phase
I metabolism of toremifene. CYP2C9 enzyme also has allelic variations of CYP2C9*2 and
CYP2C9*3. To have polymorphic alteration in both the CYP2D6 and CYP2C9 is rare and
constitutes less than 1 % of the Greek population.[10] However, the authors discuss the
possibility that decreased functional alleles of both CYP2D6 and CYP2C9 could influence the

pharmacokinetics of toremifene amongst the patients carrying them. [6]
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With rising knowledge of the effects on plasma concentration caused by allelic variations in the
cytochrome P450 genes and other metabolic factors such as drug-drug or drug-food
interactions, more attention is paid to the possibility of therapeutic drug monitoring (TDM).
The possibilities to observe the plasma concentration and moderate the doses individually
between patients could optimize the dosing and treatment outcome. In a review by Widmer and
co-workers [11] the authors analyze the benefits with therapeutic drug monitoring of anticancer
drugs. The review demonstrates that TDM has had clinical benefits in some cases of cancer
treatment where concentration-effect relationship has been studied.[11] The methods used for
TDM are often liquid chromatography-tandem mass spectrometry (LC-MS/MS), which is quick
and efficient but expensive. [11-13] Laboratories not equipped with LC-MS/MS apparatus,
High-performance liquid chromatography coupled to ultraviolet (HPLC-UV) or fluorescence
techniques is also an alternative. [14-16]. However, issues that may arise with these techniques
is sampling of potentially significant amounts of blood, shipments to distant laboratory,
extensive costs of the potentially expensive equipment, potential delays caused by delivery of
results and possibly complex interpretation-of-data.-Thus;-technological developments that

could facilitate the plasma measurements for TDM.is needed.[11]

Electrochemical biosensors have been developed for various applications within medicine such
as medical diagnostics and real-time disease condition-monitoring of a patient. [17-19] In such
devices, enzymes have been frequently utilized as a detection component. [19-23] The enzymes
ability to specifically bind to a substrate but also detect many different analytes constitutes two
of the main advantages as a part of an electrochemical biosensor.[24] Furthermore, enzyme
based electrochemical biosensor has been successfully combined with an extra layer of
biocompatible quantum dots (QDs) between the electrode and enzyme. The enzyme is then
linked to the capping agent surrounding the QDs. The use of QDs as electron mediator was
shown to increase the biosensor performance and provide a stable microenvironment for the
enzyme.[21,25-28]

This study presents an enzyme based electrochemical biosensor for the detection of toremifene.
The biosensor consists of a gold electrode modified with three layers. The first layer consisted
of a self-assembled monolayer (SAM) of cysteamine, where the strong S-Au interaction
between the sulfur of the thiol group and the gold was utilized. The second layer consisted of
6-mercaptohexanoic acid capped copper selenide (6MHACuSe) QDs. The QDs were
immobilized on the electrode surface through conjugation of the carboxylic acid groups of the
capping agent with the free amino groups of the cysteamine. The third layer consisted of
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CYP2C9 enzyme conjugated to the QDs to form the final Au/Cys/6MHACuSe/CYP2C9

biosensor construct.

4.2 Experimentals

4.2.1 Chemicals
All chemicals used in the experiments were of analytical grade and were used as purchased

without further purification. 6-mercaptohexanoid acid (6MHA, 90%), copper(I1) nitrate hydrate
(Cu(NOs3)2, 99.999% trace metal basis), selenium powder (Se, 99.99% metal basis), sodium
Borohydride (NaBHas, 98%), sodium hydroxide (NaOH, 99.99% trace metal basis), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide  hydrochloride (EDC, >98%) and N-
hydroxysuccinimide (NHS, 98%), cysteamine (Cys, >98.0%), toremifene Citrate (TOR,
>08.0%), cytochrome P450 2C9-wild type allele-enzyme,.dimethyl sulfoxide (CYP2C9,
>99.9%), dimethyl sulfoxide (DMSO,->99.9" %), sodium phosphate dibasic dihydrate
(NazHPO4, >99.5%), sodium phosphate monobasic monohydrate (NaH2PO4, >99.0%), were
purchased from Sigma-Aldrich (Cape Town, South Africa). 0.10 M phosphate buffer solution,
pH 7.40, was prepared from sodium phosphate dibasic dihydrate and sodium phosphate
monobasic monohydrate using: Millipare; (18 ‘MQ/cm) purified through SimPak® 1 water
purification system (Merck Millipore, Germany).

4.2.2 Instrumentation
Screen printed gold electrodes (ref. DRP-110) from DropSens, Spain, were used as working

electrode characterization of the modified electrode using atomic force microscopy (AFM). The
AFM measurements were made using Nanosurf Easy Scan AFM version 2.2 and easy controller

(Nanosurf AG, Switzerland). Graphs were plotted in Gwyddion software.

Cyclic voltammetry (CV) and square wave voltammetry (SWV) was performed using
BAS100W integrated and Automated Electrochemical Work Station from Bio Analytical
Systems, Lafayette, USA. A three electrode setup was used in a 10 mL electrochemical cell. A
gold electrode (surface area = 0.0201 cm?) from BAS was used as working electrode, a platinum
wire from Sigma Aldrich served as the counter electrode and a Ag/AgCl (3 M NaCl) from BAS

was used as the reference electrode. For investigation of the system response in anaerobic
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condition, the phosphate buffer was saturated with Ar) for 15 min. All the biosensor response
measurements were performed under aerobic conditions since cytochrome P450 enzymes
utilizes oxygen in the catalysis. For CV studies a scan rate of 25 mV s was used. For SWV
studies an amplitude of 25 mV, step size of 5 mV, frequency of 5 Hz was used with 16 samples

per point.

For biosensor response measurements, a stock solution of 1 mM toremifene citrate was prepared
by diluting 3 mg toremifene citrate in 5 mL DMSO. From the stock 250 nM solution was
prepared through stepwise dilution in 0.1 M phosphate buffer (pH = 7.40).

4.2.3 Construction of Au/Cys/6MHACuSe/CYP2C9 biosensor
6-mercaptohexanoic capped copper selenide quantum dots (6MHACuSe QDs) were

synthesized as described in chapter 3.

Before modification a gold (Au) electrode was: electrochemically cleaned in 50 mM H2SO4
through potential scanning between =400 to 1400 mV until areproducible cyclic voltammogram
was obtained. The electrode was then polished with 1,0.50, and 0.03 pum alumina slurries in
glassy polishing pads respectively followed. The polished electrode was ultrasonicated absolute
ethanol and distilled water for 5 min respectively.

The freshly polished Au electrode 'was 'modified with'a self-assembled monolayer (SAM) of
cysteamine by deep coating the. electrode .in.0.02 M cysteamine solution for 24 h in dark,
forming an Au/Cys electrode surface. The Au/Cys electrode was then dipped in a mixture of
6MHACuSe QDs and 0.01 M of EDC/NHS (1:1 ratio) for 4 hours in dark to form the quantum
dot modified electrode (Au/Cys/6MHACuUSe). The electrode was rinsed carefully with distilled
water to remove any unbound molecules and dried under Arg). 3 pL of 10 uM cytochrome
P450 2C9 wild type allele enzyme diluted in phosphate buffer, was dropped on the electrode
surface. The electrode was allowed to dry in 4 °C for 12 h to form the final
Au/Cys/6MHACuUSe/CYP2C9 biosensor construct. The biosensor development upon each
surface modification is illustrated in Figure 4.2.

93



NH
SH/\/ 2
—>

24 h in dark

Bare Au

EDC/NHS
4 h in dark

o /\/NH2
~S

o
NH.
ot S HO
ss/\/NHz OHS
NH HO.
\S/\/ 2 of\/\/\s/
/\/NH2 S/
s
NH
e P Ho(/_/
— o
Au/Cys
OH
o 0
H O OH
N
_~S/\/H\LL\’\’\S S’;:%
N s. AU OH
s H\c()\Ms'/ s s_\_u?
e /\/N\(/J_ o O
s
NH, 0 OH OH
s N - :_\)—OH
/\/ MJLOH
/\/ \(\/\/\ s s S

Au/Cys/6MHACuSe

Au/Cys/6MHACuSe/CYP2C9

(Biosensor)

HO—(’J
o

OH

CYP2C9

Figure 4.2 Schematic illustration of the biosensor formation.

—>
12hin4°C

94



4.3 Results and discussion

4.3.1 Characterization of Au/Cys/6MHACuSe/CYP2C9 electrode surface
Atomic force microscopy (AFM) was performed in order to investigate the topography of the

gold electrode upon each surface modification to investigate if the biosensor was successfully
formed. The resulting AFM micrographs are illustrated in Figure 4.3 to Figure 4.6. The surface
area roughness parameters are summarized in Table 4.1. The measurements were performed

using gold screen printed electrode (AuSPE).

Opm 10 20 30 40

2.2 pr

22 um
0.0 -26 um
-1.0
-2.6
Figure 4.3 The simulated topography of the bare AuSPE.
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Figure 4.4 The simulated topography of the Au/Cys modified AuSPE.
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Figure 4.5 The simulated topography of the Au/Cys/6MHACuSe modified AuSPE.
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Figure 4.6 The simulated topography-of the biosensor constructed on AuSPE.

Parameters  Bare Au | Au/Cys | Au/Cys/6MHACuSe @ Au/Cys/6MHACuUSe/CYP2C9

Sa (mV) 63.2 89.6 64.5 98.4
Sq (mV) 86.6 138.8 82.7 173.5
Sy (mV) 31045  8566.3 1200.7 14883
Sp (mV) 16689  6248.2 8935 9906.7
Sv (mV) -14356  -2318.1 -307.2 -4976.0

Table 4.1 The average surface area roughness (Sa), the mean square roughnes (Sq), the maximum height of the profile (Sy),
the maximum profile peak height (Sp) and the maximum profile valley depth (Sv) for each surface modification of the AuSPE.
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Table 4.1 shows that the surface area roughness increases with cysteamine immobilization.
When immobilizing the 6MHACuUSe QDs, the surface becomes smoother. Indicating a quite
uniform layer of quantum dots organizing upon the cysteamine self-assembled monolayer. The
surface area roughness further increases upon enzyme conjugation to the 6MHACuUSe QDs
layer. Furthermore, the maximum profile peak height is notably larger in comparison with
previous surface modifications. Indicating that larger molecules has been attached to the
surface. Zhang and co-workers [29] showed that upon enzyme immobilization an silica plate
surface, the surface roughness increases with increasing enzyme activity. Making the increasing
surface area roughness as an indicator of successful enzyme immobilization on the surface.
Thus, the results confirm that the biosensor was successfully constructed through stepwise
linking of cysteamine SAM, 6MHACuSe QDs and CYP2C9 enzyme.
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4.3.2 Electrochemical characterization of biosensor
The electrochemical response of the biosensor components were investigated at Arg saturation

(anaerobic), in presence of oxygen (aerobic) and with addition of TOR. With the purpose of
determine what reactions that are responsible for the observed current peaks. The behaviour of
a surface modified electrode in absence of QDs (Au/Cys/CYP2C9) was also investigated. This
was in order to examine the influence of the quantum dots in combination with the CYP2C9

enzyme. The cyclic voltammograms are illustrated in Figure 4.7 to Figure 4.9.

Au/Cys Anerobic
2.51 Au/Cys Aerobic
2_0_- Au/Cys Aerobic + 1 pM TOR
&; 1.5—-
= 1.0
= ]
S 0.5- S
=)
O 0.0 L
-0.5
'1 .0 I ! T T T T T T |
800 400 0 -400 -800

Potential (mV)

Figure 4.7 Cyclic voltammogram of cysteamine covered gold electrode at anaerobic conditions (black line), aerobic
condition (red line) and aerobic condition in presence of 1 pM TOR (blue line) at 25 mV s scan rate in 0.1 M phosphate
buffer (pH = 7.40).
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Figure 4.8 Cyclic voltammogram of Au/Cys/CYP2C9 modified electrode at anaerobic conditions (black line), aerobic
condition (red line) and aerobic condition in presence of 1. pM-TOR (blue line) at 25 mV s scan rate in 0.1 M phosphate
buffer (pH=.7.40).
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Figure 4.9 Cyclic voltammogram of biosensor construct (Au/Cys/6MHACuSe/CYP2C9) at anaerobic conditions (blue line),
aerobic condition (black line) and aerobic condition in presence of 1 pM TOR (red line) at 25 mV s scan rate in 0.1 M
phosphate buffer (pH = 7.40).

Figure 4.7 illustrates the cyclic voltammogram of the Au/Cys modified electrode. It is possible
to see reduction peaks at Epc = -122 mV and Epc = -350 mV respectively in aerobic conditions.
The peaks were attributed to the reduction of oxygen on the electrode surface.[30] This is

supported by the cyclic voltammogram recorded in anaerobic conditions, where these reduction
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current peak are absent. Moreover, the addition of 1 pM TOR resulted in a small decrease in

the reduction current attributed to the reduction of oxygen.

When enzyme was conjugated to the electrode surface without the QDs, a reduction current
peak was visible at Epc = -520 mV in aerobic conditions (Figure 4.8). This peak was attributed
to the reaction of CYP2C9 together with oxygen. This can be compared with the results
obtained from Yang and co-workers [31]. In this work, the authors’ designed a biosensor using
CYP2C9 enzyme attached to an electrode with 11-mercaptoundecanoic acid and octanethiol
SAM for detection of warfarin. For this biosensor construct, a reduction current peak was
observed at Epc = -490 mV which was attributed to the electron transfer to the heme group of
the CYP2C9 enzyme. [31] Furthermore, upon addition of 1 pM TOR, a decrease in the
reduction current peak at Epc = -520 mV (Figure 4.8). Which indicates that only the cysteamine
SAM was not successful in retaining the catalytic properties of the enzyme for toremifene

metabolism.

For the biosensor construct (Figure 4.9) a reduction current peak at Epc = -631 mV at aerobic
conditions, was attributed to the reduction-of the CYP2C9-heme group. Upon addition of 1 pM
toremifene, a shift in the reduction peak potential could be observed from Epc = -631 mV to
Epc = -591 mV, together with a small increase in peak current. This change was attributed to
the catalytic reaction between the CYP2C9 enzyme and the toremifene analyte. Indicating the
the BMHACuSe QDs contributed to.retaining of CYP2C9.enzyme activity.

The electrochemical behavior of the biosensor construct was also evaluated at scan rates from

25 mV st to 100 mV s*. The resulting cyclic voltammograms are shown in Figure 4.10.

3 4
< < 2
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= ot ——25mvs’
S c 14 ——40mvs’
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0- ——75mVs"
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800 400 0 -400 -800 0 -200 -400 -600 -800
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Figure 4.10 Cyclic voltammogram of the biosensor construct at different scan rates in full scale (left) and enlarge segment
(right).
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By investigating the dependency of the scan rate, it is possible to calculate the concentration

of redox active specie on the electrode surface through Equation 4.2.[32,33]

p _nZF2
P~ 4RT "

AT (4.2)

Where Ip is the oxidation or reduction peak current, n is the moles of electrons transferred per
mole of the electroactive specie (in this case one), F is Faradays constant (96485 C/mole e’), T
is the temperature (in kelvin), v is the scan rate (Vs™), A is the electrode surface area (in cm?)
and I' is the surface coverage of the electroactive species (moles/cm?). The relationship between

the reduction peak current Ipc (at Epc = -631) mV and the scan rate was illustrated in
Figure 4.11.
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Figure 4.11 The reduction peak current (Ipc) of the reduction peak (occurring at Epc = -631 mV) at different scan rates, for
the biosensor construct.

The reduction peak current at Epc = -631 mV had a linear relationship with increasing of the
scan rate, with an R-squared value of R? = 0.966. Through Equation 4.2, the surface

concentration of the redox active specie of the biosensor construct (the CYP2C9 enzyme) was
calculated to I" = 5.89%101° moles/cm?.
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4.3.3 Biosensor detection response upon addition of toremifene citrate
The response of the biosensor construct was investigated at different concentrations using cyclic

voltammetry at a potential window of 800 mV to -800 mV. Small amounts of prepared TOR
solution (250 pM) was gradually added to the phosphate buffer medium. The biosensor
response for different TOR concentrations can be observed in Figure 3.12. The corresponding

calibration plot of the current response (after subtraction of the O pM current response) is
illustrated in Figure 3.13.
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Figure 3.12 Cyclic voltammogram of the biosensor construct at different TOR concentrations at full scale (left) and enlarged
segment (right)-at 25-mVs=1-in-0.1-M phosphate buffer (pH = 7.40).
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Figure 3.13 The calibration plot of the current response (after subtraction of the 0 pM current response) for the reduction
peak current occurring at Epc = -631 mV to -589 mV.

Figure 3.12 shows that with increasing amounts of TOR, the reduction peak at Epc = -631 mV

shift towards more positive reduction peak potentials with a net shift from -631 mV to -598
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mV. The same increase and peak shift was not observed when the corresponding amounts of
only DMSO dissolved in phosphate buffer (at same ratios as for the TOR solution) was added.
This indicates that the presence of TOR is responsible for the change observed for the reduction

current.

Figure 3.13 shows the dependence of the biosensor response to changes in TOR concentration
obtained through cyclic voltammetry measurements. The data was sigmoidal curve fitted. The
reduction peak current intensity Ipc increases gradually with increasing TOR concentration up
to 0.2 pM where after a plateau is reached. For concentrations up to 0.7 pM, the biosensor
response followed the Michaelis-Menten kinetics for enzyme based biotransducers [21] as

shown in Equation 4.3.

__Vnax[TOR]
K4PP + [TOR]

(4.3)

Where 1 is the steady state current obtained after addition of toremifene substrate, Vmax is the
maximum peak current measured under saturated substrate conditions, [TOR] is the bulk
concentration of toremifene substrate and Ky~ is the Michaelis-Menten constant. The
Michealis-Menten constant (Ky”™?) was [calculated to Km™f" .= 0.08 pM. The small value
obtained for Kn”P? indicates that:the substrate binds strongly to the CYP2C9 enzyme.[21] In
addition, it is possible to see that the enzyme saturates already at small concentrations (> 0.3
pM), indicating rather low enzyme activity on the electrode surface. The dynamic linear range
(DLR) reached up to 0.3 pM, though the range was poorly linear (R? = 0.85078) showing that
optimization is needed to obtain a higher DLR and a greater accuracy. The sensitivity of the
sensor was 241.2 nA pM™ The lower limit of detection (LOD) corresponded to
0.28 pg mL* toremifene in aqueous solution. After 0.7 pM, the peak current intensity started

decreasing, showing that the biosensor construct was not effective after this concentration point.

The biosensor response at different TOR concentrations was also investigated using square-
wave voltammetry (SWV) at a potential range of 300 mV to -800 mV. The resulting SWV
response was illustrated in Figure 3.14. The corresponding calibration plot (after subtraction of

the 0 pM current response) was illustrated in Figure 3.15.
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Figure 3.14 The square-wave voltammograms of the biosensor construct at different TOR concentrations.
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Figure 3.15 The calibration plot of the current response (after subtraction of the 0.pM current response) for the biosensor
response from SWV measurements.

For the SWV measurements, the same peak potential shift could be observed accompanied by
an increase in the peak current. The dependence of the biosensor response using SWV at
different TOR concentrations was illustrated in Figure 3.15. The peak current increases
gradually up to 0.6 pM. At higher concentrations a plateau is reached. The biosensor response
likewise followed the Michaelis-Menten kinetics for enzyme based biotransducers (Equation
4.3) [21]. When SWV was used as electrochemical method the dynamic linear range for the
biosensor response was larger (up to 0.6 pM, R? = 0.98432) with a sensitivity of
212.7 nA pM™. The LOD was calculated to 0.08 pg mL™.

In both cases, The LOD obtained are lower than detection limits reported for other toremifene
detection techniques. Toremifene in blood plasma or urine samples is commonly determined
by HPLC or LC-MS/MS techniques and the LOD ranges within 0.2 — 30 ng mL™. [34-38]
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Recently, Watanabe and co-workers [6] reported the use of a LC-MS/MS technique with a LOD
corresponding to 0.2 ng mL "1 (0.5 nM). The biosensor LOD is also lower than the reported
steady state plasma concentrations (Css) reported amongst patients with advanced breast cancer
treated with 60 mg of TOR (which is the normal daily dose for TOR treatment). Amongst these
patients, Css = 879 ng mL™. [35,39] SWV generally is more sensitive to small concentration
changes in the pico molar range, compared to CV. [40] Thus, SWV could be a more fitting
technique for analysis using the constructed biosensor in comparison to the results obtained
from the CV analysis. The sensor could be useful for detection of very small TOR

concentrations in blood plasma.

The utilizing of the 6MHACuSe QDs as an enzyme immobilizer helped to retain the enzymes
catalytic properties, in comparison to only cysteamine. The importance of the CYP2C9 enzyme
in the 4-hydroxylation of TOR was recently reported by Watanabe and co-workers.[6] Thus,
the biosensor could also serve as a tool for further understanding the significance of CYP2C9
in the TOR metabolism. The proposed-model for the-reaction mechanism for the reduction
reactions occurring in the CV and SWV measurementsis illustrated in Figure 3.16, and is based
on the catalytic cycle for cytochrome P450 hydroxylation.[41-44]
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Figure 3.16 Proposed mechanism for reaction occurring at biosensor surface.

However, the biosensor solution would need to be further analyzed using liquid
chromatography mass spectrometry or nuclear magnetic resonance. This for the purpose of
observing formation of the hydroxylated TOR metabolite 4-hydroxytoremifene (4OH-TOR)

which would further confirm that the bioconversion actually is taking place.
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4.4 Conclusion
In this work, a QDs-based enzyme electrochemical biosensor was successfully constructed for

the detection of TOR in aqueous solution. Through topography studies using AFM the
successful construction of the biosensor on a gold electrode surface was confirmed. This was
further confirmed through electrochemical studies were a typical reduction peak at
Epc =~ -600 mV could be detected. The 6MHACuSe QDs contributed to retaining the CYP2C9
enzyme catalytic properties in comparison to only cysteamine as an enzyme immobilizer. This
was confirmed through cyclic voltammetry studies (Figure 4.8 and Figure 4.9). Control studies
confirm that it is the addition of TOR that causes the change in reduction current in the presence
of CYP2C9 enzyme on the electrode surface. This indicated that the metabolic properties of the
enzyme were retained. This is further confirmed by the fact that the biosensor response followed

the typical Michaelis-Menten kinetics for enzyme based biotransducers.[21]

The small K™ values obtained. for-CV-and-SWV-(0.08_ pM and 0.27 pM respectively)
indicates high binding affinity between the substrate and CYP2C9 enzyme on the electrode
surface, although the DLR obtained from the CV measurements was very small (up to 0.3 pM,
R? = 0.85078) with a sensitivity of 241.2 nA pM! and LOD corresponding to 0.28 pg mL™.
This makes the sensor more suitable-for determining the presence of toremifene in a sample,
rather than determining the exact .coneentration -of the sample. The DLR could be slightly
improve by the use of SWV as a detection technique in comparison to cyclic voltammetry. The
SWV measurements gave a DLR up to 0.6 pM (R? = 0.98432). The sensitivity obtained was
212.7 nA pM* with a LOD corresponding to 0.08 pg mL™. The improvement is likely due to
the fact that SWV is more sensitive to small concentration changes in the pico molar range. The
LOD obtained are lower than detection limits reported for other toremifene detection
techniques. Toremifene in blood plasma or urine samples is commonly determined by HPLC
or LC-MS/MS techniques and the LOD ranges within 0.2 — 30 ng mL™. [6,34-38] In addition,
the LODs of the biosensor constructs is significantly lower than steady state plasma
concentrations (Css) reported amongst patients with advanced breast cancer administered with
60 mg (normal daily dose) of TOR. Amongst these patients, Css = 879 ng mL™.[35,39]

The low LODs presented shows that the biosensor has potential of detecting presence of very
small amounts of toremifene in plasma samples. This potential could be time-saving for doctors
utilizing such a TDM device in practice. Peak plasma concentration levels amongst patients

administered with 60 mg of TOR is reached between 1.5-3 h.[35] Because of the low detection
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limit of the biosensor construction, the time required to obtain a detectable signal for TOR in
the blood could be significantly reduced. This could contribute to reduce waiting times which
is beneficial both to patients and doctors involved, as well as cost-effective. Furthermore, the
importance of the CYP2C9 enzyme in the 4-hydroxylation of TOR was recently reported by
Watanabe and co-workers.[6] Thus, the sensor could additionally serve as a tool for further
understanding the role of the CYP2C9 enzyme in the 4-hydroxylation of TOR to form 40H-
TOR.
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Chapter 5: Conclusions and recommendations

Summary
The chapter presents the general conclusions for the work presented together with future

recommendations.
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5.1 Conclusions and recommendations
The aim of this work was to produces a quantum dot (QD) based enzymatic electrochemical

biosensor for the purpose of detecting toremifene (TOR), a medication used for breast cancer
treatment. The biosensor would consist of a gold electrode modified with: a cysteamine self-
assembled monolayer, water-soluble copper selenide quantum dots (CuSe QDs) and
cytochrome P450 (CYP) 2C9 enzyme. This construct would serve as a proof of concept model
for a therapeutic drug monitoring (TDM) device for measuring plasma concentration of the
toremifene drug in the blood plasma in patients.

The aim of the work required synthesis of water-soluble CuSe QDs that could be conjugated to
the CYP2C9 enzyme. Chapter 3 of this work described the successful synthesis of water-
soluble, biocompatible CuSe QDs using three different capping agents: 6-mercaptohexanoic
acid (6MHA), 3-mercaptopropionic acid (3MPA) and mercaptosuccinic acid (MSA). The
method presented for synthesis of the CuSe QDs, is an aqueous route and thus free from
potentially harmful or costly organic-selvents.-Furthermore, the method is rapid and requires
no heating or expensive equipment. This is a contribution to the knowledge regarding synthesis
of copper selenide QDs. It shows advantages|to many other routes reported on the synthesis of
CuSe QDs that require heating, specialized equipment and/or are time consuming.[1-14]
To the best of our knowledge, copper-selenide QDs has never been capped with 6MHA, 3MPA
or MSA before. Thus, this works presents not only.a novel route for synthesis of CuSe QDs but
also presents a novel type of surface modified CuSe QDs. The study showed that the choice of
capping agent had effect on stoichiometry and average particle size of the CuSe QDs. This had
further effect on the optical and electrochemical properties. A summary of the characterized
properties of the 6BMHA-, 3MPA- and MSACuSe QDs is summarized in Table 5.1. The aim of
the surface modifications was to improve the water soluble properties of the QDs, in order to
make biological applications possible. The good electrochemical properties and biocompatible
nature of the QDs made them a possible alternative for different biological applications for
instance through bioconjugation with other organic molecules. An example of such applications
is to serve as a component in enzymatic electrochemical biosensors, which was demonstrated

in this work.

114



SO 2SNV SIN PUn aSNOFINE 2SNDIVEING pazisayjuds ayj Jo sa1piado.id paziiajon.moyd ayl fo Livwuwng [°¢ 21D

115

- v )
- csf €8°7/9T€ 0 - e 3gNDVSY
F6I-£CT <8y obs £8°T/9T 80< ¥ 066 STOVSIN
$D
. R ¢ s (6T 1) :
HOOD THO SOLT-SHT 834 6L°1/86T Leot 8 S ASNDVAINE
00% L6
s Gtz
“HOOD THD LETSENT cer o LT §'8L 9 a8 SSUOVHING
18K ) (42) (Am) | (ssuadsourmmjojorq) (mu) | (wondiosqe spa-yn) (wonduosqe sta-An) (42) (570 (wm) (20vdgxXVS) (mu) (NALYH) (wu) sqd yo 2dix
sdnoas euonoun y o3 repuajod [enwio g PSuU[ABM 2dUIISAIONL ] (mau) vemy 13y/p57 :des pueq eondg azis ormeuspoapiy aSeraay I3)2WEIp 2100 ATeIIAY I3)WEIp 2100 ATeIAY




The 6MHACuSe QDs was applied as a component in the intended biosensor construct for
detection of TOR. The study showed that the 6MHACuSe QDs contributed to retaining the
CYP2C9 enzyme catalytic properties in comparison to only cysteamine as an enzyme
immobilizer. This was confirmed through cyclic voltammetry (CV) studies. The biosensor
response was also investigated using square-wave voltammetry (SWV). Control studies
confirms that it is the addition of TOR that causes the change in reduction current in the
presence of CYP2C9 enzyme on the electrode surface. Indicating that the metabolic properties
of the enzyme were retained. This is further confirmed by the fact that the biosensor response
followed the typical Michaelis-Menten kinetics for enzyme based biotransducers.[15] The
small Kn™™" values obtained for CV and SWV (0.08 pM and 0.27 pM respectively) indicates
high binding affinity between the substrate and CYP2C9 enzyme on the electrode surface.
Though, the dynamic linear range (DLR) obtained from the CV measurements was very small
(up to 0.3 pM, R? = 0.85078) with a sensitivity of 241.2 nA pM and limit of detection (LOD)
corresponding to 0.28 pg mL*. The SWV._measurements gave a DLR up to 0.6 pM (R? =
0.98432). The sensitivity obtained -was212.7-nA-pM-twith-a LOD corresponding to 0.08 pg
mL™. By using SWV instead of CV, the DLR was slightly improved. Toremifene in blood
plasma or urine samples is commonly determined by HPLC or LC-MS/MS techniques and the
LOD ranges within 0.2 — 30 ng mL. [16-21] In addition, the LODs of the biosensor constructs
is significantly lower than reported steady state plasma concentrations (Css) reported amongst
patients with advanced breast cancer ‘administered with 60 'mg (normal daily dose) of TOR.
Amongst these patients, Css = 879'ng mL™.[18,22] Thus, the biasensor has potential of detecting
presence of very small amounts of toremifene in plasma samples. This potential could be time-
saving for doctors utilizing such a TDM device in practice. Peak plasma concentration levels

amongst patients administered with 60 mg of TOR is reached between 1.5-3 h.[18]

Because of the low detection limit of the biosensor construction, the time required to obtain a
detectable signal for TOR in the blood could be significantly reduced. This could contribute to
reduce waiting times which is beneficial both to patients and doctors involved, as well as cost-
effective. Thus, the biosensor construct has potential of serving as a more time and cost-efficient
tool in comparison to the conventional methods that are used today for determination of TOR
plasma or urine concentration. Furthermore, the biosensor also serves as a model to simulate
one part of the phase I metabolic pathway of TOR. Lohmann and co-workers [23] used an
enzyme based electrochemical system for the simulation of the TOR phase | and phase Il

metabolism. The system utilized an in an electrochemical flow-through cell in combination
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with a LC/MS system in combination with the enzyme gluthathione-S-transferase. However, to
the best of our knowledge, an electrochemical biotransducers with the purpose of studying the
interaction between CYP2C9 and TOR has not been reported before. The importance of the
CYP2C9 enzyme in the 4-hydroxylation of TOR was recently reported by Watanabe and co-
workers.[16] Thus, the sensor could additionally serves as a tool for further understanding the
role of the CYP2C9 enzyme in the phase | metabolic pathway forming 4-hydroxyl-toremifene.
This could further contribute to increased understanding of the metabolic pathway of the breast

cancer medication and also understanding of the CYP metabolism of xenobiotics in the body.

In the work presented, novel water-soluble CuSe QDs were synthesized, characterized and
applied in the successful construction of a proof of concept enzymatic electrochemical
biosensor for the detection of TOR in aqueous solution. Through this, the work has contributed
to further understanding the CYP catabolized metabolic pathway of TOR as well as contributing
to further knowledge about the CYP metabolism of xenobiotics in the human body. The
biosensor construct has potential to_serve as an-easier,.quicker and cheaper alternative for
determining the TOR plasma concentration of breast cancer patients administered with the drug.
This in comparison to the techniques used today for such measurements (mainly HPLC or LC-
MS/MS techniques) that has potential issues regarding shipments to distant laboratory,
extensive costs of the potentially-expensive equipment, potential delays caused by delivery of
results and possibly complex interpretation of data. [24] This could contribute to early
determination of potential plasma variations caused by CYP polymorphism or drug-drug
interactions, with the purpose of conducting more effective individualize treatment. This is in
agreement with the guidelines for early cancer diagnostics presented by the world health
organization (WHOQO), 2017. In these guidelines, WHO empathizes the need to access high-
quality, affordable treatments within a short time frame from the diagnosis, in order to treat
cancer in an early stage of the disease.[25] Such treatments could certainly involve personalized
treatment using TDM, which then requires quick and low-cost equipment in order to make such
treatments available for all breast cancer patients treated with TOR. Thus, in support of the
WHO guidelines for early cancer treatment and diagnostics, there is a world-wide benefit of

TDM devices as the one constructed in this work.
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