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ABSTRACT

ELECTROCHEMICAL DETECTION OF OXALIPLATIN INDUCED DNA
DAMAGE IN G-QUADRUPLEX STRUCTURES

Osmanogullari, Sila Can
Master of Science, Chemistry
Supervisor: Prof. Dr. Levent Toppare
Co-Supervisor: Assoc. Prof. Dr. Ozgiil Persil Cetinkol

July 2022, 64 pages

Oxaliplatin is an anticancer agent used in chemotherapy. As a platinum-
based chemotherapeutic agent, it is known to induce DNA damage by generating
intra- and inter-strand crosslinking mainly at N7 sites of adenine (A) or guanine (G)
bases. Thus, a high dosage of Oxaliplatin results in different side effects. In order to
understand the molecular mechanisms underlying these side effects and the drug
resistance developing against Oxaliplatin, there is a need for rapid qualitative and
quantitative determination of Oxaliplatin and the damage caused by it.
Electrochemical based methods are one of the sensing platforms that can be preferred
due to their sensitivity, simplicity and low cost. In this study, an electroanalytical
platform for the detection of DNA damage caused by Oxaliplatin was constructed
via using differential pulse voltammetry on gold nanoparticle (Au-NP)-modified
graphite electrode. The surface characterization of the prepared electrodes was
performed by scanning electron microscopy. The decrease in the intensity of the
guanine oxidation signal with increasing Oxaliplatin concentration was taken as an
indication of the binding of Oxaliplatin to DNA bases and used in the development

of the detection platform with the dynamic range of 1.0 pM to 10.0 uM. The



Oxaliplatin induced damage could be detected as low as at 1.0 uM Oxaliplatin
concentration under the optimized conditions. These results in here are expected to
offer new insights into the investigations of DNA-Oxaliplatin interactions in the

future studies.

Keywords: Oxaliplatin, DNA Damage, Electrochemical Detection, G-Quadruplex

Structures, Differential Pulse Voltammetry
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0z

G-QUADRUPLEX DNA YAPILARINDA OXALIPLATININ YARATTIGI
DNA HASARININ ELEKTROKIMYASAL TESPITi

Osmanogullar1 Sila Can
Yiiksek Lisans, Kimya
Tez Yoneticisi: Prof. Dr. Levent Toppare
Ortak Tez Yoneticisi: Dog. Dr. Ozgiil Persil Cetinkol

Temmuz 2022, 64 sayfa

Oksaliplatin kemoterapide kullanilan bir antikanser ajandir. Platin bazli bir
kemoterapotik ajan olan Oksaliplatin’in genelde adenin (A) veya guanin (G)
bazlarinin N7 bolgelerinde zincir i¢i ve arasi ¢apraz baglar olugturarak DNA hasarini
indiikledigi bilinmektedir. Bu nedenle, yiiksek dozda Oxaliplatin farkli yan etkilerin
ortaya cikmasia sebep olmaktadir. Bu yan etkilerin altinda yatan molekiiler
mekanizmalar1 ve Oksaliplatin'e karsi gelisen ila¢ direncini anlayabilmek igin,
Oksaliplatin'in ve neden oldugu hasarin hizli bir sekilde kalitatif ve kantitatif olarak
belirlenmesine ihtiyag¢ vardir. Elektrokimyasal yontemler, duyarliliklari, basitlikleri
ve diisik maliyetleri nedeniyle tercih edilen tespit platformlar1 arasinda yer
almaktadirlar. Bu ¢aligmada, altin nanoparcacik (Au-NP) ile modifiye edilmis grafit
elektrot iizerinde diferansiyel puls voltametrisi kullanilarak Oxaliplatin'in neden
oldugu DNA hasarinin tespiti i¢in bir elektroanalitik platform gelistirilmistir.
Hazirlanan elektrotlarin yiizey karakterizasyonu, taramali elektron mikroskobu ile

gerceklestirilmigtir.  Oksaliplatin - derisiminin artmasiyla guanin oksidasyon

vii



sinyalinin siddetinin azalmasi, Oksaliplatinin DNA bazlarina baglanmasinin bir
gostergesi olarak alimmis ve dinamik araligit 1.0 uM ila 10.0 uM olan algilama
platformunun gelistirilmesinde kullanilmistir. Bu kosullar altinda, Oksaliplatin
kaynakli DNA hasarmin 1.0 uM Oksaliplatinin varliginda rahatca tespit edilebildigi

belirlenmistir..

Sonug olarak, elde edilen verilerin gelecekteki ¢alismalar icin DNA-Oksaliplatin

aragtirmalarina yeni bir bakis a¢is1 sunmasi1 6ngdriilmektedir.

Anahtar Kelimeler: Oksaliplatin, DNA Hasari, Elektrokimyasal Saptama, G-Dortlii

Yapilar, Diferansiyel Puls Voltametrisi
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CHAPTER 1

INTRODUCTION

Nucleic acids are formed from nucleotides. They are molecules responsible for the
expression of the genetic information. There are typically categorized into two
groups based on their chemical structures: Ribonucleic Acid (RNA) and
Deoxyribonucleic Acid (DNA). Both types of nucleic acids are formed by the
polymerization of nucleotides. Phosphate and sugar units in macromolecular
structure form the main backbone with the phosphodiester bonds [1]. DNA is one of
the most important molecules where its structure has been elucidated in 1953 [2].
DNA is continuously exposed to damage due to several factors including exposure
to ionizing radiation, exogenous and endogenous chemicals [3]. DNA damage is
mostly repaired by DNA repair systems. However, certain levels of DNA damages
cannot be repaired. In these cases, damages in the DNA molecule, in which genetic
information is encoded and transmitted from generation to generation, cause
mutations and, as a result, genomic instability and fatal diseases such as cancer occur
[4]. Today, it is known that environmental factors can easily trigger genetic factors
together with stress. Therefore, it is very important to design and use fast, reliable,
sensitive, selective and economic analysis systems that can be used to detect DNA
damage. In this context, biosensors often superior advantages over the time-

consuming classical analysis systems [4].

A biosensor is defined as a device consisting of a biological sensing element and a
transducer that outputs the signal [5]. Biosensors, as they are selective, sensitive and
reliable analysis systems, are crucial in daily diagnosis applications. A biosensor
converts the signal as the result of an interaction between the analyte and the sensing

platform into a physical output, such as a change in electrical output. Biosensors



provide many superior advantages over other time-consuming classical analysis
systems. Biosensor studies and applications have gained importance especially in
recent years with the inclusion of developments in the field of nanotechnology [6].

Electrochemical biosensors are one of the most widely used types of biosensors.

Gold nanoparticles (AuNPs) are the most widely used nanoparticles in the
construction of biosensors, especially for DNA detection. It has found that AUNPs
increases the immobilization ability of DNA especially the thiolated DNA structures

compared to a bare electrode [7].

In this thesis, a biosensor for the determination of DNA damage in G-quadruplex
forming VEGF promoter DNA by chemotherapeutic agent Oxaliplatin was
developed by using AuNPs modified graphite electrode. Changes in oxidation
signals of guanine in the presence and absence of Oxaliplatin were determined using
differential pulse voltammetry (DPV).

1.1  Electrochemistry

Electrochemistry examines the reactions which occur at the interface of an electrode
surface as an electronic conductor, semiconductor or metal and an electrolyte
solution [8]. In an electrochemical cell where an electrochemical process is
maintained, the oxidation reaction occurs at the anode while the ion or molecular
substance is reduced at cathode. Reactions happening at the electrode surface cause
the transfer of electrons which lead to the generation of an electrical current.
Electrochemical techniques provide important information about the mass transfer
rate at the interface, the stoichiometry and rate of the charge transfer, the equilibrium
and rate constants of a chemical reaction, the degree of chemisorption and
adsorption, and redox properties of the species [9]. For example, Demirbas et al. used
square wave voltammetry and cyclic voltammetry which are electrochemical
methods, to investigate redox properties of newly synthesized phthalocyanine

compounds [10]. Moreover, electrochemical methods are cheap in terms of



instrumentation and the amount of material used compared with other methods.
Besides, these methods are sensitive, reliable, and fast response, and very easy to

use. A typical electrochemical cell is given in Figure 1.1.

Potentiostat
Counter
Reference I Eloctrode
Electrode
Working ‘ ] _ ‘
Electrode L ] Electrolyte

Figure 1.1. An electrochemical cell and three-electrode sytem

1.1.1 Electrodes

In electrochemical measurements, conventional three-electrode systems are widely
used. Electrodes can be grouped as the reference electrode, the counter (auxiliary)

electrode, and the working electrode [11].

1111 Reference Electrode

The reference electrode is a type of electrode whose potential is known and kept
constant during the whole chemical process and is insensitive to the composition of

the analyte solution[12]. The reference electrode is a current carrier electrode which



ensures that the electricity from the source is transferred to the working electrode by
passing through the electrolyte solution. The most common reference electrodes are
standard hydrogen electrode (SHE), saturated calomel electrode (SCE), silver/silver
chloride (Ag/AgCl) electrode [13].

1.1.1.2  Counter (Auxiliary) Electrode

The counter electrode is the electrode which provides constant potential precisely
regardless of the analyte concentration. The potential provided by the counter
electrode is continuously compared with voltage of the working electrode. The most

common one is platinum electrode [14].

1.1.1.3  Working Electrode

The working electrode is the electrode where the oxidation-reduction reactions take
place. This electrode is generally functionalized with the biorecognition element for
the detection and/or surface modifiers for enhanced sensitivity. The surface of the
working electrode can be modified with many materials which enable the signal
enhancement by increasing the conductivity of the electrode or stabilizing its surface.
The most common working electrodes are gold, mercury, platinum, glassy carbon,

graphite, and carbon-based electrodes [15].

1.1.2 Voltammetry

Voltammetry is a method in which the current between working electrode and
counter electrode is measured against the voltage that is varied within between the
working and the reference electrode. The obtained current versus applied potential
graph is called a voltammogram. In general, working electrodes used in voltammetry
have very small surface area (a few millimeters or smaller) that results in increased

polarization [16]. And as the result of the increased polarization, low detection limit



can be reached. The boundaries of potential that will be applied in order to examine
the electrochemical behavior depends on the type of working electrode, solvent, and
electrolyte used. The most common voltammetry types are linear sweep
voltammetry, cyclic voltammetry, square wave voltammetry and differential pulse

voltammetry (Figure 1.2) [16]

E Linear Sweep E Differential Pulse
Voltammetry Voltammetry

Time —= Time ’

Square Wave .
E ,q E Cyeclic
Voltammetry _.
’ R Voltammetry
L ]
i A
i &

Time ] Time —

Figure 1.2. Potential excitation signal types used in voltammetry [16]

1.1.2.1  Differential Pulse Voltammetry

Differential pulse voltammetry (DPV) with low capacitive current and high Faradaic
current is commonly preferred to reach low detection limit in voltametric studies. In

differential pulse voltammetry, the ratio between these currents is increased,



resulting in low detection limits. Differential pulse voltammetry is especially useful
in measuring the trace amounts of electroactive materials. The peak currents are
directly proportional to the analyte concentration [17]. A typical differential pulse
voltammogram is given in Figure 1.3.

Current (nA)

Potential (V)

Figure 1.3. Typical differential pulse voltammogram

1.2 Biosensors

The “biosensor” term is defined as small sensing devices that are used to identify
target substances to be analyzed in biological reactions by Thevenot [18]. After Clark
and Lyons constructed an enzyme-based glucose biosensor in 1962, biosensor
studies have accelerated [19].

A biosensor consists of two converters which are biochemical recognition system
and a transducer. The biochemical recognition system interacts with the target
analyte. A biochemical product may also be formed as a result of this recognition
event. The second part of the biosensor, transducer, is responsible for converting this
recognition event into a measurable numerical value [20]. A biorecognition element
can be a nucleic acid [21], enzyme [22], antibody [23], bacteria [24] or a hormone

[25]. A transducer which converts the recognition event to the readable value can



vary as piezoelectric (change of mass), thermal (heat change), optical (fluorometric)
or electrochemical (potentiometric, voltametric, conductometric) depending on its
type [26]. Optical biosensors are based on the measurement of absorbed or emitted
light intensity resulting from the biorecognition event. Piezoelectric biosensors are
used for the measurement of mass change which occurs after the interaction between
the analyte and the biorecognition element. When the analyte is deposited on the
piezoelectric crystal surface, resonance frequency of the crystal is changed which is
accepted as the signal. Thermal biosensors are based on the measurement of heat
change which occurs as the result of the interaction between the analyte and the
biorecognition element. Electrochemical biosensors measure the electroactive signal
which arises from the consumption or formation of the electrochemical species[27].
There are some drawbacks of all the different types of biosensors according to the
area of utilization. For instance, optic biosensors cannot be used in the blurred areas.
Thermal biosensors are not sensitive enough in systems where small heat changes
occur [28].

There are some features that an ideal biosensor should have; [29]
-1t should be selective.

-1t should give a fast response.

-1t should be easy to use and cheap.

-1t should allow to work with small quantities.

- It should allow to get low detection limits.

-1t should be stable and sensitive.

-1t should be portable.

Biosensors have been utilized in many application areas such as medical, food, and

environmental. For the patients who are suffering from diabetes, biosensors can be



used to detect glucose level in the blood [30]. Ethanol biosensors can be used to
detect the amount of the alcohol in the alcoholic beverages as rum in food industry
[31]. They can also be used in monitoring environmental agents which can carry
serious health threat to humanity and ecosystem [32].

1.2.1 Nanomaterials Used in Biosensor Design

Nanotechnology is the ability to control a substance at the atomic, molecular, and
supramolecular level. It can also be defined as the control of substances that have at
least one dimension between 1 and 100 nanometers (nm). Application areas can vary
from the development of new materials at the nanoscale to the direct control of matter
at the atomic scale. Due to the unique properties of nanomaterials, nanotechnology
research is rapidly developing in the fields of diagnosis, therapeutics, and drug
delivery systems [33]. Thanks to nanotechnology, a wide range of materials with
different properties can be prepared and their properties can be interfaced with
biological molecules and other structures. Nanomaterials have superior physical and
chemical properties and highly stable structures. Due to such advantages, interest in
nanomaterials has increased in the last decades. With the inclusion of nanomaterials
in detection platforms, very low amounts of substances can be detected, especially
in biosensor studies, and at the same time, the analyte can be easily separated from
species that interfere with very complex matrices. The development and applications
of electrochemical DNA biosensor technologies based on nanomaterials have
recently gained importance especially in the fields of genomics, medical diagnostics,
and drug-DNA interactions [34]. And among the different types of nanoparticles,
gold nanoparticles (AuNPs) have been widely used in DNA biosensors due to their
high affinity in thiolated DNA [35].

AuNPs have a high surface to volume ratio and high surface energy, resulting in
stable immobilization of many biomolecules that maintain their biological activity.
In addition, AuNPs can provide fast and direct electron transfer between a wide

variety of electroactive materials and electrode materials. In addition, their light



scattering properties and extremely high ability to amplify the local electromagnetic
field make it possible to use AuNPs as signal amplification beacons in various
biosensors [36]. Kang et al. used AuNPs as modification material to construct a DNA
biosensor [37]. In their study, they used Thiolated DNA to take advantage of the
affinity between gold and thiol groups. They performed hybridization of DNA in
which the hybridization amount was increased greatly with the contribution of high
surface to volume ratio of AuNPs. Bafrooei et al. used AuNPs for the modification
of DNA biosensor to detect Bleomycin induced DNA damage in the presence of
metal ions electrochemically [38]. In the study, they showed that the electrochemical
signal was increased by AuNPs because of its high surface to volume ratio and good

conductivity properties.

1.2.2 Biological Components Used in Biosensor Design

Biosensors can be designed for the detection of biological components such as
antibodies, enzymes, tissues, nucleic acids and cells. The very same components can
also be used in the design of the biosensors as capturing elements for the target
analyte [39].

1.2.2.1 Nucleic Acids

Nucleic acids are macromolecules in which the genetic information is carried and
preserved from generation to generation. Deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA) are the most common types. Building blocks of nucleic acids
are called nucleotides. Nucleotides consist of a pentose sugar (deoxyribose in DNA
and ribose in RNA), phosphate group and a nitrogenous base. Nitrogenous bases are
pyrimidine or purine bases (Figure 1.4 and Figure 1.5). Nucleotides are named
according to the nitrogenous base that they contain. The pyrimidine bases are uracil
(V), cytosine (C), and thymine (T); purine bases are guanine (G), and adenine (A).

While deoxyribonucleic acid (DNA) contains adenine, guanine, cytosine and



thymine bases, ribonucleic acid (RNA) contains adenine, uracil, guanin and cytosine
bases [40].

In genomic DNA, two nucleotide strands are wound around each other forming the
double helical structure. In that structure, the bases in opposite strands are hydrogen
bonded to each other; adenine bonded with thymine, and cytosine bonded with
guanine. Phosphodiester bonds form the skeletal structure of DNA and RNA [1].
Other than the double helical structure reported by Watson and Crick in 1953, DNA
and RNA can adopt different structures as quadruplex structures. Understanding all
the structural properties of nucleic acids is very important in terms of new and
effective DNA-targeting drug design, detecting some hereditary diseases and
understanding mutations in genes [41].

NHz O
N N
a8 a8
N ) N )\
H N H N NH,
Adenine Guanine

Figure 1.4. Purine bases of DNA
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Figure 1.5. Pyrimidine bases of DNA
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1.2.2.1.1 The G-quadruplex Structures

Among the various types of DNA structures, G-quadruplex structure (Figure 1.6)
was first discovered in the 1960s and has been an important area of research and
application ever since [42]. It is known that guanine rich sequences can form what is
known as G-quadruplex structures [43]. Tetrads are generated from the association
of four guanine bases through Hoogsteen hydrogen bonding and then the G-
quadruplex structures are formed from the stacking of these tetrads. The guanine
tetrads have central cavities which are occupied by various cations such as sodium
or potassium. Cations in the central cavity are stabilizing the G-quadruplex structure
[44].

G-quadruplex structures are known to exist in the promoter regions of numerous
genes, including oncogenic promoters [45]-[47]. Vascular Endothelial Growth
Factor (VEGF) promoter is one of these promoter regions known to be forming G-
quadruplex structures and is associated with cancer [48]-[50]. For tumor growth and
metastasis, angiogenesis which is the formation of new blood vessels, is important
as it provides oxygen and nutrients to proliferating tumor cells, thereby promoting
tumor progression [51]. This is regulated by many angiogenic factors, such as
fibroblast growth factors, vascular endothelial growth factors (VEGF), and
angiopoietins [52]. Among them, VEGF has been recognized as a key mediator of
tumor angiogenesis by stimulating proliferation, migration, survival, and
permeability of endothelial cells [53]. Sun et al., in their study, show that the G-rich
strand in VEGF region can form G-Quadruplex structures by using the
electrophoretic mobility shift assay, dimethyl sulfate foot printing technique, the
DNA polymerase stop assay, circular dichroism spectroscopy, and computer-aided
molecular modeling [54]. G-Quadruplex structures are located upstream of the
promoter region in human VEGF gene and have multiple binding sites for
transcription factors. This tract can form specific G-quadruplex structures and
potentially allows transcriptional control of the VEGF promoter through G-

quadruplex ligands [55]. Since human VEGF expression is primarily regulated at the

11



transcriptional level, it is of great importance to design drugs that target VEGF and

the G-quadruplex forming promoter region.

R, h
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Figure 1.6. G-tetrad (on the left) and G-Quadruplex (right) Structures

1.3  DNA Damage

DNA is continuously exposed to damage due to several factors including exposure
to ionizing radiation, exogenous and endogenous chemicals[56]. DNA damage is
mostly repaired by DNA repair systems. However, certain levels of DNA damages
cannot be repaired. In these cases, the cells will mostly program themselves towards
apoptosis, the programmed cell death. Yet, certain types of DNA damages can
escape the repair system and can cause permanent change in genetic material which

are called the mutations [57].

13.1 Factors Causing DNA Damage

Spontaneous or inherited gene mutations, inflammation, detoxification process, free

radical formation during energy production of mitochondria as factors resulting from
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natural cellular metabolism; UV light, electromagnetic waves, ionizing radiation, air
pollution, chemotherapeutic agents as environmental factors may cause DNA
damage. Reactive oxygen, carbonyl and nitrogen species are known to form radicals
that cause DNA damage. Especially reactive oxygen species cause important DNA
lesions such as mutagenesis and carcinogenesis which is called oxidative DNA
damage [58]. In general, reactive oxygen species produced in cells contain free
radicals such as hydrogen peroxide, hydroxyl radical and superoxide anion. In
particular, the hydroxyl radical is highly unstable and reacts rapidly and randomly
with most biological molecules. As a result, such oxidants can damage cells by

initiating chemical cell reactions [59].

DNA damage causes the formation of the radical cation guanine. Among nucleic
acid bases, guanine is the most easily oxidized due to its lowest ionization potential
[60]. The 8-0x0-dG is one of the most abundant DNA lesions, and it considered as a
biomarker of oxidative stress [61]. Therefore, guanine is most likely oxidized by
electron transfer. Electron transfer induces the formation of a guanine radical cation
followed by 8-ox0-dG formation via hydration and oxidation [62]. In addition to 8-
ox0-dG, other products such as 2-aminoimidazolone and 2,2-diaminooxazolone can

be obtained through the formation of guanine radical cations [63].
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Figure 1.7. Oxidation of guanine
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Alkylation of the bases and the crosslinking are also two other common types of
DNA damage observed in the nature. Alkylating agents are the oldest class of
anticancer drugs still widely used and they play an important role in the treatment of
various types of cancer [64]. Alkylating agents are widely distributed in the
environment and are also produced endogenously as byproducts of cellular
metabolism. They damage DNA or RNA bases, which can be cytotoxic, mutagenic
or neutral to the cell. Cytotoxic lesions block replication, interrupt transcription or
initiation of apoptosis, while mutagenic lesions miscode and cause mutations in
newly synthesized DNA [65]. DNA crosslinking are among the most toxic DNA
damages [66]. DNA crosslinking damage occurs when crosslinkers covalently link
two nucleotide residues from the same DNA strand (intra-strand crossing) or
opposite strands (inter-strand crossing). Crosslinks can cause mutations and DNA
rearrangements that can lead to cell death [67]. Chemotherapy today also relies on
DNA damage. Many of the agents used in chemotherapy cause this type of DNA
damage, as described below.

1.3.2 Chemotherapeutic Agents and DNA Interactions

Cancer is the uncontrolled and abnormal growth and proliferation of cells. Each cell
has a certain number of cell divisions throughout its life. Cancer cells form tumors
by aggregation which can compress, infiltrate, or destroy normal tissues [68]. Cancer
cells can spread to other parts of the body through blood or lymph circulation. This
spread of cancer to other parts of the body is called metastasis [69]. Different types
of cancers grow at different rates, show different ways of spreading, and respond to
different treatments. For this reason, different treatments are applied to the cancer
patients considering the type of cancer. Chemotherapy means treatment with drugs
which are called anticancer agents. Many chemotherapeutic agents induce direct or
indirect DNA damage while targeting rapidly dividing cancer cells. Anticancer drugs
generally bind to DNA in two ways: non-covalently and covalently. Non-covalent
binding is generally classified as groove binding and intercalation. Covalent binding
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is an irreversible event which may cause cell death by inhibiting DNA processes
such as transcription and replication [70]. Mitomycin C, Daunomycin, Cisplatin,
Oxaliplatin are some of the chemotherapeutic agents. While Mitomycin C and
Daunomycin are binding to DNA non-covalently, Cisplatin and Oxaliplatin are

binding covalently.

Platinum based anticancer agents have been extensively used to treat tumors for
several decades [71]. The era of platinum-based chemotherapy began in the 1960s
when Barnett Rosenberg accidentally discovered the effects of Cisplatin on cancer
cells [72]. Platinum-based drugs have a great importance in the treatment of cancer
and are currently used in almost half of all chemotherapeutic treatments, often in
combination with other anticancer agents [73]. They exert their effects on cancer
cells by attacking the genomic DNA and causing damage by alkylation and cross-
linking beyond repair so that the programmed cell death will be initiated. Platin based
anticancer agents bind mainly to guanine nucleotides covalently specifically to N7
of guanines and induce the formation of inter- or intra- strand crossing [74]. Since
these crossings cannot be repaired, the cell initiates apoptosis. Cisplatin is the first
platinum-based anticancer agent discovered by Bernotti in 1965 [75]. One of the
most important problems of Cisplatin is its severe dose limiting side effects resulting
from its indiscriminate uptake by all rapidly dividing cells including tumor cells as
well as bone marrow cells. Also, it causes pressure on the kidneys to remove the drug
from the body [73]. Some other side effects are nephrotoxicity, neurotoxicity,
myelosuppression, and ototoxicity [76]. Furthermore, numerous types of cancer cells
may develop resistance to Cisplatin [77], [78]. Finally, Cisplatin has been found to
suffer from poor tumor penetration, with evidence suggesting that clinically effective
doses of the drug are delivered only to tumor cells located closest to the blood vessels
[79]. Because of these disadvantages, new analogues of Cisplatin were developed.
Among them, second generation Carboplatin and third generation Oxaliplatin
(Figure 1.8) are the most successful ones and are currently used not only clinical
trials, but also as standard therapy for certain tumor types. Especially Oxaliplatin has

demonstrated antitumor activity in Cisplatin-resistant cell lines and tumor types that
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are self-resistant to both Cisplatin and Carboplatin [80]. Like Cisplatin, Oxaliplatin
is known to form crosslinks on adjacent guanine bases or between guanine and
adenine. Oxaliplatin-DNA adducts are more effective in inhibiting DNA synthesis
than Cisplatin [81]. Because of these factors, Oxaliplatin has different spectrum of
activity compared to Cisplatin or Carboplatin. Currently, Oxaliplatin is used for the
treatment of the colorectal cancer, and it is being evaluated in clinical trials for the

treatment of gastric, pancreatic, breast and non-small cell lung cancers [73].

To understand the drug resistance that develops against platinum-based drugs and
the molecular mechanisms underlying the side effects of these drugs, there is a for
rapid qualitative and quantitative determination of the damage caused by these drugs
[82]. The need for fast, sensitive, easy, and low-cost analytical detection platforms
to determine the occurrence of DNA damage and the parameters on the formation of

DNA damage has made this field one of the interesting topics in recent years.
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Figure 1.8. Chemical structure of Oxaliplatin

On the other hand, although studies on Cisplatin and Cisplatin-induced DNA damage
have mostly focused on genomic DNA, it has been revealed in recent years that this
group of drugs also disrupts G4 structures and damages them [83], [84]. It has been
suggested that telomeric DNAs containing TTAGGG sequences may be a more
obvious target than normal DNA due to their richness in guanine. For example, in
the plasmid containing 800 base TTAGGG sequences, it was observed that there was

more platinum insertion in this region than in other regions. Likewise, those with
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long telomeres in melanoma cells were more resistant to Cisplatin. For this reason,
it has been suggested that Cisplatin-telomer interactions may play an important role
in understanding drug resistance [85]. On the other hand, there are also studies in the
literature showing that Cisplatin does not prefer guanine-rich sequences [86]. There
are a couple of Cisplatin studies presented in the literature regarding the interactions
of Cisplatin with G-quadruplex telomeric DNA structures [87], [88]. Studies of
Cisplatin and its derivatives with other guanine-rich G-quadruplex structures are
almost non-existent. One of the few studies reported was the investigation of the
interactions between Cisplatin and the C-MYC G4 helix conducted by He [89]. To
the best of our knowledge, there are no studies reported so far on the interactions of

Oxaliplatin with G-quadruplex forming VEGF structures.

1.4 Electrochemical Detection Studies about DNA Damage in the Literature

Electrochemical methods are one of the preferred platforms for probing the DNA
Damage due to their low cost and high sensitivity [90]. Several electrochemical
platforms were developed for probing chemotherapeutic agents and the DNA
damage caused by them (Table 1.1). For instance, Topkaya et al., using a pencil
graphite electrode, performed an electrochemical biosensor study for the damage
caused by irinotecan on DNA. In this study, using the differential pulse method, the
decrease in guanine oxidation peak and the damage caused by irinotecan on DNA
were shown [91]. Yardim et al. developed an electrochemical biosensor using
graphene oxide modified glassy carbon electrode to demonstrate the damage
Cisplatin causes on dsDNA. In this study, which was carried out using the
differential pulse method, the decrease in the guanine oxidation peak and the damage

caused by Cisplatin on dsDNA were shown with 0.3 uM limit of detection [92].

17



Table 1.1 Some Electrochemical Detection of DNA Damage Studies in the Literature

Drug DNA Technique Electrode  References
Cisplatin dsDNA Ccv ITO [93]
Cisplatin [94]
& dsDNA SWV SPE
Carboplatin
Anthracycline dsDNA CV & DPV GCE [95]
[96]
) _ dsDNA CVv CPE
Mitomycin C
SSDNA [97]
Cisplatin & Cv GE
dsDNA
Carboplatin ssDNA DPV GCE [98]
[99]
dsDNA DPV PGE
Fulvestrant
[100]
~ ssDNA DPV PGE
Cyclophosphamide
Adsorptive [101]
Leuprolide dsDNA Stripping PGE

Voltammetry

To the best of our knowledge, electrochemical studies on the damage caused by
Oxaliplatin on G-Quadruplex DNA structures have not been carried out and a
detection platform has not been established so far. In this thesis, for the first time, a
biosensor for the detection of Oxaliplatin damage on G-Quadruplex DNA was
developed by using AuNPs modified graphite electrode. G-quadruplex forming

VEGF promoter region (Pu22) was exposed to Oxaliplatin, and the damage occurred
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was investigated by changes in oxidation signals of guanine in the presence and

absence of Oxaliplatin using DPV.
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CHAPTER 2

EXPERIMENTAL STUDIES

2.1 Instrumentation

Electrochemical experiments were performed by using differential pulse
voltammetry utilizing PSTrace 5.7 software system of Palm Sens potentiostat
(EmStat 3, Netherlands). The three-electrode system consisted of the graphite
electrode (3.0 mm diameter) as the working electrode, Ag wire as the pseudo

reference electrode and platinum wire as the auxiliary electrode.

Fluorescence measurements were performed by Cary Eclipse Fluorescence
spectrophotometer (Santa Clara, CA, USA).

Thermal denaturation experiments were performed by Cary 8454 photodiode array
spectrophotometer with Agilent 89090A peltier (Santa Clara, CA, USA).

For surface morphology of the all biosensor layers, scanning electron microscope
(SEM) (JEOL JSM-6400 model) at METU Central Laboratory was used.

2.2 Materials and Methods

Gold (111) Chloride Trihydrate (HAuCls 3H20, 99.9%), Trisodium Citrate Dihydrate
(NazCeHs07.2H20, 99%), Cysteamine (NH2CH2CH2SH), Acetic Acid (CHzCOOH),
Sodium Acetate (NaCH3COO) and Sodium Chloride (NaCl) were obtained from
Sigma-Aldrich (St. Louis, MO, USA); Oxaliplatin (OXP, C8H14N204Pt, 98.7%) is
obtained from Sicor De Mexico, S.A. DeC.V. (Lerma, Mexico) companies. All other
reagent grade chemicals for the preparation of buffer solution and supporting

electrolytes were obtained from Merck and Sigma.
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2.2.1 Pu22 G4 DNA Preparation

Thiolated 5ThioMC6-D (5’-CGG GGC GGG CCG GGG GCG GGG T-37)
oligonucleotide was purchased from Biomers.net GmbH (UIm/Donau, Germany) the
biopolymer factory. Non-thiolated Pu22 DNA oligonucleotides used in the
experiments were purchased from Integrated DNA Technologies (IDT) (Coralville,
IA, USA). UV-Vis absorption spectroscopy was utilized to calculate the
concentrations of the oligonucleotides by using the Pu22 molar extinction
coefficients; e260 =205000. Stock solution of DNA (36.8 uM) was prepared in 25mM
K-phosphate buffer with 70mM KCI. To allow formation of G4 DNA structures,
these solutions were annealed by heating in a water bath at 92-93 °C for 5 minutes
and allowed to cool overnight. More diluted solutions of Pu22 G4 DNA including
the samples used in CD and Fluorescence measurements were prepared with 50mM
acetate buffer solution (pH 4.8) containing 0.02M NacCl.

2.2.2 Oxaliplatin Preparation

Oxaliplatin (CgH14N204Pt, 98.7%) was obtained from Sicor De Mexico, S.A. De
C.V. (Lerma, Mexico). Oxaliplatin concentration was calculated by UV-vis
absorption spectroscopy using Oxp; e210=4513 M™cm™. Stock solution of
Oxaliplatin was found 13000 puM. More diluted solutions of Oxaliplatin were

prepared with distilled water.

2.2.3 Synthesis of AuUNPs and Modification of the Working Electrode

AuNPs were synthesized with minor modifications according to the citrate reduction
method described by Turkevich et al. [102]. In short, 0.0984 g of HAuUCI4.H20
(purchased from Sigma-Aldrich, St. Louis, MO, USA) was dissolved with 500 mL
of Millipore water to got 0.5 mM HAUCI,. After the solution was refluxed, 50.0 mL
of 38.8 mM NasCeHs07.2H.O solution (Sigma-Aldrich) was added in it with
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vigorous stirring. Observed colors were pale yellow, colorless, and dark violet,
respectively. The mixture was boiled with stirring for an additional 20 minutes to
complete the synthesis of citrate capped AuNPs reaction by observing wine red
color. The synthesized AuNPs solution was cooled to the room temperature and kept
in the dark at 4°C overnight. Before characterization and detection experiments,
stock solution of synthesized and purified AuNPs was diluted with Millipore water
by setting the maximum absorbance of the prepared AuNPs solution to 1.17 (SPR at
521 nm). By using the previously published molar extinction coefficient (es21) of
2.70x10% Mtcm™, predicted concentration of AuNPs in suspension was 3.33 nM
[103].

For preparation of electrochemical measurements, bare graphite electrode was
cleaned and polished with emery paper and washed with distilled water for 5
seconds. After graphite electrode was dried, AUNPs were immobilized by pipetting

10.0 pL of solution and the electrode was let to dry for 1 hour.

224 Electrochemical Studies

For the electrochemical measurements, all experiments were performed in a cell
containing 50.0 mM acetate buffer solution (pH 4.8) at room temperature unless
otherwise specified. Before each measurement, the cell was purged with nitrogen for
5 minutes to remove oxygen completely from the cell. Pu22 G4 DNA and Oxaliplatin
incubation samples were prepared by depositing 10.0 puL of Pu22 G4 DNA-
Oxaliplatin solution that is previously incubated at 37°C for 3 hours onto the AuNPs
modified graphite electrode’s surface. The graphite electrode was also left at the
room temperature for 1 h for drying. The unbound DNA from the electrode surface
was removed by rinsing the electrode with acetate buffer solution for 5 seconds.
Differential pulse voltammograms (DPVs) were recorded in the potential range of
0.40 V and 1.40 V at a pulse amplitude of 50.0 mV in 50.0 mM acetate buffer
solution (pH 4.8). Three measurements were carried out in each cell using freshly

23



cleaned and AuNPs modified electrodes. The construction of the biosensor was

represented schematically in Figure 2.1.

2.2.4.1  Optimization of the Amount of AUNPs Used in Modification of
Graphite Electrode

First, AUNPs solution was diluted with varying amounts of distilled water (DW). 1:1
solution was prepared by diluting the AuNPs stock solution with an equal volume of
distilled water. 1:2 solution was prepared by diluting the AuNPs stock solution with
twice the volume of distilled water. Likewise, 1:3 and 1:4 solutions were prepared
by diluting with distilled water. Then, each AuNPs solution was immobilized onto
graphite electrode surface which is left at room temperature for 1 h for drying. 10.0
pL of 10.0 uM Thiolated Pu22 G4 DNA solution was deposited onto each AuNPs
modified graphite electrode’s surface. The graphite electrode was also left at the
room temperature for 1 h for drying. The unbound DNA from the electrode surface
was removed by rinsing the electrode with acetate buffer solution for 5 seconds. All
measurements were performed in a cell containing 50.0 mM acetate buffer solution
(pH 4.8) at room temperature. Before each measurement, the cell was purged with
nitrogen for 5 minutes to remove oxygen completely from the cell. Differential pulse
voltammograms (DPVs) were recorded in the potential range of 0.40 V and 1.40 V
at a pulse amplitude of 50.0 mV in 50.0 mM acetate buffer solution (pH 4.8).

2.2.4.2  Optimization of Pu22 G4 DNA Concentration on the Graphite

Electrode

0.5 uM, 0.75 uM, 1.0 uM, 2.0 uM, 3.0 uM, 5.0 uM, 10.0 uM and 20.0 uM DNA
solutions were prepared by diluting the stock solution of 36.8 uM Thiolated Pu22
G4 DNA with 50.0 mM acetate buffer (pH 4.8) containing 0.02 M NaCl. 10.0 pL of
varying concentrations of Thiolated Pu22 G4 DNA solution was deposited onto each

AuNPs modified graphite electrode’s surface. The graphite electrode was left at the
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room temperature for 1 h for drying. The unbound DNA from the electrode surface
was removed by rinsing the electrode with acetate buffer solution for 5 seconds. All
measurements were performed in a cell containing 50.0 mM acetate buffer solution
(pH 4.8) at room temperature. Before each measurement, the cell was purged with
nitrogen for 5 minutes to remove oxygen completely from the cell. Differential pulse
voltammograms (DPVs) were recorded in the potential range of 0.40 V and 1.40 V
at a pulse amplitude of 50.0 mV in 50.0 mM acetate buffer solution (pH 4.8). Three
measurements were carried out in each cell using freshly cleaned and AuNPs

modified electrodes.

2.2.4.3  Optimization of Incubation Time for Thiolated Pu22 G4 DNA and
Oxaliplatin

To determine the effect of incubation time, equal volumes of 1.0 uM DNA was
incubated with 1.0 uM Oxaliplatin for 30 min, 60 min, 90 min, 180 min and 24 hours.
All incubations were performed at 37°C which is around body temperature. Pu22 G4
DNA and Oxaliplatin incubation samples were prepared by depositing 10.0 uL of
Pu22 G4 DNA-Oxaliplatin solution that is previously incubated at 37°C for varying
times onto the AuNPs modified graphite electrode’s surface. The graphite electrode
was also left at the room temperature for 1 h for drying. The unbound DNA from the
electrode’s surface was removed by rinsing the electrode with acetate buffer solution
for 5 seconds. All measurements were performed in a cell containing 50.0 mM
acetate buffer solution (pH 4.8) at room temperature. Before each measurement, the
cell was purged with nitrogen for 5 minutes to remove oxygen completely from the
cell. Differential pulse voltammograms (DPVs) were recorded in the potential range
of 0.40 V and 1.40 V at a pulse amplitude of 50.0 mV in 50.0 mM acetate buffer
solution (pH 4.8). Three measurements were carried out in each cell using freshly

cleaned and AuNPs modified electrodes.
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2.2.4.4  Optimization of Oxaliplatin Amount

First, 0.1 uM, 0.25 uM, 0.5 uM, 0.75 uM, 1.0 uM, 2.0 uM, 3.0 uM, 4.0 uM, 5.0 uM,
6.0 uM, 7.0 uM, 8.0 uM, 9.0 uM and 10.0 uM Oxaliplatin solutions were prepared
by diluting the stock solution of 13000 uM Oxaliplatin with distilled water. Equal
volumes of 1.0 uM DNA was incubated with varying concentrations of Oxaliplatin
for 3 hours. All incubations were performed at 37°C which is around body
temperature. Pu22 G4 DNA and Oxaliplatin incubation samples were prepared by
depositing 10.0 uL of Pu22 G4 DNA-Oxaliplatin solution that is previously
incubated at 37°C for varying times onto the AuNPs modified graphite electrode’s
surface. The graphite electrode was also left at the room temperature for 1 h for
drying. The unbound DNA from the electrode surface was removed by rinsing the
electrode with acetate buffer solution for 5 seconds. All measurements were
performed in a cell containing 50.0 mM acetate buffer solution (pH 4.8) at room
temperature. Before each measurement, the cell was purged with nitrogen for 5
minutes to remove oxygen completely from the cell. Differential pulse
voltammograms (DPVs) were recorded in the potential range of 0.40 V and 1.40 V
at a pulse amplitude of 50.0 mV in 50.0 mM acetate buffer solution (pH 4.8). Three
measurements were carried out in each cell using freshly cleaned and AuNPs

modified electrodes.

2.24.5  Surface Morphologies

For the surface morphology of the electrodes, bare graphite electrode, AuNPs
modified graphite electrode, immobilized Pu22 G4 DNA onto AuNPs modified
graphite electrode, and immobilized Pu22 G4 DNA and Oxaliplatin incubation
sample onto AuNPs modified graphite electrode were prepared. Under selected
optimum conditions, 10.0 uL of 1:2 AuNPs solution, 10.0 uL of 1.0 uM Pu22 G4
DNA, and 10.0 pL of 1.0 uM Oxaliplatin were used to prepare the electrodes for the
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surface characterization. The surface morphology of the electrode at each step was

monitored by Scanning Electron Microscopy (SEM) with different scales.

2.25 Circular Dichroism Fluorescence Spectroscopy Studies

For the Circular Dichroism (CD) and fluorometric measurements, varying
concentration ratios of Pu22 G4 DNA:Oxp samples were prepared. Measurements
were performed with Pu22 G4 DNA:Oxp samples with the concentration ratios of
1:0, 1:1, 1:5, 3:0, 3:3, 3:15, and 0:3. 1:0 represents that there is 1.0 uM Pu22 G4
DNA and no Oxaliplatin in the solution. 1:1 represents that there is equal volume of
1.0 uM Pu22 G4 DNA and 1.0 uM Oxaliplatin in the solution. 0:1 represents that
there is no Pu22 G4 DNA and 1.0 uM Oxaliplatin. CD spectra were collected
between 200 nm and 400 nm, with a scanning speed of 200 nm/min and 2 seconds
integration time. Thioflavin T (ThT) was added in each solution at a final
concentration of 1.0 uM for the fluorometric measurements. Emission spectra were
collected between 430 nm and 700 nm excitation wavelength 420 nm with operation
of 800 V.

2.2.6 Thermal Denaturation Studies

For the fluorometric measurements, varying concentration ratios of Pu22 G4
DNA:Oxp samples were prepared. Thermal denaturation experiments were
performed with Pu22 G4 DNA:Oxp samples with the ratios of 3:0, 3:3, 3:15
BuM:0uM, 3uM:3uM, 3uM:15uM) from 15°C to 95°C for heating and 95°C to
15°C f for the cooling curves with 2°C using quartz cuvettes with PTFE stoppers
(3.5 mL, 111-QS, Helma) in all spectrophotometric measurements. 3:0 represents
that there is 3.0 uM Pu22 G4 DNA and no Oxaliplatin in the solution. 3:3 represents
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that there is equal volume of 3.0 uM Pu22 G4 DNA and 3.0 uM Oxaliplatin in the
solution. 3:15 represents that there is equal volume of 3.0 uM Pu22 G4 DNA and
15.0 uM Oxaliplatin in the solution. Absorbances were collected at 295 nm, and
melting curves were plotted as normalized absorbance at 295 nm wavelength versus

temperature lying between 15°C and 95°C.
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Figure 2.1. Schematic representation of AuNPs/Thiolated-DNA/GE construction
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CHAPTER 3

RESULT AND DISCUSSION

3.1 Electrochemical Studies

With the discovery of the electroactivity of the bases in DNA, the identification and
analysis of analytical biological materials via electrochemical methods has begun
[104]. In this context, the detection of many analytes such as drugs, toxic substances,
chemical warfare agents were carried out by utilizing their interactions with DNA
[105]. Today, biosensor design based on DNA- analyte interactions is of great
importance in finding new molecules in drug design and determining the interaction
of these compounds with biochemical targets [106]. Studies with DNA biosensors
provide us with important information in elucidating the structures of substances (for
example, whether they have drug properties or not and the extent of their side effects)
[107].

The interactions of the anticancer agent Oxaliplatin with Pu22 G4 DNA were
investigated in this thesis using graphite electrode (GE) with gold nanoparticle

(AuNPs) modification and DPV as an electrochemical method.

The suggested AuNPs modified biosensor was optimized for AUNPS’ concentration,
DNA concentration, incubation time, and Oxaliplatin amount by using differential

pulse voltammetry response between 0.40 V and 1.40 V.

In the DPV technique, the oxidation of the electroactive guanine base in DNA is
accepted as a signal [108]. The guanine base is oxidized around 0.8 V and responds
with a certain current. When DNA interacts with Oxaliplatin, which is a cancer agent,
it creates a crosslink with the guanine base in DNA and prevents guanine oxidation.
As a result, a decrease in the guanine oxidation signal is expected. Ozs6z et al., using

the DPV technique, conducted the damage caused by arsenic, one of the heavy
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metals, on DNA. In the determination of damage, the current given by guanine
oxidation was observed in the presence and absence of arsenic, and it was concluded
that there was a decrease in the guanine oxidation current in damaged DNA in the
presence of arsenic [109]. Similarly, the decrease in the guanine oxidation signal was
used by Yardim et al. to determine the DNA damage occurred in dsDNA by Cisplatin
[110].

3.1.1 Optimization of the Amount of AUNPs Used in Modification of
Graphite Electrode

AUNPs is mostly used for modification of electrodes in electrochemical DNA studies
to increase DNA immobilization on the electrode’s surface since especially
Thiolated DNA structures are known to have strong affinity to gold [111], [112],
[113]. In addition, AuNPs was especially preferred in modification of graphite
electrodes since it increases the surface area of the electrode and enhances the
electrical conductivity of the biosensor [111]. Khater et al. detected plant virus by
electrochemical methods. In their study, they found that by modifying the screen-
printed electrode with gold nanoparticles, the gold nanoparticle increased the peak
intensity, that is, increased the electrical conductivity [114]. In another study, Liu et
al. used AuNPs for surface modification of Thiolated DNA biosensor. Detection of
target DNA was performed with bare and AuNPs modified electrode which was
concluded that there was an increase of the detected amount of DNA with the
sensitivity enhancement [115]. In another study, sensitive DNA biosensors based on
gold nanoparticles were performed to show the damage caused by Cd(ll) ions on
DNA. With this sensor, DNA damage caused by Cd?" ions were detected by
measuring the peak current in differential pulse voltammetry. The gold nanoparticles
were exploited to increase the signal by amplifying the current [116]. In this thesis,
AUNPs was used for modification of GE with the expectation that it would increase
electrical conductivity, create a good attachment bed for thiolated DNA, and increase
the electrode surface area to enhance immobilization of thiolated DNA.
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Figure 3.1. Differential pulse voltammograms (DPV) of 10.0 uM Pu22 G4 DNA on
the graphite electrode coated with varying concentrations of AuNPs. 1:0 w/o DNA
sample represents the bare GE electrode with no DNA and 1:1, 1:2, 1:3, 1:4
represents the samples with decreasing AuNP concentration. All the samples had
10.0 uM Thiolated Pu22 G4 DNA except 1:0 w/o DNA sample.

To observe the effect of AuNPs concentration on the response of the biosensor,
AuUNPs diluted to varied concentrations, ratios of 1:0, 1:1, 1:2, 1:3, 1:4 (AuNPs:
Distilled Water), were used to modify the graphite electrode. As seen in Figure 3.1.,
using AuNPs on GE surface compared to the bare electrode, was proven to increase
the effective electrode surface area, thereby increasing the electron transfer rate, with
a slight increase in voltametric response of 10.0 uM Thiolated Pu22 G4 DNA.
However, the use of higher concentrations of AuNPs clearly reduced the peak current
as observed in Figure 3.1., which may be reasonable considering that electron
transfer of DNA to the underlying electrode surface is partially blocked due to
AUNPs saturation [117]. The highest signal was obtained for the sample where the
AuNPs were diluted in 1:2 ratio (Figure 3.1.) which was used for further

experiments.
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3.1.2 Optimization of Pu22 G4 DNA Concentration on the Graphite

Electrode

Next, the effect of DNA concentration on the response of the sensor was investigated
via measuring DPV of AuNP coated electrode in the presence of varying
concentrations of Pu22 G4 DNA (between 0.5 uM and 20.0 uM). Our goal in DNA
concentration optimization was to determine a feasible DNA concentration that will
give rise to decent signal, that can be used in further experiments to track the guanine
oxidation by Oxaliplatin. As displayed in Figure 3.2., even though it wasn’t a linear
relationship, DPV signal was observed to be increasing with increasing DNA
concentration. Liu et al. conducted a study to determine the damage caused by
Mycobacterium tuberculosis on DNA by electrochemical methods. In their work,
they developed a DNA biosensor using glassy carbon electrode. In the study, they
observed a similar increase in peak intensity with increasing DNA concentration
during DNA optimization. However, they concluded that this increase is not linear
since excess DNA blocks electron transfer by causing saturation [118]. The change
in DPV signal was more apparent when maximum current (I) was plotted against
DNA concentration as displayed in Figure 3.3. Since the signal was relatively high
at 1.0 uM DNA concentration, 1.0 uM DNA concentration was chosen as the
concretion to be used in further experiments. The lower DNA concentration was
selected also to demonstrate the applicability of the probe in detection of DNA
damage even at low DNA concentrations and prevent the excess consumption of
DNA.
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Figure 3.2. Differential pulse voltammograms (DPV) of Pu22 G4 DNA at varying
DNA concentrations (between 0.5 and 20.0 uM). Three measurements were carried
out in each cell using freshly cleaned and AuNPs modified electrodes
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Figure 3.3. Differential pulse voltammograms (DPV) of Pu22 G4 DNA at varying
concentrations
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3.1.3 Optimization of Incubation Time for Pu22 G4 DNA and Oxaliplatin

Previous studies have shown that incubation time has an effect of the damage
induced by Cisplatin on DNA. Jantarat et al. developed a label free fluorescent DNA
sensor for the detection of Cisplatin induced G-Quadruplex DNA damage [119].
They also performed incubation time optimization for G-Quadruplex DNA and
Cisplatin interaction. Looking at the graph of fluorescence intensity and the
incubation time varying between 1 and 3 hours, they concluded that the 2.5 hour
incubation time was optimum because the plateau was reached after 2.5 hours. In
another study, Galagedera et al. developed an electrochemical sensor for detection
of the level of dsDNA cross-linking with Cisplatin using a gold electrode. Likewise,
the optimum interaction time of DNA and Cisplatin was determined, and it was
found to be 18 hours [120]. Since the variation in the interaction time is related to
the formation of different adducts, the factors affecting it are many such as DNA and
drug type. As it can be understood, incubation time optimization is of great
importance must be determined under the conditions investigated. After the
optimization of AuNPs and DNA concentrations, the effect of varying incubation
time on the response of the probe was examined at 37 °C. 37 °C of incubation
temperature was preferred since it is taken as the body temperature and preferred
also in many previous studies. For instance, Zhao et al. developed a fluorescent
sensor for platinum drugs-DNA interactions based on quantum dots. They used
Cisplatin as a platinum drug and interacted with DNA at 37 °C [121]. Kostrhunova
et al. carried out studies on the different features of the DNA binding mode of
Cisplatin. As incubation temperature of Cisplatin and DNA in all studies, they prefer
37 °C, which is body temperature [122]. Therefore, 37 °C of incubation temperature
was preferred in this thesis study as it is body temperature. To determine the effect
of incubation time, 1.0 uM DNA was incubated with 1.0 uM Oxaliplatin for 30 min,
60 min, 90 min, 180 min and 24 hours at 37°C.
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Figure 3.4. Differential pulse voltammograms (DPV) of 1.0 uM Pu22 G4 DNA
incubated for varying time periods with 1.0 uM Oxaliplatin

As displayed in Figure 3.4, the DPV signal was decreased in the presence of
Oxaliplatin. This decrease was taken as a sign of DNA damage. For instance,
Topkaya et al., performed an electrochemical biosensor study for the damage caused
by Irinotecan on DNA. In this study, using the differential pulse method, the decrease
in guanine oxidation peak which indicates the damage caused by Irinotecan on DNA
were shown [91]. The current of the 1.0 uM DNA without Oxaliplatin is 4.5 pA. The
value was decreased to 3.3 pA when it was incubated for 60 minutes, 2.7 wA when
it was incubated for 90 minutes, 2.3 wA when it was incubated for 3 hours and, 2.1
pA when it was incubated for 24 hours. Since the decrease was not significant for
samples incubated for 3 and 24 hours, 3 hours incubation time was chosen as the

incubation time to be used in the further experiments.
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3.14 Optimization of Oxaliplatin Amount

Subsequently, the sensor to detect DNA damage induced by Oxaliplatin was
developed under the optimized conditions. DPV signals of 1.0 uM DNA in the
presence of varying concentrations of Oxaliplatin, between 0.1 uM and 10.0 uM,
were measured in triplicates (Figure 3.5. & Figure 3.6.). The analytical merits of the
sensor were obtained by using the DPV intensity at the maximum | of the guanine

oxidation peak.
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Figure 3.5. Differential pulse voltammograms (DPV) of 1.0 uM Pu22 G4 DNA in
the presence of varying concentrations of Oxaliplatin
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Figure 3.6. Differential pulse voltammograms (DPV) of 1.0 uM Pu22 G4 DNA in
the presence of varying concentrations of Oxaliplatin
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Figure 3.7. Calibration curve of 1.0 uM Pu22 G4 DNA in the presence of varying
concentrations of Oxaliplatin

37



According to the data obtained, it was observed that the current was decreased as the
Oxaliplatin concentration was increased. Based on these data, it can be concluded
that as the covalent cross-linking of Oxaliplatin with DNA increases with increasing
drug concentrations, the DNA structure is further deteriorated, and the guanine
oxidation current decreases. Yardim et al. developed an electrochemical biosensor
using graphene oxide modified glassy carbon electrode to demonstrate the damage
Cisplatin causes on dsDNA [92]. In this study, which was carried out using the
differential pulse method, 81% decrease in the guanine oxidation peak and the
damage caused by Cisplatin on dsDNA were observed. As similar with our study,
the current decrease in the signal was explained that as the Cisplatin concentration

increases, crosslinking increases and thus DNA damage increases.

Under the optimized conditions, we were able to detect Oxaliplatin induced damage
clearly at 1.0 uM Oxaliplatin concentration. Wekil et al. determined the damage
caused by Oxaliplatin on ssDNA by DPV method using GCE and obtained 60
pmolL limit of detection within 0.1-170 nmolL* range [123]. As stated, there are
no studies conducted with Oxaliplatin with G-quadruplex and to our knowledge this
is the first damage detection platform reported for a G-quadruplex structure and

Oxaliplatin.

3.15 Surface Morphologies

The surface morphology of the electrode at each step was monitored by SEM. SEM
images of bare graphite electrode and AuNPs modified graphite electrode are shown
in Figure 3.8. The bare graphite’s surface was relatively smooth before modification.
The surface morphology of the bare graphite electrode was altered after AUNPs
modification, where AuNPs immobilized on the graphite electrode surface exhibited
a homogeneous dispersion. Aziz et al. modified the graphite pencil electrode with
gold nanoparticle for high-sensitivity detection of hydrazine and found similar
changes in the surface morphology of the electrode as our surface morphology [124].

Addition of Oxaliplatin onto AuNPs modified electrode altered the surface
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morphology further where the crystal or rod like structures were observed. (Figure
3.9).

Figure 3.8. SEM images of bare graphite electrode and AuNPs modified surfaces
under optimized conditions with different scales
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Figure 3.9. SEM images belonging to DNA on the electrode in the absence and

presence of Oxaliplatin

3.2 Fluorometric Studies

Fluorescence spectroscopy is one of the most widely used techniques to study the
interactions between small ligand molecules and DNA. Investigation of the
interactions of Oxaliplatin with Pu22 G4 DNA using Thioflavin T (ThT) as a
fluorescent probe. ThT alone is not fluorescent but becomes fluorescent in the
presence of G-quadruplex [125], [126]. Zhang et al. developed a ThT induced G-
quadruplex fluorescent biosensor for target DNA detection [126]. Fluorescence
spectra were recorded with ThT excitation at a wavelength of 425 nm in the
wavelength range of 450 to 600 nm. There is a marked increase in fluorescence
intensity, with the maximum fluorescence peak occurring at 490 nm. On the other
hand, in another study, it has been shown that the fluorescence intensity does not
increase much when bound to single or double-stranded DNA, therefore ThT is used
to detect G-quadruplex structures and the molecules that bind to these structures
[127]. If the signal is high, there is a G-quadruplex structure and ThT is interacting
with this structure, and we thought that if the signal was decreased, it would indicate

a change in the G-quadruplex structure or binding.
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Figure 3.10. Fluorescence Spectroscopy of varying molarity ratios of Pu22 G4
DNA:Oxp

Fluorescence measurements were performed with Pu22 G4 DNA:Oxp samples with
the molarity ratios of 1:0, 1:1, 1:5, 3:0, 3:3, 3:15, and 0:3. Emission spectra were
collected between 430 nm and 700 nm with operation of 800 V. From Figure 3.10,
the fluorescence intensity was decreased by adding Oxaliplatin. This result might be
an indication of the structural disruption of Pu22 G4 DNA upon Oxaliplatin

interaction.

3.3 Thermal Denaturation Studies

Thermal denaturation, with spectroscopic detection, offers one tried and true
approach for measuring the stability of nucleic acid structures. The stability of G-

quadruplexes is generally determined by observing the change in absorbance at 295

41



nm in UV [128]. In addition, the effects of ligands that bind to DNA on DNA can be

determined by looking at the changes in thermal denaturation profiles [129].
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Figure 3.11. Heating curve of varying molarity ratios of Pu22 G4 DNA:Oxp
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Figure 3.12. Cooling curve of varying molarity ratios of Pu22 G4 DNA:Oxp
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Thermal denaturation experiments were performed with Pu22 G4 DNA:Oxp samples
with the ratios of 3:0, 3:3, 3:15 at the temperature beginning from 15°C to 95°C for
heating and vice versa for cooling curves with 2°C rate. Absorbances were collected
at 295 nm, and melting curves were plotted as normalized absorbance at 295 nm
wavelength versus temperature lying between 15°C and 95°C. The Tm was
determined to be as 69 °C from the mid-points of the thermal denaturation profiles.
However, no change in the melting profile was observed upon addition of Oxaliplatin
to Pu22. This is contrary to our expectations, and it will be investigated further in

future studies.

34 Circular Dichroism Studies

Circular dichroism (CD) spectra of the samples were also measured to observe if the
presence of Oxaliplatin resulted in any structural changes in Pu22 G4 DNA. CD
experiments were performed with Pu22 G4 DNA:Oxp samples with the ratios of 1:0,
1:1,1:5, 3:0, 3:3, 3:15, 0:3. CD is a widely used method to characterize the secondary
structures of proteins and nucleic acids [130]. The G4 structures formed by Pu22
have been previously characterized in detailed NMR studies by Yang et al. and are
known to form parallel G4s that exhibit characteristic bands in their CD spectra
[131]. Parallel G4 structures characteristically show a positive band around 260 nm

and a negative band around 240 nm in CD spectra [132].
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Figure 3.13. CD spectra of varying molarity ratios of Pu22 G4 DNA:Oxp

In addition to the positive band around 260 nm and a negative band around 240 nm,
a small band at 290 nm is observed in the samples, which is an indicator of the
formation of a hybrid structure [133]. When the CD spectra of Pu22 in the presence
and absence of Oxaliplatin was compared, no major structural change in the structure
was observed. The CD profiles were very similar except slight changes in ellipticity
values especially at 260 nm and 290 nm. This result is contrary to our expectations,

and it will be investigated further in future studies.
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CHAPTER 4

CONCLUSIONS

Oxaliplatin, is a platinum-based third generation anticancer agent. It is currently used
in the treatment of the colorectal cancer, and it is evaluated in clinical trials for other
cancer types. As mentioned above Oxaliplatin is known to form DNA adducts and
inhibit DNA synthesis mainly by the formation of inter- or intra- crosslinking of N7
of adenine and guanine bases [74]. To understand the molecular mechanisms
underlying the side effects of platinum-based drugs and the resistance that develops
against them and, there is a need for rapid qualitative and quantitative determination
of the damage caused by these drugs [82]. In this thesis, AUNPs modified graphite
electrode biosensor was successfully fabricated for detection of Oxaliplatin damage
on G-Quadruplex forming VEGF structure for the first time. The surface of the
graphite electrode was modified with AuNPs for increased immobilization of the
thiolated Pu22, thus for design of a more stable, and sensitive biosensor. DPV
measurements were taken in the range of 0.4V to 1.4V in the ABS buffer. The
oxidation signal of guanine was used to investigate the interactions between
Oxaliplatin and Pu22 G4 DNA without using any redox indicator. It was determined
that the electrochemical behavior of the electrodes improved in the presence of
AuUNPs. AuNPs are known to increase the electroactive surface area, the conductivity
of the surface and the electron transfer rate [37], [38]. Different concentrations of
Oxaliplatin were used for investigating the interactions Oxaliplatin with Pu22 G4
DNA. A decrease in the oxidation signal was observed with increasing Oxaliplatin
concentration possibly due to the decrease in the oxidation of guanine bases in the
presence of Oxaliplatin. Plausibly, the crosslinking of guanine bases by Oxaliplatin
and the formation of DNA adducts decreased the oxidation of guanine bases [82],
[91], [110]. The damage was observable even at very low concentrations of
Oxaliplatin, 0.1 uM. Still, the linear range is determined to be between 1.0 uM and

45



10.0 uM Oxaliplatin concentration. The surface characterization of the prepared
electrodes was also performed by scanning electron microscopy. SEM images
clearly revealed the changes on the surface of the electrode upon addition of each
component, AUNP, DNA and Oxaliplatin. Electrochemical DNA damage studies
were supported by the fluorescence spectroscopy. ThT is known to give rise to
fluorescence signal upon binding to G4 structures [125], [126]. There was a slight
decrease in the fluorescence intensity upon addition of Oxaliplatin to Pu22+ThT
samples. The decrease increased with increasing Oxaliplatin concentration
supporting the electrochemical studies. On the other hand, to our surprise no change
was observed in thermal denaturation temperature of Pu22 and second structure of
Pu22 in the presence of Oxaliplatin. At this moment, it is not clear whether the
structure of Pu22 is changing upon Oxaliplatin binding. This discrepancy and so the

interactions of Pu22 with Oxaliplatin will be assessed in future studies.

Still, to our knowledge this is the first study in which the interactions of Oxaliplatin
with Pu22 G4 were investigated and an electrochemical biosensor using graphite
electrode was developed. We believe that our study will open up new avenues in
understanding the interactions of platin based drugs with DNA especially with G4
DNA structures.
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