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Abstract

Graphene-based biosensors for quantitative characterisation of DNA methyla-
tion

by
Mina Safarzadeh

DNA methylation is associated with various diseases including cancer, cardiovascular
diseases and neurodegenerative disorders, making it a potential biomarker to diag-
nose and prognose these diseases. Hence, a tool to detect and quantify DNA methy-
lation can be valuable to improve clinical tests. In this thesis, we report two different
biosensors for the detection and quantification of methylated tumour suppressor gene,
O-6-methylguanine-DNA methyltransferase (MGMT), which is a potential biomarker
for brain tumours and breast cancer. Both of the reported biosensors in this thesis
are based on screen-printed reduced graphene oxide electrodes (rGO SPEs) and are
electrochemical biosensors.

In the Ab/ssDNA biosensor the rGO SPEs were first aminated by ammonium hydrox-
ide chemisorption prior to their incubation in the anti-5-methylcytosine monoclonal
antibody (anti-5mC) which acted as a methylation bioreceptor. After that, the target
single-strand (ss) MGMT oligonucleotide is first recognised by its hybridisation with
complementary DNA to form double-stranded (ds) MGMT, which is then captured by
anti-5mC on the electrode surface due to the presence of methylation. The amination
of the rGO electrodes were confirmed using XPS and Raman spectroscopy techniques.
The assay development was tested via voltammetry techniques, namely CV and DPV.
Furthermore, some of the preparation steps were optimized to achieve a better perfor-
mance of the biosensor. Our validation studies showed that the peak current generated
by the biosensor is proportional to the concentration of MGMT (both single stranded
and previously hybridized double stranded) in the range of 50 fM to 500 pM, demon-
strating the efficacy of the sensor. A selectivity experiment was also carried out in
order to confirm that the biosensor is uniquely selective towards the methylated gene.
Although, this biosensor is selective to the target biomarker when applied to previously
hybridized dsDNA, it is not selective when detecting ssDNA because it responds to the
methyl group regardless of the ssDNA sequence, so a hybridization step is needed to
select the target ssDNA sequence from a mixture of strands. This drawback was the
driving force behind the design and development of the second biosensor. To the best
of our knowledge, this biosensor is the first report on the detection of MGMT genes,
using rGO electrodes.

To achieve the ability to directly detect dsDNA as a biomarker without denaturating
it to ssDNA, the PNA/Ab biosensor was designed. This biosensor is a sandwich as-
say based on gold nanoparticles (AuNPs) decorated rGO electrodes to achieve high
conductivity and allow self-assembly of nucleic acids. Peptide nucleic acid (PNA) was
used to form a self-assembled monolayer (SAM) on the surface via amine-AuNPs in-
teraction. PNA acts as a bio-recognition layer for the target ds-MGMT gene sequence,
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by invasion of the double strand and the formation of triple helix. The methylation was
subsequently captured by biotinylated-anti-5mC which was then detected via amper-
ometry. This results in a biosensor concept that is uniquely sensitive to both the target
MGMT gene as well as its methylation. PNA has a high affinity to its complementary
DNA relative to other natural nucleic acids and allows ds-DNA detection directly. Direct
detection of double stranded DNA biomarkers removes the need for sample prepara-
tion (such as denaturation or hybridization) and makes the biosensor faster and easier
to use. It may also result in a higher reliability of the biosensor due to the elimination of
the risk of mistakes in the sample preparation step. To achieve this, the reduction of GO
was performed in two ways: electrochemically (ErGO) and thermally (TrGO). XPS and
Raman spectroscopy as well as voltammetry techniques showed that the ErGO was
more efficiently reduced, had higher C/O ratio as well as smaller crystallite size of the
sp? lattice and also was more stable during voltammetric measurements. It was also
shown that the electro-deposition of AuNPs was more successful on the ErGO surface
due to the higher At% of AuNPs. SEM images and EDS spectra also confirmed the
presence of AuNPs on the surface. Therefore, the ErGO/AuNPs electrode was used to
fabricate biosensors and to detect the ds-MGMT gene. To the best of our knowledge,
this is the first report on using PNA to detect methylated DNA and the first report on
the detection of double stranded methylated DNA.

Both of the above biosensor designs can be modified and tailor-made to detect other
methylated genes, making them promising platforms to detect a variety of methylated
biomarkers.
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1.1

1.2

Chapter 1

Introduction

Cancer incidence and mortality

Cancer is one of the foremost causes of death worldwide and is expected to be the
most important barrier for improving life expectancy in the 21st century (figure 1.1)
(Bray et al., 2018; Siegel et al., 2019). Increases in cancer incidence and mortal-
ity along with uncertain prognosis after cancer diagnosis and treatment indicate the
demand for new diagnosis techniques (Jayanthi et al., 2017). New biomarker-based
diagnosis techniques are expected to improve early diagnosis of cancer which can re-
sult in improved prognoses and higher long-term survival rates (Kikuyama et al., 2018;
Wang, 2017). Cancer biomarkers are biological molecules that are found in body and
can be produced either by a tumour or the body in response to the presence of a tu-
mour. Cancer biomarkers are typically present in the tumour environment, blood, urine
or other bodily fluids, and the analysis of these biomarkers is one of the approaches in

tumour detection (Rasooly and Jacobson, 2006; Tothill, 2009).

Brain tumor
1.2.1 Current status of brain tumor and classification

Brain tumors are the most fatal types of central nervous system (CNS) illnesses with
low survival rate, high relapse rate and resistance to treatment, making it one of the
most dreadful types of cancer. Brain cancer has an incidence rate of 28.57 per 100,000
population with 5-year survival rate of only 33% and average survival duration of 15 to

22 months (Miller et al., 2021; Sonali et al., 2018). Depending on the cell type from

11



1.2. BRAIN TUMOR

ASR (World) per 100 000

22571
188.8-257.1
140.4-188.8

111.9-1404 [ Not applicable
<111.9 No data

Figure 1.1: Estimated age-standardized incidence rates worldwide in 2020, all can-
cers, both sexes, ages 0-74. Adopted from WHO (2018).

which the tumor is originated, the position of the tumor and their tendency to grow,
the brain tumor can be divided to 130 various types. Some of the classifications of
the brain tumors are broad and some are more specific. Tables 1.1 and 1.2 feature
the characteristics of primary and secondary brain tumors (Table 1.1) as well as their

benign or malignant behaviour (Table 1.2) (Lather and Singh, 2020).

Glioma is the most common type of brain tumor with almost 200,000 new cases ev-
ery year world wide. Based on the immunophenotypical similarities of the cell types,
gliomas are subdivided into astrocytoma, oligodendroglioma, and oligoastrocytoma.
Although gliomas usually tend to increase in their malignancy grade, they are appointed

in malignancy grades by WHO (Kros et al., 2015). Table 1.3 showed the simplified clas-

Brain tumor
Primary Secondary
Stem in brain cells Stem in other part of body/ proliferate to brain
May proliferate to other parts of brain/ spine Named by the location where it stems
Rarely spread to other organs Treated based on the place of origin

More common than primary brain tumor

Table 1.1: Classification of brain tumor into primary and secondary tumors. Adapted
from Lather and Singh (2020).
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sification of gliomas and their WHO grade. Figure 1.2 shows the distribution of all brain

and CNS tumors by behaviour and histology.

Glioblastoma (GBM), with occurrence of almost 50% of all primary brain malignancies
and median survival period of only 15 months, is the most frequent and aggressive pri-
mary brain tumor in adults. GBM is classified as grade IV glioma in WHO classification
(Lauko et al., 2021; Touat et al., 2015). Poor prognosis of GBM can be due to various
reasons including: the invasion of tumor cells into the brain parenchyma, hypoxia (a
hypoxic tumor microenvironment), the presence of cancer stem cells (CSCs), failure
in penetration to the blood-brain barrier (BBB) by medications, and tumor cell hetero-
geneity and plasticity (Harder et al., 2018; Gimple et al., 2019; Colwell et al., 2017;
Suter et al., 2020).

1.2.2 Importance of circulating biomarkers

Currently, the preliminary diagnosis of GBM is based on neuroimaging and resection
or tissue biopsy and the prognosis is based on imaging techniques. However, tak-
ing a tissue biopsy, in case the tumor is accessible, is highly invasive and can cause
serious risks to the patient such as brain swelling or affecting neurological functions.
Furthermore, there is a possibility that the biopsy is not a correct representation of

the whole tumour activity and therefore it fails to correctly predict the heterogeneity of

Brain tumor
Benign Malignant
Not cancerous Cancerous
Slow growing cells Rapidly growing cells
Marked with clear border Not marked with clear border
Do not spread to other tissues Can spread to entire brain and spine
Least destructive Life threatening
Can be surgically cured Can be cured with radiation and chemotherapy
Do not revert back once cured May revert back after treatment

Table 1.2: Classification of brain tumor into benign and malignant. Adapted from
Lather and Singh (2020).
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Histology Astrocytoma Oligoastrocytoma Oligodendroglioma
WHO grade
Grade | (circumscript) Pilocytic astrocytoma

Oligodendroglioma
Grade Il (low-grade) Diffuse astrocytoma Oligoastrocytoma

Anaplastic  oligo-
Anaplastic  astrocy- Anaplastic oligoas-  gendroglioma

Grade Il (diffuse, high-grade) toma trocytoma

Grade IV (high-grade) Glioblastoma

Table 1.3: Classification of gliomas according to WHO grades. Adapted from Arcella

et al. (2020).
All brain and other CNS
Malignant
29.7%
Non-malignant
70.3%
Malignant Nonmalignant
All other malignant
. 13% All other nonmalignant
Turpors of meninges 3 Neuroepithelial tumors 7.2%
21% (incl. non-malignant glioma)-__
Lymphomas and 2.9% <
hemopoietic neoplasms
6.6% Glioblastoma Nerve sheath tumors

12.1% Menigioma

48.6% 53 9%
5 (]

Other gliomas
17.9%
Pituitary tumors

Diffuse/anaplastic astrocytoma 24%
11.8%

Figure 1.2: "Distribution of Brain and Other Central Nervous System (CNS) Tumors by
Behavior and Major Histology Type, 2013 to 2017. Pilocytic astrocytoma
is clinically considered nonmalignant but is included in the malignant cate-
gory according to historical convention for cancer reporting. Data source:
Central Brain Tumor Registry of the United States data provided by the
Centers for Disease Control and Prevention’s National Program of Cancer
Registries and the National Cancer Institute’s Surveillance, Epidemiology,
and End Results Program, 2013 to 2017 (varying)." Adopted from Miller
et al. (2021).
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the entire tumour. Despite the great advantages of imaging techniques, they are un-
able to differentiate between pseudoprogression, which is caused by post-radiotherapy
changes, and true progression (Kros et al., 2015; Muller Bark et al., 2020). Therefore
a non-invasive or minimally-invasive solution for the diagnosis, monitoring the effect of
treatment, prognosis, and assessment of the tumor progression is required. Circulating

biomarkers or liquid biopsies are shown to be a considerable solution to this challenge.

Circulating biomarkers are the biomolecules found in the blood or other fluids of body,
such as urine or CSF (Cerebrospinal Fluid) that provide information on the state of
body and a condition or a disease. In oncology, a circulating biomarker is expected
to facilitate differential (and early in some types of tumors) diagnosis, predict and ex-
amine the prognosis, follow the tumor evolution and provide molecular information on
the tumor (Ludwig and Weinstein, 2005; Crowley et al., 2013). Using liquid biopsies
in GBM is challenging due to the presence of BBB, which is a semipermeable bar-
rier of endothelial cells between the blood and CNS. The BBB role is to protect the
CNS from injury as well as circulating toxins or pathogens which would cause neuro-
logical diseases (Daneman and Prat, 2015; Abbott et al., 2010). The integrity of the
tight junctions (TJs) between the endothelial cells, specifies the quality of a healthy
BBB. It was shown that GBM can cause a mutation or a deficiency in the TJ proteins
that can promote a proangiogenic and inflamed microenvironment, leading to a more
permeable BBB (Chen and Hambardzumyan, 2018; Muller Bark et al., 2020). Also,
hypoxia in the tumor environment is associated with the disruption of the BBB (Zhao
et al., 2018). Furthermore, reports on the transmission of metastatic GBM from organ
donors to transplant recipients confirms the presence of tumor cells in the circulation
(Chenetal., 2008, 2009; Fatt et al., 2008). Figure 1.3 shows a schematic of transporta-
tion of biomolecules from a tumor through the BBB and into the blood. In this chapter,
different categories of GBM associated biomarkers that can be detected in blood or

CSF are reviewed. Various cancer biomarkers are reviewed in Table 1.4.
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Biomarker Advantages Disadvantages References
Alix-
Panabiéres
and Pan-
CTCs are rare (1 cell in 1o (2014);
Information can be pro- 109 blood cells) Ignatiadis
vided at the protein, DNA May represent only partof et al. (2015);
CTCs and RNA levels the tumour mass hetero-  Shankar
Possibility of carrying out geneity et al. (2017);
functional assays Process to isolate them is  Westphal
challenging and Lam-
szus (2015)
Westphal
and Lam-
There are new technolo- szus (2015);
gies in the development ) lanatiadis
h isolate CT Short half-life 9
phase to isolate CTCs . et al. (2015);
CiDNA Higher ctDNA levels com- Re(ljeaseq mainly by cells \y.ng ang
i undergoing necrosis or
pared with CTC apoptgsis 9 Bettegowda
Levels correlate with dis- (2017);
ease stage Bettegowda
et al. (2014)
Easy detection Westphal
Can be released by al The release is not exclu- o Lam-.
cells, including tumour e f I szus (2013);
cells sive from tumour cells Xu et al
Exosomes . Can carry proteins, DNA, Pos_S|bIe presence of con- (2018);
RNA and miRNA tamlnants by current iso- Santiago-
lation methods Dieppa et al.
Present protection for (2014)

their content

Table 1.4: An overview of various cancer biomarkers and their advantages and disad-

Circulating Tumor Cells

vantages. Adapted from Muller Bark et al. (2020).

CTCs are the cells that are secreted into the blood and the circulatory system from

either primary or secondary tumours. CTCs are tumor-specific and their presence in
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the circulatory system may be an indication to the existence of an undiscovered tumor
(Touat et al., 2015; Muller Bark et al., 2020). CTCs are valuable biomarkers which
provide key information and details on tumor cells, including morphology, molecular
heterogeneity and immunocytochemical phenotype. These information are necessary
for diagnosing tumors, In addition CTCs are also studied as biomarkers for tumors
prognosis and therapeutic response (Pantel et al., 2008; Heitzer et al., 2013). CTCs
can be found as individual cells and in cluster forms. Cluster CTCs are a group of
two or more cells which have strong cell-cell connection. Clusters not only include
tumor cells, but also non-tumor cells such as endothelial, platelets and fibroblasts. It
has been shown that the CTC clusters have higher metastasic potential than individual
CTCs and they comprise 5 - 20% of all CTCs (Rostami et al., 2019). Although the CTCs
were discovered in 1869 and CTC clusters were first reported in 1954, GBM related
CTC research is fairly new and inadequate. The first studies on GBM related CTCs as
a single cell were published by Muller et al. (2014); Sullivan et al. (2014); MacArthur
et al. (2014) in 2014 and the first article on GBM related cluster CTCs was published by
Krol et al. (2018) only in 2018. Although isolation and detection of CTCs would greatly
improve the early detection of tumors, technological obstacles have limited their clinical

functionality (Heitzer et al., 2013).

Zhou et al. (2021) reported an electrochemical biosensor based on Platinum nanopar-
ticles (PtNPs) which were decorated with hyperbranched PdRu nanospines (PdRu/Pt)
for the detection of CTCs, using DNAzyme. In this work, super P carbon black and the
AuNPs role was to improve electrical conductivity and to support the immobilization of
antibody. The linear range for this biosensor was reported to be a wide range of 2 to
10° cellsmL~! and LOD of 2 cellsmL~!'. Wang et al. (2021a) reported a colorimetric
nanobioplatform for the detection of heterogeneous CTCs. This platform is based on
aptamer-modified gold nanoparticles and two aptamer-functionalized dyes which are
pH-sensitive. The AuNPs act as the capture unit and the dyes act as visual detection
unit. The dynamic range of this sensor was 5-10* cellsmL~" with LOD of 5 cellsmL~".

Peng et al. (2022) developed a dual-recognition-controlled amperometric biosensor for
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Blood Blood
collection analysis
v CTCs
e
Plasma/serum 1

v ctDNA
T v Exosomes
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Figure 1.3: A schematic of the transportation of biomarkers from GBM to the blood
and through BBB. (a) In patients with GBM the BBB is more permeable,
which allows the biomolecules to enter the circulatory system and then be
collected. (b) Several categories of tumor biomarkers can be detected in
liquid biopsies. Adopted from Miller Bark et al. (2020).

detecting CTCs. In this work, two aptamer hairpin probes were seperately bound to two
adjacent proteins on the cell membrane which triggered an amplification reaction lead-
ing to an electrochemical signal. The LOD was reported to be 3 cellsmL~!. Jia et al.
(2021) developed a CTC isolation approach based on N-cadherin recognition peptide
functionalized on magnetic nanoparticles (NP@MNPs). In this work the CTCs were
first captured by NP@MNPs, then the captured CTCs were isolated by an integrated
microfluidic chip and finally they were sequenced. This method was reported to have

a capture efficiency of 85%.
Extracellular Vesicles

EVs are vesicles that are discharged from normal and neoplastic cells into their mi-
croenvironment and therefore EVs can be present in various biofluids including blood,
CSF and urine (Loo et al., 2019). EVs enhance cell-to-cell communication by carrying
information (genomic and proteomic) from a host cell to other cells (figure 1.4). The

EVs can be categorized depending on their sizes: 30-100 nm (exosomes), 50-2000 nm
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(microvesicles), 50-4000 nm (apoptotic bodies) and >1um (large oncosomes) (Yekula
et al., 2020; Santiago-Dieppa et al., 2014; Whitehead et al., 2020). EVs contain infor-
mation from the host cell which makes them valuable source of information on tumor
progression and state. Also, EVs play a critical role in the migration and invasion of
cancer cells as well as establishing a tumor-permissive microenvironment and drug re-
sistance (Lv et al., 2014; Josson et al., 2015; Corcoran et al., 2012; Chen et al., 2014;
Tadokoro et al., 2013).
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Figure 1.4: Glioblastoma microenvironment. EVs play an important role in cell pro-
liferation and survival, cell migration and invasion, angiogenesis and
metabolic activity. Adapted from Yekula et al. (2020).
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Yildizhan et al. (2021) reported a bioassay to detect recombinant EVs (rEVs) using
a fibre optic surface plasmon resonance (FO-SPR) spectrophotometer. In this work,
six various combinations of EV-specific antibodies were tested to achieve the highest
detection sensitivity of the sandwich bioassay, resulting in around 100 times higher
sensitivity in human plasma for the best combination (anti-CD9/Banti-CD81 and anti-
CD63/Banti-CD9). In addition to that, rEVs were successfully detected in cell culture
medium without prior purification. Thakur et al. (2017) developed a SPR biosensor
with self assembled gold nanoislands (SAM-AuNIs) which is able to detect EVs iso-
lated from cells, serum, urine and tumor mouse models, using antibody-functionalised
SPR. This sensor covered a linear range of 0.194 to 100 uM and a LOD of 0.194
uM. Jeong et al. (2016) developed an integrated magnetic-electrochemical exosome
(IMEX) sensor for EV analyses. In this assay EVs are trapped on magnetic beads us-
ing a sandwich assay, followed by labelling the captured EVs with HRP to amplify the
electrochemical signal. The dynamic range for this platform was reported to be 10* to

10® with LOD of 3x10* exosomes.

Circulating MicroRNA

miRNAs are short (18-22 nucleotides) non-coding single-stranded RNA molecules which
are found in both healthy and cancerous tissues as well as almost all of the body fluids
(Jelski and Mroczko, 2021; Santangelo et al., 2017). Researches support both down-
regulation and up-regulation of various miRNA strands in both serum and tissues of
GBM patients, making them a reliable and consistent biomarker for this type of can-
cer (Areeb et al., 2015; Dong et al., 2014). Although the potential miRNAs as glioma
biomarkers still need to be researched and elucidated, mir-21 is known to be the most

important and researched miRNA for the diagnosis of glioma so far.

Wang et al. (2022) developed an electrochemical biosensor for the detection of miR-21
in CSF. In this work, first the complementary miRNAs were immobilized on the AuNPs-
coated glassy carbon electrode (GCE). After that, the capture miRNAs were partially

hybridised with target miR-21 and partially with a long guanine-rich sequence which
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would then adsorb methylene blue (MB) labels. The linear range for this biosensor was
reported to be 0.5 to 80 pM with a LOD of 56 fM. Zhao et al. (2016) reported a visual
and label-free colorimetric biosensor for the detection of miR-21 using graphene/AuNP
hybrids and ssPNA-21. First, ssPNA was immobilized on the graphene/AuNP hybrid
surface, hindering the oxidization of oxTMB in the presence of H,O,. Upon the addition
of miR-21 to the solution and its hybridization to ssPNA-21, PNA/Ab duplexes were re-
leased from the hybrid surface, causing a change in the solution color. The dynamic
range for this biosensor was reported to be 10 nM to 0.98 uM, with a LOD of 3.2 nM.
Parchekani et al. (2021) developed an electrochemical assay using gold Nano-islands
(Au-NIs) structures to capture miR-21 in both buffer and serum. For that, first fluorine
doped tin oxide (FTO) electrodes were modified with Au-nanostructures, followed by
immobilization of anti-miR-21 or cap-21 probes. After blocking the surface, the elec-
trode was incubated in target miR-21 to allow the hybridization of the probe and target
miRNA. The dynamic range for this biosensor was reported to be from 1.0 zM to 200

nM with a LOD of 0.12 zM.

Circulating Tumor Nucleic Acid

CtDNAs (Circulating tumor DNA) are pieces of the DNA in body fluids which originate
from tumor cells (figure 1.5) (Wang et al., 2021b) and have been found in biofluids of
patients with various diseases including cancer. CtDNAs are potential and promising
targets for disease detection Kros et al. (2015). However, the abundance of cfDNA (cir-
culating free DNA) in the body fluids makes the detection of the ctDNAs from cfDNA
more challenging (Zachariah et al., 2018). The levels of ctDNAs in body fluids are
affected by various determinants such as sex, age, tumor cell population, BBB perme-
ability, clearance of the ctDNAs by liver and kidney, etc. (Kros et al., 2015). Therefore,

ultrasensitive assays are required for the detection of ctDNA (Touat et al., 2015).

Rahman et al. (2020) reported an electrochemical sensing platform based on graphene
oxide-wrapped gold nanostars (GO-AuNSs) for the detection of ctDNA. The target
ctDNA was captured by its hybridization with the probe DNA, which resulted in the

21



1.3

1.3. DNA METHYLATION AS A BIOMARKER

Apoptotic bodies

Point mutations
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Figure 1.5: The potential sources of ctDNA originated by apoptosis, necrosis, or se-
cretion of tumor cells. (Wan et al., 2017; Wang et al., 2021b)

formation of a helix structure. The linear range of this biosensor was reported to be
1072 M to 10~!2 M with a LOD of 1072 M. Cui et al. (2022) fabricated an electrochem-
ical biosensor utilising molybdenum disulfide (MoS;) nanosheets for the detection of
ctDNAs. First, a GCE was immobilized by a few layers of MoS,, taking the advantage
of their affinity towards ssDNA. This biosensor was then incubated in target ctDNA and
was left to allow the hybridization of ssDNA probe and target ctDNA. MB was used
as label to achieve higher sensitivity. The linear range was reported to be 1.0x 10 =7
to 1.0x 10 ~'® M with LOD of 2.5x 10 ~!8 M. Ban et al. (2020) reported an electrical
graphene FET, using a DNA-tweezer probe (DTP) for the detection of DNA methyla-
tion. The DTP promotes strand-specific displacement of methylated targets followed
by electrical measurement of the source and drain electrode. The dynamic range for

this sensor was 10pM to 10nM.

DNA methylation as a biomarker

DNA methylation is the most exhaustively characterized epigenetic modification of DNA

that plays an important role in regulating cellular function. Epigenetic modifications are

22



1.3. DNA METHYLATION AS A BIOMARKER

the alterations in gene expressions without changing the DNA sequence (Davis and
Uthus, 2004). It has been shown that changes in DNA methylation patterns may be
associated with various diseases including cancer and may in the future be used in

new screening methods prior to more advance clinical tests.

DNA methylation is the covalent binding of a methyl group (-CH3) to the 5th carbon
atom of a cytosine nucleotide (figure 1.6) that follows a guanine nucleotide (CpG sites),
with the help of DNA methyltransferases (DNMTs) (Syedmoradi et al., 2016; Lam et al.,
2016). The aberrant methylation of the CpG sites has the potential of being a diag-
nostic, prognostic, and predictive biomarker for various diseases (Mikeska and Craig,
2014; Das and Singal, 2004) including lung cancer (Usadel et al., 2002; Kersting et al.,
2000), brain tumors (Esteller et al., 2000), breast cancer (Silva et al., 1999; Evron et al.,

2001), and prostate cancer (Goessl et al., 2000; Lee et al., 1994).

Vrba and Futscher (2018) has analysed a cancer DNA methylation data set and iden-
tified sets of six markers for individual cancer types, which are expected to trace the
majority of specific tumours with high sensitivity and specificity, making them suitable
for non-invasive cancer detection and monitoring. Heller et al. (2018) identified 34
types of miRNA with increased methylation in the primary tumours of non-small-cell
lung cancers, some of which are associated with certain molecular pathways. Geor-
gopoulos et al. (2018) in their case-control study showed that DNA methylation in 5
various genes e.g. RASSF1, APC, RARB, DAPK and hTERT are promising urine
biomarkers for the diagnosis of bladder cancer. Majchrzak-Celinska et al. (2013, 2015)
showed that aberrant methylation of a panel of genes is a marker for central nervous
system cancer. Excitingly, they also revealed that the methylation of some specific
genes such as MGMT, RASSF1A, RUNXS etc. can be used as a tool to predict glioma

aggressiveness.

1.3.1 Sensing DNA methylation

There are different techniques to detect DNA methylation. Conventional techniques

which are based on molecular biology including bisulfite treatment, methylation-specific
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Figure 1.6: DNA methylation is the binding of a methyl group (-CHs) to the 5th carbon
atom of a cytosine nucleotide in a nucleic acid.

PCR (MSP), mass spectrometry (MS) and liquid chromatography (LC) have been used
extensively. These techniques are sometimes used together and may rely on each

other.

Bisulfite genomic sequencing is the standard technique to detect DNA methylation. In
this technique, cytosine and 5-methylcytosine are converted to uracil and thymine re-
spectively using sodium bisulfite. The advantage of this chemical reaction combined
with PCR amplification and sequencing was first discovered by Frommer et al. (1992).
Although the bisulfite conversion method is widely accepted as a reliable method,
there are still some shortcomings such as requirement of acidic pH and high tem-
perature causing DNA fragmentation, false negative readouts due to the slow 5-mC
de-amination process, difficulties in DNA purification due to the presence of residual
bisulfite and incomplete conversion of cytosine to uracil (Bhattacharjee et al., 2018;

Laird, 2003).

MSP was introduced in 1996 by Herman et al. (1996) to detect blocks of CpG sites in
CpG islands (regions which have a high number of CpG sites). This technique takes
advantage of the bisulfite sequence conversion and is able to distinguish methylated
DNA from non-methylated DNA as well as unmodified DNA or DNA that has incom-
pletely reacted with bisulfite (Cottrell et al., 2004; Fackler et al., 2018; Fackler and
Sukumar, 2018; Draht et al., 2016). This technique is limited by analysis time, occur-
rence of false-positive results due to the amplification of unconverted DNA and cost of

labour and reagents (Shanmuganathan et al., 2013).
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Figure 1.7: lllustration depicting the working process of a biosensor.

Other methods such as chromatography and spectrometry are either used individu-
ally or in tandem. Although they have advantages like high sensitivity and not being
affected by DNA imperfections, these techniques require expensive equipment, large
amounts of samples and specific expertise, making them less popular techniques to

detect DNA methylation (Bhattacharjee et al., 2018; Kurdyukov and Bullock, 2016).

In recent years, considerable effort has been directed at the development of biosensors
and DNA sequencing techniques that have the potential to overcome the limitations of
aforementioned techniques, along with portability and amenability to miniaturization
(Bhattacharjee et al., 2018). Biosensors can either be used to detect DNA methylation

on their own, or combined with conventional techniques (Hossain et al., 2017).

1.4 Biosensors

Biosensors are bioanalytical devices used to detect the presence of biological analytes
and convert it into a measurable signal (Bohunicky and Mousa, 2011). Recently, there
is a growing interest and need in developing biosensors to facilitate faster diagnosis and
efficient screening of various diseases, proven by COVID-19 pandemic. This is due to

the biosensors ability to measure in real-time and being a point-of-care (POC) and easy
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to use device. These features could make biosensors suitable for decentralized clinical
applications such as bedside monitoring, emergency-room screening, GP check up,
or self-testing by patients at home. All of these together with simplicity, low cost and
reliability make biosensors a promising technique for the early detection of cancer in

the near future (Tothill, 2009; Jayanthi et al., 2017; Wang, 2006; Nemati et al., 2022).

A biosensor is composed of three components: a biorecognition element, a transducer
and a signal processor. The biorecognition element binds or recognizes the analyte.
The transducer converts this recognition to an electrical signal and the signal processor
processes and displays the signal (figure 1.7). Biosensors can be classified into four
groups by the working mechanism of their transducer: electrochemical, optical, mass

based, and calorimetric (figure 1.8 and 1.9).

Povedano et al. (2021) reported an electrochemical platform to detect the four most
frequent methylations in DNA and RNA (5mC, 5-hmC, 6mA, and m6A). In this work,
the target biomarkers were first captured on protein G-modified MBs (ProtG-MBs)
using the corresponding capture antibody for each methylation (anti-5- mC, anti-5-
hmC, or anti-m6A/6mA). Subsequently, the amperometric detections were performed
using screen-printed electrodes with four carbon working electrodes (SP,CEs) and
streptavidin-HRP as the label. The linear ranges were reported to be 3.9x 1074 - 1.9
uM, 2.3x 1074 - 1.8x 107! uM, 5.4x 1074 - 1.1x 10~! uM, 1.7x 1075 - 3.5x 10!
uM with LOD of 3x 107> uM, 3x 1073 uM, 1x 10~* uM, 9x 10~7 uM for 5-mC, 5-
hmC, 6mA and m6A respectively. Bhattacharjee et al. (2019) reported an enzymatic
bisulfite treatment and PCR amplification-free three step technique for the detection
of DNA methylation. In their technique, the DNA was first isolated and denaturated
from ovarian cancer cell lines before being adsorbed directly on a gold electrode sur-
face. GO,-5mC antibody was used to interrogate the DNA methylation sites and finally
electrochemical detection was performed to obtain signals. In this technique, GO, was
used as a label to enhance the enzymatic catalytic electrochemical signals. With this

technique they were able to detect 5% methylation level in 50 ng of total DNA input.
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Lee et al. (2017) developed an electrochemical detection technique for DNA methyla-
tion using methyl CpG-binding protein and glucose dehydrogenase-fused zinc finger
protein. This three step detection applied PCR amplification prior to electrochemical

measurement.
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Labelled

Transducer

Electrochemical Mass-based Electrical

Antibody

FET-based

Piezoelectric

Amperometric

Magneto-
elastic

Nano-pore

Impedimetric

Fibre optic

Raman and

FTIR Potentiometric

MNucleic acid

Fluorescence fgConductometric

Tissue

Phage

gnapan

Figure 1.8: Classification of various types of biosensors.

Huertas et al. (2018) developed an optical biosensor which is based on SPR for the la-
bel free and real time detection of DNA methylation. In this technique they used apoly-
purine hairpins as probes and anti-5mC antibody to determine the cytosine methyla-
tion. The LOD was reported to be 115 pM. Ouyang et al. (2017) introduced a Surface-
enhanced Raman spectroscopy (SERS) sensor using a Laser wrapped graphene-Ag
array as a substrate. The LOD was reported to be 0.2 pgu/L and the detection time was
less than one hour. Wang (2017) developed an electrochemical assay for the detec-
tion of circulating methylated DNA based on a sequential discrimination-amplification
strategy (SEDA). In this assay, the methylated DNA first underwent a bisulfite modifi-

cation and then was identified and amplified using asymmetric MSP (AMSP). Finally, it
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was hybridized with tetrahedral DNA probes that were decorated on a gold electrode.
Avidin—-HRP was used as the label for amperometric detection. The dynamic range
for this assay was reported to be 3—150 pg and the LOD was one methylated DNA
molecule in the presence of a 1000-fold excess of unmethylated alleles. Chen et al.
(2019) developed an electrochemical biosensor for DNA methylation detection using
tetrahedron DNA probes which were anchored to a AuNPs-coated gold electrode with
avidin-HRP as the label. This biosensor showed a dynamic range of 1 aM to 1 pM, with

the LOD of 0.93 aM.

Biosensor
Biomarker Bioreceptor Transducer Application
Toxin Antibody
Electrochemical Diagnosis
DNA/RNA DNA/RNA/PNA/S
Aptamer
Heavy metal
Mass-based Prognosis
Enzyme Cell
Protein Optical Prediction
Enzyme
Exosomes
Tissue Electrical Risk assessment
Virus
Cancer cells Phage
Calorimetric Screening

Figure 1.9: Classification of a biosensor biomarkers, elements and its applications.

Characteristics of a biosensor

A biosensor’s performance is assessed based on its characteristics such as selectivity,

limit of detection (LOD), linear dynamic range and reproducibility.

Selectivity is when the biosensor is able to capture, detect, and measure only the
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analyte of interest in a sample which contains a mixture of contaminants and other

biochemical species with minimal interference (Estrela et al., 2016).

Limit of detection (LOD) is the minimum amount of the analyte that can be distin-
guished from the absence of that specific analyte (a blank value) (Chakraborty and

Hashmi, 2017).

Linearity is when the biosensor is able to produce a signal that is proportional to the

concentration of the analyte of interest in the sample (Esirela et al., 2016).

Reproducibility is when the biosensor is able to produce identical response in a du-
plicated experimental set-up i.e. the precision between two experiments with varying

operators and environments (Estrela et al., 2016).

Dynamic Range is the range in which the signal response of the biosensor can be

used to indicate the concentration. (Prabowo et al., 2021)

1.4.1 Electrochemical Biosensors

Electrochemical biosensors have received considerable interest due to their portability,
accuracy and in most cases disposability. The glucose biosensor is the most known
and used example of such biosensors and the first commercially available biosensor
(Tothill, 2009; Wang, 2006). This self-testing glucose meter is consists of a screen
printed electrode and a pocket-size meter and has dominated the 5 billion/year dia-
betes monitoring devices market over the past decades and counts up to almost 85%
of the world biosensors market (Newman and Turner, 2005). Although detecting can-
cer is a more complex assay than detecting glucose, recent advances in cancer-related
biomarkers detection field showed a promising potential to develop a similar biosensor

in the near future.

Electrochemical biosensors have been classified based on various criteria. However,
the most commonly used categories are based on whether the sensor is amperomet-
ric or voltammetric (Table 1.5). In amperometric biosensors, changes in current is

being monitored in time while the potential is kept constant, while in the voltammet-
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Experimental methods Checked property

Amperometry Current (A)
Impedimetry Impedance (Q)
Potentiometry Potential difference (V)

Conductometry Resistance (Q)

Table 1.5: Main electrochemical methods and their checked electrical properties.

ric technique, the potential is changing while the current response is being observed
(Ronkainen et al., 2010). Another classification is with regards to using electro-active
labels (such as nanoparticles, enzymes or organic dyes) , dividing the biosensors in
labelled and label-free categories. Using labels increase the electrical signal and offer

a high sensitivity electrochemical biosensor (Kerman et al., 2003; Wang, 2002).

Electrochemical biosensors for the detection of DNA methylation

Electrochemical measurement techniques offer interesting advantages for detecting
DNA methylation, such as high accuracy and sensitivity, simplicity and portability along
with low limits of detection and low cost instrumentation. Over the last decades, elec-
trochemical biosensors have been a point of interest for the development of analytical
tools for the detection of genes and genes mutation associated with human disease
(Hossain et al., 2017; Krejcova et al., 2017). Povedano et al. (2018c) reported two
different electrochemical affinity biosensors to detect the MGMT gene using anti-5mC
antibody as a sensitive element. In the first method, the anti-5mC was used to capture
the methylated DNA followed by another antibody conjugated with peroxidase as the
detector element. In the second biosensor, a capture probe was immobilized on the
surface and was used to hybridize with the DNA prior to the tagging of the methylated
DNA by anti-5mC and using a secondary antibody conjugated with peroxidase as a
detector element. In both sensors, the biological reactions took place on a streptavidin-
modified magnetic beads surface which were then magnetically captured on a screen
printed electrode followed by an amperometric detection of the target gene The re-

ported LOD was 26 pM and RSD<4.3 for n=7.
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In another paper Povedano et al. (2018b) developed an electrochemical biosensor by
using magnetic beads modified with anti-5mC to detect DNA methylation followed by
a two-step labelling prior to amperometric detection. Daneshpour et al. (2016) de-
veloped a chip format biosensor to detect DNA methylation using Fe;O,/Ntrimethyl
chitosan/gold (Fe;O4/TMC/Au) nanocomposite which was used as a label for the DNA
probe and polythiophene (PT) as immobilization substrate of anti-5mC as the sensing
element. Huang et al. (2019) developed an electrochemical biosensor where the DNA
probe was first assembled on the surface, followed by hybridization of the DNA probe
using methylated complementary DNA. GO modified anti-5mC antibody was used to
detect the methylation sites followed by utilizing HRP-labelled antibody to improve sig-
nals. The reported LOD was 1 fM. Chen et al. (2019) reported an electrochemical stem-
loop-tetrahedron composite DNA-probe platform immobilized on a AuNPs-coated gold
electrode. After the immobilization of the composite DNA probe on the electrode sur-
face, complementary DNA was added and hybridization took place. Avidin-HRP was
used to enhance the enzymatic reaction. This platform showed a broad dynamic range
of 1 aM to 1 pM and the LOD was 0.93 aM. Khodaei et al. (2019) developed a voltam-
metric immunosensor using reduced graphene oxide and anti-5mC antibody to capture
methylated DNA. Methylated DNA were then hybridized with ssDNA-conjugated Fe;O4
nanoparticle. The LOD for this biosensor was reported to be 9x1073 ngmL~!. Gao
et al. (2018) reported an electrochemical method using a single stranded probe as the
sensing element and anti-5mC antibody decorated with silver nanoparticles (AgNPs)
and carbon nanotubes (CNCs) as a label. This biosensor showed a linear response

from 0.05 to 120 Uml~! with the LOD of 0.03 Uml~!.

Application of Nanomaterials in Biosensors

Recently nanomaterials have received considerable interest and attention for the appli-
cation in biosensors with the aim of improving both the sensitivity and limit of detection
as well as decreasing the size of electrochemical biosensors (figure 1.10) (Sharifi et al.,

2019). Nanomaterials can improve the biosensors performance and capabilities by ei-
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ther surface modification or being used as a label (Maduraiveeran et al., 2018; Farka
et al., 2017). Using nanomaterials in biosensors also resulted in stable system probes
and allowed multiplex sensing (YUce and Kurt, 2017). Various types of nanomaterials
have been used including 0D nanomaterials such as nano particles (Li et al., 2017;
Hashemi et al., 2020; Ferrari, 2023) and quantum dots (lannazzo et al., 2021; Yang
et al., 2020; Chung et al., 2021; Faridbod and Sanati, 2019), 1D nanomaterials includ-
ing nanotubes (Alabsi et al., 2020; Zhou et al., 2019; Ferrier and Honeychurch, 2021)
and nanowires (Li et al., 2020; Leonardi et al., 2021), 2D materials such as graphene
and its derivatives and graphene-like nanomaterials (Han et al., 2012; Li et al., 2022;
Magesa et al., 2019; Bai et al., 2020) and finally 3D nanomaterials including nanospin-
dles and nanodendrimers (Bieniek et al., 2021; Idris et al., 2020; Thakare et al., 2022;
Osman et al., 2019). Noble metal nanoparticles (NMNPs) and carbon based nanoma-
terials are the most widely used nanomaterials in the biosensors field. NMNPs hold
advantages such as similar dimensions with biological molecules, large surface area,
conductivity, stability and biocompatibility, making them beneficial for the fabrication of
electrochemical biosensors (Wang, 2012). Carbon based nanomaterials also have ad-
vantages including high surface to volume ratio, conductivity, chemical durability and
biocompatibility along with unique morphology (Yang et al., 2015a). Below, two types

of nanomaterials used in this study will be explained in detail.

1.5.1 Graphene

Graphene has been studied for over sixty years, however it was after the 2010 No-
bel Prize by Giem and Novoselov that this two-dimensional material started to attract
more attention. Graphene is a monolayer of carbon atoms, packed in a two dimen-
sional atomic-scale hexagonal lattice which has applications in various fields such as
electronics, energy storage and bioscience/biotechnology (Geim and Novoselov, 2010;

Shao et al., 2010).
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Figure 1.10: Classification of nanomaterials based on their dimension, material and
their application in biosensors.

Graphene and its derivatives

Graphene has specific electrical, mechanical and optical properties due to its unique
structure. The electron configuration of carbon is 1s22s°2p?, providing four available
valence electrons for chemical bonding. Graphene’s atoms have four covalent bonds
each, three o bonds with other neighbours and one m bond which is oriented out of
the plane in the z-direction (figure 1.11) (Zhu et al., 2010; Balaji and Zhang, 2017).
Graphene shows high mobility for charge carriers, high electrical conductivity and large
surface area (2630 m?/g) (Suvarnaphaet and Pechprasarn, 2017; Yang et al., 2010).
The room temperature mobility has been measured at 15000 cm?/Vs for graphene with
one to three layers. Moreover, the electrochemical performance of graphene and it’s
derivatives such as graphene oxide (GO) and reduced graphene oxide (rGO) is shown
to be higher, compared to other electrodes such as glassy carbon (GC), graphite and
carbon nano tubes (CNTs) (Yang et al.,, 2010). The electron transfer behaviour of
graphene showed well-defined redox peaks using cyclic voltammetry (CV) in redox ac-

tive solutions such as [Fe(CN)s]>~/#~ and [Ru(NH;)s]**/2*. Also, the apparent electron
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Figure 1.11: Structures of graphene based materials. Adapted from Suvarnaphaet
and Pechprasarn (2017).

transfer constant (k%) was shown to be higher in graphene than GC, which indicates a
faster electron transfer (Shao et al., 2010). The aforementioned properties along with
the presence of defects, disorders and functional groups on the surface of graphene,
GO and rGO makes them suitable for biosensing (Suvarnaphaet and Pechprasarn,
2017): Defects provide active sites for electron transfer and oxygen containing func-
tional groups to help the oxidation reaction by reducing the overpotential voltage (Kuila
et al., 2011; Szunerits and Boukherroub, 2018). Li et al. (2015) developed a novel
graphene-rGO double layer biosensor for the detection of a DNA sequence. The re-
ported electrochemical biosensor is label free and requires no signal enhancement
and complicated immobilization. It showed a linear range from 10~7 to 10-'° M and a
LOD of 1.58x10~!3. Munief et al. (2019) introduced a reproducible process to fabri-
cate rGO-based FET on wafers, which can be used to measure N-terminal pro-brain
natriuretic peptide (NT-ptoBNP) in human serum. Their rGO sensor showed a LOD of

1-10 pgmL~".

Tahernejad-Javazmi et al. (2018) reported a label free DNA biosensor for the detection
of dasatinib in aqueous solutions in the concentration range of 0.03-5.5 uM. In this
study, they used rGO and AuNPs to modify the GCE surface, followed by immobilizing
of DNA on the surface. They then detected the presence of dasatinib using the DPV
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technique. Tian et al. (2019) developed a 3D nitrogen doped rGO/AuNPs platform for
the detection of miRNA-155. In this paper, they used tetrahedral DNA structure as
the biorecognition element and gold and silver nanorod/thionine/complementary DNA
for signal amplification. The electrochemical response was proportional to miRNA-
155 concentration in the range of 1x107!' to 1x10™* M and the detection limit was
1 x10712 M. Zhou et al. (2019) designed a biointerface for graphene field-effect tran-
sistors (GFETSs) using nano-denatured bovine serum albumin (nano-dBSA) and anti-
body (anti-CEA mADb) for the detection of carcinoembryonic antigen (CEA). They re-
ported a sensitivity of 337.58 fgml~!, good specificity toward CEA targets and offered
their multifunctional nano-dBSA functionalization as a promising method for biosens-
ing, nanomedicine and drug delivery. Kovalska et al. (2019) showed that multi-layer
graphene (MLG) are beneficial as electrode material in e-nose engineering for real
time detection of specific lung-cancer biomarkers (CMs) in exhaled human breath.
Their research showed that both flat and patterned MLGs have high selectivity and
sensitivity and a potential for future lung cancer biosensors. Meng et al. (2019) de-
veloped an electrochemical biosensor to detect prostate specific antigen (PSA). In this
technique graphene oxide (GO) was used to be immobilized on the peptide-modified
electrode in the absence of PSA. Further the GO triggered the formation of silver
nanoparticles (AgNPs). In the presence of PSA, cleavage of peptide avoids the im-
mobilization of GO and thus formation of AgNPs. The LOD was calculated to be 0.33
pgmL~! with the detection range of 5 pgmL~! to 20 ngmL~'. Gazze et al. (2018) fab-
ricated a label-free detection platform through the deposition of a polyaniline layer on
the screen printed graphene electrode surface. The sensor was then used to detect
ovarian cancer in stage 1 or 2 through detection of the CA125 biomarker. The dynamic
range was reported to be 0.92 pg/ulL to 15.20 ng/ uL with a LOD of 0.923 ng/ ulL.
Sethi et al. (2020) designed a label-free electrochemical biosensor for the detection
of beta-amyloid biomarkers. In this work which was conducted in our group, A-f;_4>
biomarker was detected by using a graphene and reduced graphene oxide dual-layer

screen printed electrode (SPE). This biosensor showed excellent performance in both
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human and mice plasma and showed high specificity towards A-B,_4, over other in-
terfering biomarkers such as A-f;_4 and ApoE 4. The LOD was 2.398 pM with the
detection range of 11 pM to 55 nM. Ahmadi and Ahour (2020) developed a biosensor
based on a graphene oxide modified pencil graphite electrode and PNA to electro-
chemically detect dsDNA in plasmid samples. GO was first casted on to the pencil
graphite electrode and then the PNA probes were immobilized on the modified elec-
trode. Upon incubation of the biosensor in the target ds-DNA, PNA probes detached
from the electrode surface, resulting in a guanine oxidation signal, decreasing linearly
with the target concentration. Under optimized conditions, the linear range was from

30 pM to 10 nM and the LOD was reported to be 1.3 pM.

1.5.2 Gold Nanoparticles

Gold nanoparticles (AuNPs) are one of the most widely used and studied nanomate-
rials in electrochemical biosensors to enhance their analytical performance. AuNPs
provide a stable foundation for the immobilization of biomolecules which allows them
to retain their bioactivity (figure 1.12) (Yanez-Sedeno and Pingarron, 2005; Pingarrén
et al., 2008). In addition, AuNPs size and morphology can simply be controlled by ad-
justing the preparation conditions and synthesis method, allowing the optimization of
the microenvironment on the electrode surface (Yanez-Sedeno and Pingarron, 2005;
Pingarrén et al., 2008; Putzbach and Ronkainen, 2013). Furthermore, conjugation of
biomolecules with AuNPs does not alter the biochemical activity of the biomolecules
due to the AuNPs high biocompatibility (Rasheed and Sandhyarani, 2017). Immobi-
lization of biomolecules on AuNPs can mostly be achieved in one of these three meth-
ods: Chemical adsorption, physical adsorption, self assembled monolayers (SAM)

(Putzbach and Ronkainen, 2013).

Zhang et al. (2019) reported an electrochemical biosensor for the detection of miRNA-
21. In this sensor AuNPs and horseradish peroxidase (HRP) were used in combination
with duplex-specific nuclease (DSN)-assisted target recycling to gain a triple signal am-

plification. The reported LOD was 43.3 aM with the linear range of 0.1 fM to 100 pM.
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Figure 1.12: Various immobilization methods of biomolecules on the AuNP surface.

Saeed et al. (2017) reported two sandwich and amperometric assays for the detection
of ERBB2 and CD24c, which are breast cancer biomarkers and a control biomarker. In
this work, first the glassy carbon electrode (GCE) was modified with a mixture of AUNP
and GO. Later, the modified electrode was incubated in the complementary probes
for each target and then in the target DNA strands. Using HRP label as a reporter
probe, LODs were reported to be 1.6 x 10 ~'® M and 2.3 x 10 ~!° M for ERBB2 and
CD24, respectively. Su et al. (2016) reported an electrochemical aptasensor for the
simultaneous detection of thrombin and adenosine triphosphate (ATP). The Biosensor
is based on AuNPs-decorated-MoS,. This aptasensor was able to simultaneously de-
tect ATP and thrombin as low as 0.74 nM ATP and 0.0012 nM thrombin, respectively.
Jolly et al. (2017) reported a dual-mode impedimetric and amperometric aptasensor
platform to detect prostate specific antigen (PSA). In this label free biosensor AuNPs
was attached to a gold planar surface in order to improve the limit of impedimetric de-

tection. The LOD was reported to be 10 pgmL~! with a dynamic range from 10 pgmL~!
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to 10 ngmL~'. Suresh et al. (2018) reported an immunosensor based on a SPE which
was coated with AuNPs and a chitosan (CHI) nanocomposite film and MB was used as
redox mediator. This biosensor was designed for the detection of PSA biomarker and
was able to detect this biomarker over the range 1-18 ngmL~! with a LOD of 0.001

ngmL~!.

Overview of this thesis
Aims

This study is a part of AIPBAND network which stands for An Integrated Platform for
Developing Brain Cancer Diagnostic Techniques. AiPBAND is funded by the Marie
Sktodowska Curie Action Initial Training Networks ("MSC-ITN") under Horizon 2020.
Because the focus of AiPBAND is on gliomas, a broad category of brain tumours, the
target methylated gene for this study was chosen accordingly. Glioma is the most fre-
quent and malignant type of brain tumour which has higher incidence in developed
countries. Glioma has a very poor prognosis with less than 3% of 5 years survival rate
(Ohgaki, 2009). Glioma can be either primary or metastatic. Primary tumours start in
the brain cells while metastatic begin in other part of the body and spread to the brain
(Jain et al., 2007). Nowadays gliomas are diagnosed by neurological exams and imag-
ing tests (CT scan and MRI) of the head followed by Positron Emission Tomography
(PET) scan and Cerebral Angiography as complementary tests. A biopsy is later taken
via surgery to assess the type of tumour (Tidy, 2018). Glioma treatment is complex
and includes surgical resection, radiation therapy (RT) and concurrent Temozolomide

(TMZ) chemotherapy (Tamimi and Juweid, 2017).

The aim of this study is to develop a graphene based, electrochemical biosensor for
quantitative characterisation of DNA methylation. With this biosensor we will develop a
new point of care screening technique prior to MRI and CT scan which is less invasive
and more time and cost effective. To fabricate a biosensor two various assays were
developed and their performance for the detection of MGMT gene, one of the most

reliable golima’s biomarkers, were tested. These techniques will be promising for the
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detection of brain tumours and potentially making the subsequent treatment easier
and more effective. Both of these sandwich assays can be tailor-made to detect other
methylated genes, revealing them as a basis for clinical applications in diagnostics and

making them promising platforms for detecting methylated biomarkers.

Outline

This thesis has four chapters. Chapter 1 reviewed the current status of the brain tu-
mors and its circulating biomarkers, with focus on methylated biomarkers. In addition,
background knowledge on biosensors and their capabilities were reviewed as well as
the state of the art biosensors for the detection of DNA methylation. Application of
nanomaterials in biosensors, mainly graphene and gold nanoparticles (AuNPs) were

also discussed in this chapter.

Chapter 2 will include various measurement and characterization techniques such as
electrochemical techniques (voltammetry and amperometry), Raman spectroscopy, X-
ray Photo electron Spectroscopy (XPS), Energy-dispersive X-ray spectroscopy (EDS)
and, Scanning Electron Microscopy (SEM) as well as a list of the materials that were
used throughout this project. In addition, immobilization techniques for various biore-

ceptors will also be briefly discussed in this chapter.

Chapter 3 will present the concept, the optimization process and the results of the de-
signed sandwich biosensors: the Ab/ssDNA biosensor and the PNA/Ab biosensor. The
former is based on aminated rGO electrodes and uses antibody and ssDNA to detect
ss-MGMT gene and its methylation. The latter is based on ErGO/AuNPs electrodes
and utilizes PNA to capture ds-MGMT gene following by the detection of methylation
by antibodies. The dynamic range, LOD and sensitivity results of both of the biosensors

can be found in this chapter as well.

Chapter 4 will summarize and conclude the major progress and the results of this
PhD project and will highlight the contribution of this thesis to knowledge together with
recommendations for future studies based on this work. Furthermore, there will be a list

of publications, presentations in conferences and network events (talks and posters),

39



1.7. STATE OF THE ART (2019 - 2023)

awards and self-development activities which were done during the time of this project

at Plymouth University.

1.7 State of the art (2019 - 2023)

Table 1.6 shows an overview of the biosensors which were developed between 2019

and 2023, to detect the MGMT gene.
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Table 1.6: An overview of various biosensors developed from 2019 - 2023 to detect

MGMT gene.
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Chapter 2

Materials and methods

Introduction

This chapter covers the details about the immobilization of biorecognition elements on
the electrode surface, as well as electrochemical techniques used for both detection
and characterization. Moreover, principles of other characterization techniques e.g.

Raman, XPS, SEM and EDS are also explained.

Immobilization of bioreceptors

The biochemical specificity of the bioreceptor as well as the quality of the transducer
determine the performance of a biosensor. The bioreceptor selection mainly depends
on the analyte, however, other factors like stability, shelf life and enduring in certain
conditions can also affect the selection process (Asal et al., 2018; Prieto-Simon et al.,
2008). Various types of biomolecules have been used as a bioreceptor for biosens-
ing purposes as listed in figure 1.8. However, antibodies and nucleic acid based
probes are the most extensively used bioreceptors. Bioreceptor immobilization tech-
niques includes covalent binding (including chemisorption and self assembled mono-
layer (SAM)), physical adsorption (physisorption), entrapment or encapsulation and
affinity. Table 2.1 summarizes these techniques and their advantages and disadvan-
tages. A proper immobilization technique will lead to an enhanced orientation of the
bioreceptor and a higher reactivity and availability of the bioreceptor to capture the
biomarker (figure 2.1) (Rashid and Yusof, 2017). This thesis will only focus on adsorp-

tion and chemisorption of antibodies and nucleic acid probes.
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Immobilization

Interaction Advantages/Disadvantages References
method
van der Waals, A.dvalmtagfes:dLowt cost,. r;pld, Lemeshko et al.
Physical electrostatic, simple. Disadvantages: Ran- 5001); Du et al.
. . dom orientation, Sensitive to
adsorption hydrophobic/ . (2012)
. ionic strength and pH, short us-
Reversible . -
age time, poor reproducibility.
Advantages: Good stability,
. . high binding strength, high Li et al. (2012);
h I o . .
Covalent Sh:r:]if; Es:dmg’ sensitivity, good orientation, Wang et al.
binding ption, good reproducibility. Disadvan-  (2004)
SAM/ Irreversible .
tages: High cost, slow, use of
linker molecules.
indi Ma et al.
Stllre.ptavmd.m O.r Advantages: Good orienta- .
Affinit avidin - with bi- . "o specificity. Disadvan- o2 £1ang
y otin  interactions/ » N9 , P Y et al. (2013)
. tages: High cost, slow.
Reversible
. Advantages: High thermal
Trapping  probes o
within_ a_ polvmer stability, well controlled poly- Jolly et al.
Entrapment/ . p, y mer growth, high entrapment (2016); Teles
. like chitosan, .
encapsulation of probes. Disadvantages: and Fonseca
pyrrole, etc/ Irre- .
versible Biomolecule leakage, mass (2008)

transfer limitations.

Table 2.1: An overview of various immobilization techniques, their type of interaction
as well as advantages and disadvantages.

2.2.1

Antibody immobilization

Antibodies are Y shaped biopolymers with molecular mass of approximately 150 kDa

and size of about 10 nm. Antibodies are consist of two variable regions which bind to

antigen (F5) and a constant fragment or a tail region (F¢) which are joined together

by a flexible hinge (Davies and Chacko, 1993; Reth, 2013). Physical adsorption or

physisorption of the antibodies onto the surface is the simplest attachment method;

however, there would be no control over the orientation of the antibodies and also,

they can be removed by washing steps (Shen et al., 2017). Chemical adsorption or

chemisorption is the formation of chemical bonds between a sorbent (solid surface)

and a sorbate (an ion, atom, or molecule). Chemisorption of antibodies provides high
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Figure 2.1: Immobilization technique of the biorecognition layer influences the orienta-
tion of the biomolecules and their availability to detect the target biomarker.
A & C) The biorecognition layers were immobilized on the surface without
considering the orientation of the biomolecules. In these cases, the anti-
gen binding sites are not available to bind. B & D) The biorecognition
layers were aligned in the desired orientation, leaving the antigen binding
sites available for binding to the target antigen.

stability of the antibodies and improved orientation and therefore better reproducibil-
ity (Ruthven, 2003; Zhang et al., 2020). Although chemisorption of antibodies has
shown to improve their orientation and density, still unfavourable orientation can hap-

pen (Welch et al., 2017).

Protein G and protein A, are immunoglobulin-binding bacterial membrane proteins
which have specific binding affinity for the F. regions of antibodies. These proteins can
be immobilized on the sensor surface to capture the F regions of the antibody, leav-
ing the F,, domains free to attach to the antigen (Fowler et al., 2007; Lu et al., 1996;
Trilling et al., 2013). Elshafey et al. (2013) reported an electrochemical impedance im-
munosensor for the detection of epidermal growth factor receptor (EGFR), based on
AuNPs-protein G scaffold. In this work, they first electrodeposited AuNPs on the gold
electrode, followed by immobilization of protein G, using linkers. Protein G layer was

then used to orient the EGFR antibodies immobilization. The dynamic range was re-
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ported to be from 1 pgmL~! to 1 ugmL~! with LOD of 0.34 pgmL~! in PBS and 0.88
pgmL~! in human plasma. Gohring et al. (2010) developed an opto-fluidic ring res-
onator (OFRR) biosensor for the detection of HER2 protein biomarker. In this work a
layer of protein G was first immobilized on the inner surface of OFRRs, which then ori-
ented the HER2 antibodies. The results showed that the OFRR was able to detect HER
2 in serum, in 30 minutes with a dynamic range of 13 to 100 ngmL~"! with a LOD of 10
pgmL~!. Duan and Xi (2020) reported a biosensor based on localized surface plasmon
resonance (LSPR), silver nanoparticles and protein G to detect HE4, a biomarker of
ovarian carcinoma in urine. In this study, first the silver nanoparticles were synthesized
on a glass substrate, then the substrate was incubated in protein G and finally, the
anti-HE4 was immobilized on the surface. The dynamic range was reported to be 1 to

10x 103 pM with a LOD of 1 pM.

2.2.2 Nucleic acid based probes immobilization

Depending on the target biomarker, various types of nucleic acid (NA) based probes
can be used in developing biosensors. SsSDNA, miRNA and PNA are amongst the most
intensively used probes. Adsorption is a common technique to immobilize the probes
on the electrode surface, taking the advantage of electrostatic forces between the NA
and the electrode surface. Although this technique is the simplest immobilization tech-
nigue, there are some disadvantages such as a high risk of desorption from the elec-
trode surface in certain conditions and immobilization in random orientations. On the
other hand, chemisorption which is the covalent bonding of the NA-based probes on
the metal surface using functional groups, has shown a higher stability and a better ori-
entation (Rashid and Yusof, 2017). The chemisorption of the NA-based probes on the
electrode surface will lead to the formation of self assembled monolayers (SAM). SAM
is one of the most extensively reported techniques to immobilize NA-based probes,
specially on gold electrodes or AuNPs covered surfaces. Some functional groups (-
CN, -NH, or -SH) have demonstrated high affinity towards gold and gold nanoparticles,

enabling the formation of SAM-modified electrode surface (Putzbach and Ronkainen,
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2013). Feng et al. (2006) reported a CeO,/chitosan (CHIT) nano-porous film as a mod-
ification matrix on GCE surface for immobilization of DNA probes. The matrix showed
an enhanced signal compared to the chitosan modified GCE by increasing the loading
of DNA probes. The dynamic range for this sensor was 1.59 x 107! to 1.16 x 107’
mol L~!, with LOD of 1 x 10~!! mol L~!. Oliveira et al. (2015) reported an electrochem-
ical biosensor for the detection of a DNA biomarker of dengue virus (DENV-3). Prior to
the immobilization of the DNA probes, the pencil graphite electrode (PGE) were pre-
treated by applying potential in an acetate solution for 5 min. The developed biosensor
showed the dynamic range of 10 - 100 nM with LOD of 3.09 nM. Thevendran et al.
(2022) developed a biosensor for the FLT3-ITD mutations using electrode IDE sensor
chips covered by gold-sputtered zinc oxide (ZnO) nanorods. Thiolated ssDNA probes
were immbobilized on the Au-ZnO nanorods and were then incubated in the target
biomarker. The dynamic range for this biosensor was reported to be 1 nM to 1 uM with
LOD of 1nM. Hamidi-Asl et al. (2013) reported a PNA-based biosensor for the electro-
chemical detection of the point mutation of the p53 gene. In this work, first, thiolated
PNA probes formed a SAM on a gold electrode surface and then the electrode was in-
cubated in the ds-target gene to form triplex structures. Methylene blue (MB) was used
as the label to enhance the electrochemical signal. The linear range was reported to
be 10 pMto 5 x 107 pM with an LOD of 4.15 pM. Ahour et al. (2013) reported an elec-
trochemical biosensor for the detection of the double-stranded plasmid (ds-Pl) using
PNA probes and a gold electrode. The PNA oligomer probes were first immobilized
on the surface before capturing the ds-Pl target, forming a PNA/ds-PI structure using

MB as the label. The dynamic range was from 10 to 300 pgulL~! with an LOD of 9.5
pguL~".
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Approach

Most usage

Advantages/Disadvantages

Sensitivity

Potentiometric

Amperometric

Impedimetric

Conductometric

Enzymatic activity

Commercial  ac-
tivity such as
diagnosis of blood
glucose, nucleic
acid, antigens,
pesticides, food
quality and so on.

Widely used to de-
tect DNA hybridiza-
tion, direct moni-
toring of antibody-
antigen connected
reactions, and en-
zyme reactions

Many
reactions,
biological
brane

enzyme
many
mem-
receptors,
clinical  analysis,
detect foodborne
pathogens, drug
detection and
pollutant detection

Advantages: Low cost, repro-
ducibility, rapid measurements,
reusable, and suitable for place-
ment of enzymes. Disadvan-
tages: Sensitive to the environ-
ment and temperature.
Advantages: Low cost, repro-
ducibility, rapid measurements,
reusable, suitable for placement
of enzymes, no need for calibra-
tion and more appropriate for
mass production. Disadvan-
tages: Need redox elements
to enhance the current produc-
tion, time consuming, sensitive
to the environment.
Advantages: Enabled label-
free recognition, ease of de-
tection for genomics and pro-
teomics, upper signal-to-noise
ratio, cost-effective, short pe-
riod of assessment. Disadvan-
tages: Sensitive to the environ-
ment, bulky devices required,
require theoretical stimulation
for data analysis.

Advantages: Inexpensive,
reusable, insensitive to light,
without any reference elec-
trode, possibility of miniatur-
ization, and reducing power
consumption due to voltage
reduction.

Achieve up to
pg/mL

Achieve up from
ng/mL to pg/mL

Achieve up to
ug/mL to pg/mL

Achieve up to
pg/mL to pg/mL

Table 2.2: An overview of various electrochemical biosensors and their advantageous
and disadvantages. adapted from Sharifi et al. (2019).
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Characterization techniques
2.3.1 Electrochemical measurements
Electrochemistry

Electrochemical detection is used by many researchers due to its ease of use and sim-
plicity. Electrochemistry studies the relation between the flow of electrons (electrical
properties) and chemical changes. In electrochemistry, the target reaction generates
either a measurable current, a charge accumulation (potential), changes in the con-
ductivity of a medium or resistance and reactance. The techniques to monitor these
properties are called amperometry, potentiometry, conductometry and impedimetry re-
spectively. Electrochemical experiments typically need a small sample volume, which
is an advantage over some other detection methods. Electrochemistry was shown
to be able to achieve low limits of detection (LOD) with minimum sample preparation
(Ronkainen et al., 2010; Elgrishi et al., 2017). Different electrochemical methods, their
usage, advantages and disadvantages as well as their sensitivity limit is listed in Table
2.2. Yang et al. (2018) developed a DNA-labeled sandwich electrochemical biosen-
sor for the detection of MCF-7 breast cancer cells based on a GCE modified with 3D
graphene and a hybrid of Au nanocages and amino-functionalized multi walled carbon
nanotubes. This biosensor showed a LOD of 80 cells/mL. Shahrokhian and Salimian
(2018) reported a label-free electrochemical biosensor based on conducting polymer
and rGO for the detection of BRCA1 gene which is a biomarker for breast cancer. For
the fabrication of this sensor, first rGO was deposited electrochemically on the GCE
surface followed by electro-polymerization by P3CA polymer. ssDNA probe was im-
mobilized on the surface overnight and finally the probe was hybridized by the target
DNA. The quantitative determination of BRCA1 gene was reported in the range of 10
fM to 0.1 uM and the LOD was 3 fM. Akbari jonous et al. (2019) designed a sandwich
biosensor for the detection of total and free prostate specific antigens (PSA) based
on rGO and AuNPs. In this paper, anti-total PSA and anti-free PSA antibodies were

first immobilized on AuNPs modified GO. These nanoprobes were used to capture to-
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tal and free PSA antigens in a sandwich order on a GCE. The LOD was reported to
be 0.2 and 0.07 ng/mL for total and free PSA antigen respectively. In another paper,
Cardoso et al. (2016) developed a simple electrochemical biosensor for the detection
of miR-155, which is a biomarker of breast cancer. For the aim of this project, thiolated
anti-miR-155 was immobilized on the gold electrode, followed by the hybridization of

the probe and the target miRNA. The reported LOD was 5.7 aM.

Electrodes and electrolyte

An electrochemical reaction is carried out by placing at least two conductive materials
(electrodes) in an electrolyte solution, in an electrochemical cell. As shown in figure 2.2,
the electrochemical cell consists of a working electrode (sensing or redox electrode), a
reference electrode, usually a counter (auxiliary) electrode and a conductive electrolyte

solution. A potentiostat is also required to control and run the experiment.

The electrodes provide a place where a charge can be transferred or its effects can
be measured. Since the reactions are detected in close vicinity of the electrode sur-
face, the electrode material, its dimensions and surface modification play a crucial
role in detection ability and performance of the electrochemical biosensor (Anik, 2017;

Grieshaber et al., 2008).

The working electrode is the electrode at which the reactions or transfers of inter-
est take place. The working electrode can be made of elements, such as gold, car-
bon or platinum, composites like carbon-based composites or nanomaterials such as
graphene electrodes. The reference electrode provides a constant potential which is
required for electrochemical reactions. The most common reference electrodes are sil-
ver/silver chloride (Au/AuCl) and saturated calomel electrodes. The auxiliary electrode
which usually is used in voltammetric and impedimetric measurements, establishes
a connection to the electrolyte to apply current to the working electrode. platinum
and graphite are the most common auxiliary electrodes used. All the three electrodes
should be conductive and chemically stable in order to provide enable a suitable elec-

trochemical reaction (Anik, 2017; Grieshaber et al., 2008; Kounaves, 1997).
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Figure 2.2: A schematic of A) an electrochemical cell, consisting of three electrodes
(namely: reference electrode, counter electrode and working electrode)
and electrolyte. The electrochemical reactions are carried out in the cell
and are measured with a potentiostat which connects to the electrodes
through wires. B) on a screen printed electrode the three electrodes are
printed on a substrate and a small amount of the electrolyte is needed to
cover all of the electrodes.

The supporting electrolyte solution is ionic and conductive and contains salt or acid.
The electrolyte carries the current, balances the charge and completes the circuit. A
good electrolyte substance should be highly soluble in the chosen solvent and be both
electrochemically and chemically inert in the experiment’s conditions. The most com-
mon electrolyte substances are [Fe(CN)s]>~/*~ and [Ru(NH3)s]**/3>* (Elgrishi et al.,
2017; Scott, 2016). The potentiostat is used to maintain the working electrode’s poten-
tial at a constant level as a function of the reference electrode’s potential by adjusting

the current at the auxiliary electrode (Elgrishi et al., 2017).

Voltammetry

In voltammetry, information about an analyte is obtained by varying the applied po-
tential (E) to the working electrode which changes with time (T) and the current (I)
that flows through working electrode is recorded as a function of the applied poten-
tial. Therefore voltammetry falls into the category of potentiometric techniques. The
outcome of voltammetry is a plot of response current versus applied potential which is

known as a voltammogram. There are various forms of voltammetry, such as square
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wave voltammetry (SWV), linear sweep voltammetry (LSV), differential pulse (DPV)
and cyclic voltammetry (CV). The differences between these techniques are in the
way the potential is varied. Voltammetric techniques have various analytical advan-
tageous such as: high sensitivity over concentration, various types of useful solvents
and electrolytes, fast analysis time, simultaneous determination of several analytes,
measurement of small current and possibility to detect in a wide range of temperatures
(Grieshaber et al., 2008; Compton and Banks, 2018; Simdes and Xavier, 2017). It is
very common in sensor development to use CV and DPV together. CV is normally used
for the exploratory purposes such as determination of adsorption processes in surfaces
and the study of electron transfers. However, DPV is a more sensitive technique and

is normally used for the analytical determination (Simdes and Xavier, 2017).

E1 |-

Reverse
scan

Potential, E (V)
Current, | (pA)

E2

Potential, E (V)
Time, T (s)

Figure 2.3: CV measurement: The waveform of the applied potential as a function of
time (left) and a cyclic voltammogram (right), where 1,, shows the anodic
peak current and |,. shows cathodic peak current.

Cyclic Voltammetry (CV): CV is a versatile and the most widely used electroanalytical
measurements to study electroactive behaviour of an analyte. In this technique, the
applied potential at the working electrode is swept linearly versus time in both forward
and reverse directions. The fixed rate at which the potential is swept between two
potentials is known as experiment’s scan rate. The current is monitored and recorded.
For example, the voltage is swept from E; to E; and then the scan is reversed and the

voltage is swept back to E; (figure 2.3). In the case of [Fe(CN)s]>~/*~ electrolyte, the
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resulting electrochemical changes are due to the following oxidation/reduction reaction:

[Fe(CN)g]>™ 4e~ = [Fe(CN)g)*™ (2.1)

The voltage is measured between the working and the reference electrodes while the
current is measured between the working and the counter electrodes. The obtained
current is then plotted as a function of the scanned potential. The peak current and
peak potential of the cyclic voltammograms are important parameters and can be fur-
ther studied together with other parameters such as scan rate or concentration (Elgrishi

et al., 2017; Scott, 2016).

Differential Pulse Voltammetry (DPV): In DPV, the potential is applied in a series
of regular pulses increasing along a linear baseline. The applied base potential is
the potential value at which there is no reduction or oxidation reaction. The potential
increases between pulses and this increase in constant. The current is measured just
before the potential is applied (I;) and before the end of each pulse (I;). Then the
difference between the two current measurements (I, — |;) is plotted as a function of
potential (figure 2.4). Like in CV, the potential is applied between the working and
the reference electrodes, while the current is measured between the working and the

counter electrodes (Kounaves, 1997; Simdes and Xavier, 2017).

12 measuring
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- - Pulse1 !
wfdrh:
—

Pulse duration

Potential, E (V)
k4
b
m
R
Current, | (pA)

Time, T (s) Potential, E (V)

Figure 2.4: DPV measurement: Pulse sequence detail (left) and a Differential Pulse
Voltammogram (right), where |, shows the peak current.
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Amperometry

In amperometric measurements potential is maintained constant at the working elec-
trode while current, which is generated by an electrochemical oxidation or reduction,
is measured. Most of the biomolecules do not have redox properties and therefore
require electroactive labels as well as redox mediators, Oxygen and H,O, being the
most widely used mediators (Luppa et al., 2001; Grieshaber et al., 2008; Chaubey and
Malhotra, 2002). A well known example of amperometric biosensors is the glucose
biosensor which is the first commercialized biosensor. Figure 2.5 shows the principle

of the amperometric detection.

Sample

/ addition

Current, | (A)

Time, T (s)

Figure 2.5: Amperometric measurement: Upon addition of the sample (mediator), the
oxidation reaction starts which causes a decrease in current.

Electrochemical measurements

Electrochemical measurements were performed with Dropsens (Spain) uStat ECL
BiPotentiostat/Galvanostat using DropView 8400 software. The reduced graphene ox-
ide (rGO) screen printed electrodes (DRP-110RGPHOX) were purchased from Dropsens.
The electrodes had rGO as the working electrode, carbon as the counter electrode and
silver as the reference electrode. All of the electrochemical measurements were per-

formed at room temperature. The uStat ECL BiPotentiostat/Galvanosta and a SPE is
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Figure 2.6: A uStat BiPotentiostat/Galvanostat and a screen printed disposable elec-
trode, both from Dropsens (Spain). The potentiostat is used to maintain
the working electrode’s potential at a constant level and adjusting the cur-
rent. The electrode is a three electrode system printed on a substrate
and can be connected to the potentiostat. The principles are explained in
section 1.4.1.

shown in figure 2.6.

Electrochemical measurements (CV and DPV) were carried out for the bare electrode
and after each incubation step using a uStat BiPotentiostat/Galvanostat. All of the
measurements were performed in 100 uL of 10 mM PBS pH 7.4 solution containing
10 mM Ki[Fe(CN)s] and 1M KCI as electrolyte agents. For the Ab/ssDNA biosensor
measurements, the CV signals were obtained in the scan potential range of —0.2 and
0.55 V with the scan rate of 100 mV/s. While DPV measurements were performed in
the scan potential range of —0.15 and 0.45 V, a pulse duration of 40 ms and scan rate
of 100 mV/s (Li et al., 2015). For the PNA/Ab biosensor measurements, the the CV and
DPV voltammograms were obtained in the same scan potential range as the Ab/ssDNA
biosensor while the scan rate of the CV measurements was changed to 50 mV/s. Am-
perometric measurements were performed in PBS containing 1 mM HQ under agitation
at —0.2 V. Once the background current was stabilized, 0.1 M H,O, solution was added
and the current was recorded until the steady-state current was reached. The entire
measurement was done in 150 s. A schematic of the electrochemical measurement

setup is shown is figure 2.7.
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Figure 2.7: A schematic of a measurement setup, using a galvanostat and a software
interface.

2.3.2 Raman Spectroscopy

Raman spectroscopy is an essential tool in nanotechnology and specially in single/
multi layer graphene systems due to its high resolution and sensitivity to the chemical
and physical properties of materials as well as its non-destructive nature (Jorio et al.,
2011; Ferrari and Basko, 2013). In Raman Spectroscopy, a laser beam is used for the
excitation and polarization of the surface atoms and moving them to a new vibrational
and rotational state. After the photon is emitted, most of the atoms go back to their
initial state (Rayleigh Scattering) and the photons are elastically scattered. However,
a small portion of the photons are inelastically scattered and experience a Raman
shift. These atoms either go back to a lower (Anti-Stokes Raman Scattering) or higher
(Stokes Raman Scattering) vibrational states. This phenomenon gives various types of
information, in this case about the present molecules and chemical bonds in graphene

based materials (figure 2.8) (Cialla-May et al., 2019; Ferrari, 2007).

Raman spectrum of GO and rGO normally show two major peaks, which are caused
by the laser excitation. The D bands which are at around 1330 cm~! for GO and 1350
cm~! for rGO, is due to the out-of-plane vibration of the disordered structures. The G
bands which are at around 1592 cm~! and 1570 cm~! for GO and rGO, respectively
are caused by in-plane vibrations of the sp?>-bonded graphitic carbon atoms. Two mi-
nor bands of 2D and D + G, which are more significant in rGO are attributed to the
restoration of the graphite structures. The relative intensity ratio (Ip/lg), is normally

used to assess the defect and disorder levels and increases after reducing the GO to
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rGO which is due to the increase of the defects in the structure, decrease in the aver-
age size of the sp? due to the removal of the oxygenated functional groups as well as
more isolated domains of graphene (Lee et al., 2018; Le et al., 2020; Wu et al., 2018;

Konios et al., 2014; Hidayah et al., 2017; Childres et al., 2013).

Anti-stokes e
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Stokes Raman
Scattering
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Figure 2.8: A schematic of the different possible scattering processes which happens
in a Raman Spectrometer after a photon is emitted and atoms are ex-
cited (left). The most common Raman peaks of graphene-based materials

(right).

Raman measurements

Raman spectra were obtained using a XPLORA HORIBA system combined with an
Olympus BX41 microscope (equipped with 10X, 100X objective lenses and 10 X eye-
pieces). The XPLORA HORIBA system and a schematic of the Raman setup are
shown in figure 2.8. A 532 nm green laser source with the power of 100 mW, 100X
objective lens, a scan range of 1100 to 3000 cm~! and an exposure time of 5-60 s were
used to characterise graphene and reduced graphene oxide electrodes. A graphene

electrode was used to compare the spectrographs with rGO electrode.

2.3.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a widely used surface sensitive tool which is
used to identify the elemental composition and chemical states of a specimen. In a XPS
measurement the sample is bombarded by X-rays, which lead to electron emission
from the surface and can then be used to determine the presence of elements (except

hydrogen and helium) on the surface (Fadley, 2010; Stevie and Donley, 2020). XPS
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spectra can be obtained in two modes: wide scan and high resolution scan. The
wide scan gives an overview of the elements present on the surface where the high
resolution scan reveals a more in depth profile of the elements such as bonding state.
Figure 2.9 depicts a schematic of working principle of XPS as well as examples of a
wide scan and a high resolution spectra. In this study, XPS was used to ensure the
presence of required molecules on the surface of GO and rGO electrodes. Both wide

scan and high resolution scans were used in this study.

X-ray O s
Ejected
0 photoelectron
v w
o S
Binding energy (eV) Binding energy (eV)

Figure 2.9: A schematic of the working principle of XPS where an electron is ejected
from its orbit by an X-ray (top). Samples of a wide scan spectrum (left)
and a high resolution spectrum (right).

XPS measurements

A Thermo Scientific Nexsa X-Ray Photoelectron Spectrometer System was used to

carry out the XPS analysis using a monochromatic Al Ko X-ray source (1486.68 eV).
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The pass energy for wide scans was 200 eV with an energy step size of 1 eV and 10
scans. The pass energy for high resolution scans was 40 eV with an energy step size

of 0.1 eV and 20 scans.

2.3.4 Electron Microscopy and Energy Dispersive Spectrometry

The scanning electron microscope (SEM) is a versatile instrument which can provide
information about the morphology, surface topography and chemical composition of
a specimen. In SEM the light source of a microscope is replaced with an electron
beam. SEM has various advantages over a light microscope such as: larger depth of
field, higher magnification as well as providing compositional data (Zhou et al., 2006;
Ul-Hamid, 2018; Vernon-Parry, 2000). In addition to that, an energy dispersive x-ray
spectrometer (EDS) detector can be attached to the SEM for further analysis of the
surface. EDS uses a beam of electrons to shift an electron from its shell and creating
an electron hole after which an electron from a higher energy shell fills the electron
hole resulting in a X-ray emission (Shindo and Oikawa, 2002). EDS gives information
about the chemical state of a sample as well as the relative abundance of elements.
Figure 2.10 shows a schematic of the working principle of EDS and an example of
a spectrum obtained from EDS. In this work both SEM and EDS were used to study
the morphology and the chemical state of the GO and rGO electrodes before and
after different modification steps. This was to confirm the structural changes after

modifications as well as the presence of desired molecules on the surface.

SEM measurements

Scanning electron microscopy (SEM) was performed using a JEOL 6610LV SEM using
Accelerating Voltage of 30 kV. The SEM was equipped with a Ol X-Max 80mm? EDX
with the beam adjusted to 15.0 kV.

Materials and Suppliers

All of the reagents used in this project were of analytical grade. Tris-EDTA (TE) pH
8.0, phosphate buffered saline (PBS) pH 7.2, bovine serum albumin (BSA), sodium
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Figure 2.10: A schematic of the working principle of EDS where an electron is shifted
from its orbit and an electron from a higher energy shell fills the electron
hole, resulting in an X-ray emission (left). A sample spectrum of EDS

(right).
chloride (NaCl), potassium ferricyanide (K;[Fe(CN)¢]), potassium chloride (KCI), am-
monium hydroxide solution 28% (NHs(aq)), hydroquinone (HQ), hydrogen peroxide
solution 30% (H,0O,), Nuclease-Free Water, gold(lll) chloride trihydrate (HAuCly), Sul-
phuric Acid (H,SO,) and 6-Mercapto-1-hexanol (MCH) were purchased from Sigma-
Aldrich (UK). PBS tablets pH 7.4 were purchased from Fisher Scientific (UK) and the
PBS buffer solution was prepared in Milli-Q water. Recombinant protein G was ob-
tained from ThermoFisher (UK). Single layer graphene oxide solution (GO) was or-
dered from Graphene Supermarket (USA). Mouse anti-5-methylcytosine monoclonal
antibody (anti-5mC) was purchased from Zymo research (USA). Biotinylated anti-5mC
and Streptavidin-HRP were ordered from abcam (UK). PNA was obtained from Cam-
bridge Research Biochemicals (UK) and its sequence was N-AEEA-AEEA-CACCAAGT
CGCAAACGGTGC-C. All other nucleic acids were purchased from Integrated DNA
Technologies (USA). The purchased single stranded (ss) DNA sequence of the MGMT
gene was GTCC Cy GA Cy GCC Cy GCAG GTCCT Cy GCGGTGCGCACCGTTTGC-
GACTTGGTG, where Cy was methylcytosine. The complementary sequence was
CACCAAGTCGCAAACGGTGCGCACCGCGAGGACCTGCGGGCGTCGGGAC. All of
the solutions and biomolecules used in this study were prepared freshly before or dur-

ing the experiments.
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Data Collection and Data Analysis

Voltammetric and amperometric measurements were perfromed using Dropview 8400
software which was provided by Dropsens. A python code was developed to collect
the peak potentials of both CV and DPV voltammograms. Raman spectroscopy data
were collected and analyzed using LabSpec 6 software. XPS data were analyzed using
CasaXPS. SEM and EDS data were collected and analyzed using AzTec software. All
of the graphs were plotted in Sigmaplot software and the two tailed T-test analysis for
the selectivity studies were also performed by Sigmaplot. All of the error bars are the

standard deviation of at least 3 replicates.

60



3.1

Chapter 3

Results and discussions

Ab/ssDNA sensor
3.1.1 Background

This section introduces an electrochemical biosensor for label-free detection of DNA
methylation. In order to develop the biosensor to detect DNA methylation as a biomarker
associated with glioma, the MGMT gene was chosen to be the specific target of this
biosensor as it is shown to be a relevant biomarker for this category of brain tumor
(Majchrzak-Celinska et al., 2013, 2015). The biosensor is based on aminated reduced

graphene oxide electrode, which is achieved by ammonium hydroxide chemisorption

Complementary DNA
Target biomarker (ss-MGMT)

\\(/ Blocking agent (BSA)
H

Antibody (Anti-5mC)

N
[ Linker (Ammonium hydroxide)

Electrode (rGO)

Figure 3.1: llustration of various layers of the Ab/ssDNA biosensor.
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and anti-5-methylcytosine (anti-5mC) as a methylation bioreceptor. The target single-
strand (ss) MGMT oligonucleotide is first recognised by its hybridization with comple-
mentary DNA to form double strand (ds) MGMT, which is then captured by the anti-5mC
on the electrode surface due to the presence of methylation. For the purpose of simplic-
ity, this biosensor is named Ab/ssDNA sensor which shows that Ab and ssDNA were
the biomolecules that were used in this sensor to detect the target methylated gene.
Raman spectroscopy, XPS and SEM techniques were used to characterize the elec-
trode surface. CV and DPV techniques were used for electrochemical measurements.
Under optimized conditions, the proposed biosensor is able to quantify a linear range
of concentrations of MGMT gene from 50 fM to 100 pM with a limit of detection (LOD)
of 12 fM. The sandwich design facilitates the simultaneous recognition and quantifica-
tion of DNA methylation and the amination significantly improves the sensitivity of the
biosensor. This biosensor is label, bisulfite and PCR-free and has a simple design for

cost-efficient production. The various layers of this sensor is illustrated in figure 3.1.

3.1.2 Biosensor concept and preparation

In this immunoassay ammonium hydroxide solution was chosen to provide the func-
tional groups that facilitate the immobilization of antibodies on the surface. For that,
the rGO SPEs were first incubated in ammonium hydroxide solution (28.0-30.0% NH;
basis) for 2 hours at room temperature. Subsequently, the aminated electrodes were
dried with nitrogen and were kept in vacuum for further use. Anti-5methylcytosine mon-
oclonal antibody (anti-5mC) was chosen as the bioreceptor agent, which was used by
many other groups (Cai et al., 2018; Chowdhury et al., 2014; Povedano et al., 2018c).
Anti-5mC is able to capture DNA methylation targets and is methylation-specific. Pro-
tein G was used together with the anti-5mC, in order to orient the antibodies and pre-
vent them from binding to the surface through their antigen binding sites (the regions
in the antibody which bind to the antigen-Fab regions). Protein G is a bacterial mem-
brane protein which is known for its affinity to the non-antigenic (Fc) regions of antibod-

ies, leaving the antigen binding sites available to bind to their target antigen (Elshafey
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Figure 3.2: A schematic of the Ab/ssDNA assay.

et al., 2013; Fowler et al., 2007). The electrode was incubated in a mixture of anti-5mC
and protein G (70:30) both diluted in PBS pH 7.2. After immobilization of antibody and
protein G mixture, 1% BSA in PBS pH 7.4 was used as a blocking agent to block un-
bound functional groups that remain after incubating the bioreceptor molecules. Finally
the sensor was incubated in various concentrations of single stranded target gene as
well as hybridized target gene. The single stranded gene was diluted in TE buffer. The
hybridization process was done as follows: first both the single stranded (ss) MGMT
target gene and its complementary strand were diluted to a concentration of 1uM us-
ing TE buffer containing 50mM of NaCl (TE-NaCl). Then, 200uL of each gene was
mixed together into a vial and the mixture was heated at 65°C for five minutes. The
mixture was then diluted with TE-NaCl to desired concentrations and kept at 4°C for
short term use. The electrode was washed with 300uL of PBS after each incubation
step to remove unbound molecules and after each measurement to clean the surface
and prepare for the next incubation step. Various preparation steps was optimized to

achieve better repeatability and LOD. The optimizations are explained in detail in sec-
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tion 3.1.3. The preparation steps are shown in figure 3.2. All of the incubation steps
were carried out at room temperature and in a clean room to keep the moisture and

the temperature constant throughout the study.
3.1.3 Optimization

Various preparation steps of this biosensor was optimized in order to achieve the most
effective assay which leads to the best LOD and selectivity. The steps which were
optimized for this biosensor are the following: understanding the effect of BSA, as
blocking agent and protein G, BSA incubation time, antibody and antigen incubation
times. For the all optimization steps, the normalization was done by dividing the peak
current for each concentration with the peak current obtained with buffer containing no
DNA (i.e. blank buffer) and the error bars are the standard deviation of at least three

replicas.

The effect of BSA

For most biosensors, it is essential to block unbound functional groups on the surface
prior to the incubation in the target biomarker to avoid non-specific binding to the sensor
surface (Ronkainen et al., 2010). Here, the importance of the usage of BSA as the
blocking agent was investigated for the detection of 100 pM of the target MGMT gene
with both CV and DPV techniques. For the purpose of this experiment, two groups of
electrodes were used. The electrodes of the first group were incubated in 100 pM of
the target MGMT gene, after immobilizing the antibody on the surface. The electrodes
of the second group were additionally incubated in 1% BSA for 15 minutes prior to
the incubation in 100 pM of the target MGMT gene. The results for this experiment
are shown in figure 3.3 where the normalized peak current is plotted with and without
usage of BSA. The results show that without using the BSA the error bars are large
and the CV and DPV results are not consistent, while the error bars are much smaller
after using BSA and both CV and DPV techniques yielded consistent normalised peak

currents. Thus, BSA was used as a blocking agent in further experiments.
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Figure 3.3: A schematic of BSA functionality tests (A) and their results (B) where 100
pM of the target gene was detected without (left) and with (right) usage of
BSA, using both CV (purple) and DPV (blue) techniques.

The effect of protein G

Protein G was shown to be able to orient the antibodies on the surface through Fc
(non-antigenic) region, leaving the Fab regions (antigen binding regions) available to
bind. Here, the effect of protein G on the orientation of anti-5mC was investigated,
using both CV and DPV techniques for the detection of 100 and 1000 pM of target
gene concentrations. In this experiment, two groups of electrodes were used. The
first group was incubated in anti-5mC with the concentration of 20 ug/ml prior to the
incubation in 1% BSA. While the second group was incubated in a mixture of anti-
5mC and protein G (70:30) with a concentration of 20 ug/ml (both diluted in PBS pH
7.2) before being incubated in 1% BSA. Finally both groups of the electrodes were
incubated in 100 and 1000 pM of the target gene. As shown in figure 3.4, in the case of
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both techniques, after using protein G the error bars decreased compared to not using
protein G and the target concentrations became more distinguishable for the biosensor
as the error bars of both concentrations do not overlapped. These results are due to
the fact that the presence of protein G acts to preferentially align the antibodies on the
electrode surface, resulting in an increased antigen binding capacity of the antibody
Elshafey et al. (2013). Consequently, protein G was used in a mixture with antibody in

the upcoming experiments.

BSA optimization time

The first optimization of incubation time was the optimization of the BSA incubation time
by incubating three groups of electrodes in BSA for either 5, 15 or 30 minutes, followed
by the detection of 100 and 1000 pM of the target gene. The CV (left) and DPV (right)
(figure 3.5) results showed that among these three, an incubation time of 15 minutes
was optimal, as the error bars are the smallest and the increase in the normalized
peak current between 100 and 1000 pM in both techniques are consistent. In contrast,
the normalized peak currents for both 15 and 30 minutes BSA incubation time showed
larger error bars which can be due to remaining unbound functional groups for the
shorter 5 min incubation time, and conversely, saturation of the electrode surface with
BSA molecules for the longer 30 minute incubation time. Therefore, the incubation time

of 15 minutes was selected as the optimized time and used in future experiments.

Amination incubation time

The second incubation time optimization step was optimizing the time that the elec-
trodes were incubated in ammonium hydroxide. The rGO electrodes were divided into
5 groups and each group was incubated in ammonium hydroxide for a specific duration
(either 30, 60, 120, 180 or 240 minutes). After that all of the electrodes were gone
through the same procedure as follows: incubation in a mixture of antibody and protein
G, incubation in BSA and finally incubation in 100 and 1000 pM of the MGMT gene. As
shown in figure 3.6, there was an increase in the average normalised value from 100

pM to 1000 pM for all of the cases in both CV and DPV techniques. However, only in
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Figure 3.4: A schematic of protein G functionality tests (A) and their results where 100
(purple) and 1000 (blue) pM of the target gene was detected without (left)
and with (right) usage of protein G for both the CV (B) and the DPV (C)
techniques. In both figures the normalized peak currents are plotted as a

Antibody Antibody + protein G
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Figure 3.5: Detection of 100 (purple) and 1000 (blue) pM of the target gene with vari-
ous BSA optimization times (5, 15 and 30 minutes) using both CV (A) and
DPV (B). In both figures the normalized peak currents are plotted as a
function of concentration.

the 120 minutes incubation time the error bars did not overlap which means all of the
electrodes in this group showed an increase from 100 pM to 1000 pM. Also, the error
bars were smaller in the case of 120 minutes which means the results obtained from
this incubation time were more consistent that other incubation times. The incubation

time of 120 minutes was chosen as the optimized linker incubation time and was used
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in further experiments.
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Figure 3.6: Detection of 100 (purple) and 1000 (blue) pM of the target gene with var-
ious amination (linker) optimization times (30, 60, 120, 180 and 240 min-

utes) using both CV (A) and DPV (B). In both figures the normalized peak
currents are plotted as a function of concentration.

Antibody incubation time

The third incubation time optimization step was the antibody incubation time. After
incubating in the linker, the electrodes were divided in to seven groups and each group

was incubated in the anti-5mC for a specific incubation time (1, 2, 3, 4, 5, 6 and 8
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Figure 3.7: Detection of 100 (purple) and 1000 (blue) pM of the target gene with vari-
ous antibody incubation times (1, 2, 3, 4, 5, 6 and 8 hours) using both CV
(A) and DPV (B). In both figures the normalized peak currents are plotted
as a function of concentration.

hours). Later all of the electrodes were incubated in 1% BSA, followed by the detection
of 1000 and 1000 pM of the target gene. As can be seen in figure 3.7 only in the
incubation time of 4 hours the error bars did not overlap for 100 and 1000 pM which
means there was an increase in the peak current of all of the electrodes used for

this group. Also, the normalized peak current shift as well as the error bars were
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consistent in the both measurement techniques. However, in less incubation times (1,
2 and 3 hours) there was a small shift between 100 and 1000 pM which shows that
the sensor is unable to distinguish between these two concentrations. Also, for longer
incubation times (5, 6 and 8 hours) the error bars are larger, meaning that the result of
the biosensor is not reproducible. Hence, 4 hours incubation time was selected as the

optimized antibody incubation time and was used in the future experiments.

Target DNA incubation time

The last incubation time optimization was the antigen incubation time. For this ex-
periment the sensors were divided in to four groups and each group was separately
incubated in antigen for either 30, 60, 90 or 120 minutes. The results for this experi-
ment are shown in figure 3.8 where the normalized peak current is plotted as a function
of incubation time (minutes). These results show that although there was a shift be-
tween 100 and 1000 pM in all of the groups, the error bars were large and overlapped
in almost all of the cases except for the group which was incubated in antigen for 60
minutes. Consequently, 60 minutes was chosen to be the optimized incubation time for
antigen. All of the optimization steps, the checked ranges and the selected values are

summarized in table 3.1

Experimental variable Range Selected value
The effect of of BSA With-without BSA With BSA
The effect of protein G With-without protein G~ With protein G
Amination incubation time 30-240, minutes 120
Anti-5mC incubation time 1-8, hours 4
BSA incubation time 5-30, miuntes 15
MGMT gene incubation time 30-120, minutes 60

Table 3.1: Optimized preparation steps of the Ab/ssDNA biosensor and selected val-
ues.
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Figure 3.8: Detection of 100 (purple) and 1000 (blue) pM of the target gene with vari-
ous antigen incubation times (30, 60, 90 and 120 minutes) using both CV
(A) and DPV (B). In both figures the normalized peak currents are plotted
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as a function of concentration.

3.1.4 Surface Characterisation

Electrochemical

After each incubation step, the electrochemical response was evaluated via the voltam-
mograms changes according to structural changes of bio-functional surface of the elec-

trode. Figure 3.9 shows the various preparation steps of the biosensor (top) as well
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Figure 3.9: Various steps of developing the biosensor (A) after which the surface
changes was measured electrochemically. Variation in the behaviour of
the voltammograms after each incubation step in both CV (B) and DPV
(C).
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as measured voltammograms for the bare electrode (rGO) (purple), aminated rGO
(green), antibody (black), BSA as the blocking agent (blue) and 100pM of antigen (red)
for both CV (middle) and DPV (bottom) measurement techniques at a scan rate of 100

mV/s.

According to the CV voltammograms, first the positive anodic peak current (i) of the
bare electrode is at 106.5 uA, which is due to the electrical conductivity, electron mo-
bility and the available electroactive sites on the rGO surface which enable the electron
transfer (Benvidi et al., 2015; Li et al., 2015). After amination of the electrode, the peak
current decreased to 91.7 uA which is attributed to the presence of amine functional
groups on the surface. The peak current decreases once more to 83.4 uA after im-
mobilization of antibody on the surface, which indicates the formation of a layer of the
antibody on the surface and reducing the number of active sites for electron transfer.
The peak current further decreases to 55.8 uA after immobilizing BSA on the surface,
which is due to the fact that BSA is an inert layer and blocks the surface, impeding
electron transfer (Huang et al., 2011; Liu and Ma, 2013). Finally, after the biosensor
is incubated in the target MGMT gene, the peak current rises to 65.6 uA which can
be ascribed to ionic conductance and z-r interaction of DNA which leads to increased
charge transfer (Singh et al., 2013). Although the peak current slightly grew after DNA
incubation, it was still smaller than bare, linker and antibody peak currents which indi-
cates the formation of immunocomplex and the presence of DNA (Liang et al., 2012).
Also, after immobilization in antibody a slight positive shift in the peak potential was
observed which represents the spatial blockage of the surface and impeded electron
transfer (Azimzadeh et al., 2016). The negative cathodic peak currents (i,.) of the
CV voltammograms showed the same trend with the positive peak current after each

incubation step. Also, a negative shift in the peak potential was observed.

The DPV voltammograms for various preparation and detection steps were in agree-
ment with the CV voltammograms. First, the peak current magnitude of DPV for the

bare electrode was 71.7 uA , then after incubating in linker, it decreased to 61.8 uA
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Figure 3.10: Raman spectra of both bare rGO (black) and aminated rGO (red).

followed by a decrease to 45.9uA after immobilizing antibody on the surface. The peak
current magnitude further decreased to 34.5 uA after incubation in BSA and finally it
slightly grew to 40 uA after the detection of target gene with the biosensor and forming
immunocomplexes. In addition, there was also a positive shift in the peak potential of

the DPV voltammograms which is due to the hindered electron transfer.

Raman spectroscopy

Raman spectroscopy was used to achieve a structural fingerprint of the rGO electrode.
figure 3.10 shows a comparison of Raman spectra obtained from both bare rGO and

aminated rGO electrodes.

The peak at 1578 cm~!, G (stands for graphitic) band, characterise the in-plane vibra-
tions of sp>-bonded graphitic carbon atoms. The weak peak at 1340 cm~!, D (stands
for defect or disorder) band, represents the out of plane vibration of disordered struc-
tures (Childres et al., 2013). In Raman spectra, the peak intensity ratio (Ip /1) is gen-
erally used to evaluate the disorder level or the ratio of structural defects in the rGO
layers (Childres et al., 2013). Here, the Ip /I was increased from 0.6 for the bare elec-

trode to 0.7 for the aminated electrode, as expected. This indicates the presence of
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more defect sites in the aminated rGO sample which is consistent with the results from
Wei et al. (2018) and Baldovino et al. (2016) where higher intensity ratios are reported
in the carbon structure after GO and rGO were exposed to nitrogen atoms. Addition-
ally, the full width at half maximum (FWHM) of the G peak of the Raman spectra is
used along with the I /I ratio to give further information about the defects level. The
FWHM of the G peak was 60.5 for the bare electrode, which increased to 78.2 after
the amination of rGO, confirming the presence of N atoms on the surface which is in
agreement with results from Baldovino et al. (2016). Moreover, no shifts were observed
in the G and the D band after amination, meaning that no strain or doping happened in

the aminated rGO lattice (Zafar et al., 2013; Ni et al., 2008; Das et al., 2008).

—— Aminated rGO
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Figure 3.11: Survey scans of bare rGO electrode and aminated rGO electrode ob-
tained by XPS.
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X-Ray photoelectron spectroscopy

XPS measurements were carried out in order to quantitatively characterize the chem-
ical state of the both bare rGO and aminated rGO sample electrodes and to confirm
the findings from Raman spectra. As can be seen in the survey scans of the bare
and the aminated rGO electrode in the bottom figure in 3.11, a nitrogen (N) peak was
observed at 400 eV in the survey scan of the aminated rGO which confirms the pres-
ence of nitrogen bearing molecules on the surface. However, a small N peak was also
observed in the spectrum of bare rGO sample (figure 3.11, top) which is due to the
reduction process of GO and was also reported by Li et al. (2015). The atomic ratio
(%A) of nitrogen was 2.09% for the aminated rGO sample while it was only 0.61% for
the bare rGO sample. Moreover, the integrated peak areas of N and C were used to
calculate the N/C ratio for both samples. The N/C ratio was 3.07% for the aminated
sample which was 0.83% for the bare sample. The increment in the amount of nitrogen
atoms on the surface is in agreement with results from Raman spectra which shows

the presence of more defects on the surface of aminated rGO electrode.

The high resolution scans of N1s of the bare rGO and the aminated rGO are shown in
figure 3.12, in the top and the bottom respectively. The N1s spectra showed asymmet-

rical profile for both bare and aminated rGO samples.

The N1s spectrum of the bare rGO electrode can be deconvoluted into two components
at 399.9 eV and 4.1.8 eV. The former peak can be attributed to C-NH, and the latter
can be assigned to C-NH,* (quaternary nitrogen) (Ederer et al., 2017; Chen et al.,
2012; Petit et al., 2009). Similarly, the N1s spectrum of aminated rGO can be decon-
voluted into two peaks at the same positions as the peaks from the N1s spectrum of
the bare electrodes, which can be assigned to the same features, C-NH, and C-NH,4™".
However, comparing the N1s spectra of both samples showed that the C-NH, peak
height doubled after amination, while the C-NH,* peak height showed no significant
change. This means that C-NH4 ™ was already embedded in the rGO lattice during the

reduction process while the amination process only resulted in increasing the amount
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Figure 3.12: N1s high resolution spectra of bare rGO (A) and aminated rGO (B) elec-
trodes.

of NH, on the surface (see section 3.1.4, Ammonium hydroxide chemisorption for more
information).

The high resolution C1s spectra of both bare and aminated rGO samples are shown in
figure 3.13, in the top and the bottom respectively. The spectra showed asymmetrical

shapes and tailing peaks for both aminated rGO and bare rGO samples.

The C1s spectra of the bare rGO electrode can be deconvoluted into three component
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Figure 3.13: C1s high resolution spectra of bare rGO (A) and aminated rGO (B) elec-
trodes.

peaks. The main component peak which is located at 284.80 eV corresponds to the
presence of C atoms in C-C bonds (sp? bonded carbons) (Al-Gaashani et al., 2019).
The other component peaks which are located at 286.81 eV and 288.53 ev can attribute
to C-O and C=0 bonds, respectively (Ederer et al., 2017; Lai et al., 2011; Stobinski
et al., 2014). The C1s spectra of the aminated rGO electrode can also be deconvoluted
into three component peaks. The peak at 284.90 eV represent the C-C bonds. The
peak at 286.86 eV can be attributed to C-O or C-N bonds. Finally the peak at the
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Figure 3.14: Schematic of the possible surface reactions that may occur on rGO elec-
trode after incubation in ammonium hydroxide. These reactions would
lead to the presence of amine functional groups on the surface.

higher binding energy, 288.64 eV, can be assigned to C=0 bonds. Comparing these
the C1s spectra of the bare rGO electrode and the aminated electrode shows that the
peak which corresponds to C-C bonds decreased after amination, while the C-O/C-N
peak increased and C=0 remained the same. Which further confirms the presence of

nitrogen atoms on the surface.

Ammonium hydroxide chemisorption

Nitrogen atoms can, in principle, be incorporated onto the surface in three ways:

» Replacing a carbon atom with a nitrogen atom

* Replacing an existing functional group by an N containing functional group (Bal-

dovino et al., 2016; Thakur and Thakur, 2015)

+ Binding a nitrogen atom to the defect sites and broken C-C bonds present in the

rGO flakes (Tang and Cao, 2012; Mattson et al., 2013)

Because of the absence of high temperature and pressure, in this study it is assumed
that the direct replacement of carbon by nitrogen atoms does not occur. Instead, NH;
is assumed to react with either defects in the lattice or with acidic sites of rGO that
are oxygenated functional groups namely hydroxyl, epoxide and carboxyl groups (Bal-

dovino et al., 2016). Because the rGO SPE is made of stacked rGO flakes many
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defect/vacancy sites are available for the attachment of amine groups. The presence
of defects constitute instabilities of the structure of rGO, making these sites prone to
bond with ammonia to stabilize the structure (Rivera et al., 2019). In the case of re-
actions with oxygenated functional groups, due to the lack of high temperature and
suitable activators (e.g. thionyl chloride, carbodiimide or tosyl chloride), the only feasi-
ble reaction is that ammonia attacks epoxide groups as a nucleophile. In this reaction,
a new bond with the carbocation adjacent to the epoxide group will form, resulting in
epoxide opening, dissociation of NH; and forming of an amino alcohol (Mattson et al.,
2013). Our XPS experiments confirm that this is the dominant amination process, as
shown by the increase of the C-NH, component in the N1s high resolution spectra and
the increase of the C-O/C-N component in the C1s spectra while the peak of C=0 re-
mained the same (figure 3.13). The above surface reactions do not affect the structure
of rGO, as evidenced by the Raman spectra (figure 3.10), which show that no major

defects were introduced after amination.

Besides acting as a linker for antibody, these amine groups can form hydrogen bonds
with adjacent or newly formed oxygen bearing groups such as OH---N and O---HN
which facilitates electron transfer by acting as electron donors to rGO and stabilizes

the structure (Tang and Cao, 2011, 2012).

Scanning electron microscopy

Scanning electron microscopy (SEM) was used to characterize the morphology of the
surface of the bare rGO electrode, the aminated electrode and the aminated electrode

after incubation with antibody. These SEM images are presented in figure 3.15.

As can be seen in the top and the middle figures of 3.15, no changes was observed
on the surface after amination process. This confirms that there were no structural
changes on the surface after amination and the electrode maintained its fundamental
properties during the process however SEM is not a beneficial tool to show the surface
chemisorption and therefore it cannot be used to confirm the presence of nitrogen

atoms on the surface. In addition it can be seen from the bottom figure of 3.15 that
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Figure 3.15: SEM images of bare rGO electrode (A), aminated rGO electrode (B) and
aminated rGO electrode after being incubated in antibody (C).
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there has been a change after the immobilization of the antibodies, however, SEM is

not a beneficial tool to confirm the presence of biomolecules on the surface.

3.1.5 Biosensor linearity and selectivity

In order to assess the analytical performance of the biosensor, various concentrations
of single stranded and double stranded MGMT gene was used to perform DPV mea-
surement. These experiments were done under the optimal conditions achieved in
3.1.3. The DPV measurements were carried out in 10 mM PBS pH 7.4 solution con-
taining 10 mM K;[Fe(CN)¢] and 1M KCI, as explained in details in 3.1.2. A wide range
of both single and double stranded genes were used from 10 fM to 1 nM. The gene
strands were diluted in TE buffer for single stranded DNA and in TE-NaCl for double
stranded DNA.
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Figure 3.16: Calibration curves constructed with normalized peak currents of DPV re-
sponses as a function of the logarithm of the concentration of target ss-
DNA (red) and dsDNA (black). For both targets, the current increases
with increase of concentration. Error bars are the standard deviation of
three replicates.

The results are shown in figure 3.16, where the normalized peak currents are plotted
as a function of the logarithm of the concentration and error bars are the standard

deviation of three replicates. The normalized peak current increases with an increase

83



3.1. AB/SSDNA SENSOR

in the concentration, which is in agreement with the results reported by Povedano et al.
(2018c) for the MGMT gene. Best fit linear models and their corresponding R? values

are as follows:

ssMGMT:
y = 0.00921In(x) + 1.0767 (3.1)

with R2=0.9893 and dsMGMT:

y=0.01841n(x) + 1.0665 (3.2)

with RZ = 0.991.

The LOD was calculated using the equation (Singh et al., 2014; Shi et al., 2018):

LOD =3.36/m (3.3)

where o is the standard deviation of the DPV response of 16 blank samples and m is
the slope of the calibration curve. For ssDNA, the LOD was calculated to be 25 fM and
for dsDNA it was 12 fM. To date, to the best of our knowledge only two groups reported
a better LOD for the detection of DNA methylation but these groups used nanoparticles

(Table 3.2).

These results indicate that the response of the biosensor is different for ssDNA com-
pared to dsDNA. This is due to the fact that ssDNA forms a coiled shape while dsDNA
makes a stretched helix shape allowing electrons to be conducted through the duplex
taking advantage of the n-stacks in the duplex (Trotter et al., 2020; Gorodetsky et al.,
2007; Inouye et al., 2005).

Due to the usage of hybridization, the biosensor is selective to the target gene when
applied to dsDNA, but it is not selective when detecting ssDNA because it responds to

the methyl group regardless of the ssDNA sequence. However, the different responses
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of the sensor to dsDNA versus ssDNA can be used to achieve selectivity when applied
to a sample with an unknown mixture of methylated single-stranded genes. When hy-
bridizing the unknown mixture using the complementary target, and diluting the sample

to obtain various concentrations, the formation of dsDNA (or lack thereof) can be mea-

sured.
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In order to investigate the selectivity of the proposed biosensor protocol, the biosen-

sors were incubated in blank samples, (TE-NaCl buffer containing no DNA) as well as

100 pM of methylated and non-methylated targets and the response was measured

with both CV and DPV technique. All of the preparation steps and measurements for

these experiments were were kept the same throughout the experiment. The selectiv-

ity results are shown in figure 3.17. The results show that there is a significant shift

(Supported by a two tailed T-test analysis) after incubation in methylated DNA while

no shift is observed after incubation of the sensor in blank and non-methylated DNA,

indicating the selectivity of the biosensor towards the target methylated DNA.

3.1.6 Scan rate studies
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Figure 3.18: CV voltammograms of the aminated electrode under various scan rates
from 0.025 V/s to 0.3 V/s (0.025, 0.05, 0.075, 0.1, 0.125, 0.15, 0.175,
0.2, 0.225, 0.275, 0.3 V/s) (A). Anodic and Cathodic peaks as a function
of square root of the scan rate (B) and the scan rate (C).

Scan rate experiments of an aminated rGO electrode were performed in PBS pH 7.0

containing 10 mM [Fe(CN)g] and 1 M KCI in order to study the redox reactions on
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the surface. Figure 3.18a shows the effect of varying the scan rate (0.025 to 0.3 V/s)
on the voltammograms of the aminated rGO electrode where the magnitudes of both
anodic (E,,) and cathodic (E,.) peaks currents increase linearly with the increase in
the square root of the scan rate (figure 3.18b). This suggests that the electrochemical
reaction is a diffusion-controlled process (Singh et al., 2013). The diffusion coefficient
(D) of the redox couple from the electrolyte to the aminated electrode was calculated

using Randles-Sevcik equation (Sethi et al., 2020):

I, = (2.69 x 10°)n*/2AD'/2Cy'/? (3.4)

Where I, is the peak current of the aminated electrode (in A), n is the number of elec-
trons involved (n=1), A is the surface area of the electrode (in cm?, A=0.126 cm?), D is
the diffusion coefficient, C is the concentration of the redox species (in mM, C=10 mM)
and v is the scan rate (in V/s, v=0.1 V/s, which was used throughout the paper). D is

therefore calculated to be 1.17 x 10~° cm?/s.

The anodic and the cathodic peak potentials as well as the peak to peak separation
(potential peak shifts, AE,=E,,—E,.) increase with the scan rate (figure 3.18c). Redox
couples in which the peak to peak separations show a linear relationship with the scan
rate are categorized as quasi-reversible reactions (Mabbott, 1983) and it is an indica-
tion of facile charge transfer kinetics in the scan rate range (Singh et al., 2013). There-
fore, the aminated electrodes provide adequate accessibility to electrons to transfer
between antibody and the aminated electrode. The effective heterogeneous electron

transfer rate constant (K;) was calculated using Lavrion model (Singh et al., 2013):

K, = mnFv/RT (3.5)

Where m is the peak to peak separation (in V, m=0.362 V), n is the number of electrons
involved (n=1), F is the Faraday constant (96485 J/mol), v is the scan rate (in V/s, v=0.1

V/s), R is the gas constant (8.314 J/mol.K) and T is room temperature (298 K). The K;
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value was calculated to be 1.41 s—! at 0.1 V/s which indicates fast electron transfer

between the amine groups and the rGO electrode.

3.1.7 Comparison with other works

The proposed biosensor are compared with other electrochemical affinity techniques
reported so far for the detection of DNA methylation in table 3.2. All of these sensors

use anti-5mC as their main bioreceptor.

3.1.8 Summary

In this work a novel sandwich Ab/ssDNA biosensor was developed for label-free, rapid
and sensitive detection of MGMT oligonucleotide. The biosensor is based on com-
mercially available screen-printed reduced graphene oxide (rGO) electrodes that were
aminated using ammonium hydroxide solution. Amination was done in order to provide
amine functional groups on the surface acting as a linker to immobilize biomolecules.
Raman results suggested the presence of nitrogen atoms on the surface which further
confirmed to be C-NH, groups via XPS. The electrochemical detection of the MGMT
oligonucleotide was achieved by hybridizing the single strand synthetic oligonucleotide
with its complementary sequence and capturing the methylation with antibody. Under
the optimal condition, the biosensor showed a LOD of 12fM for double strand MGMT
gene, without any PCR ampilification, bisulfite treatment or labelling. The detection time
for this biosensor was 1 hour. This is the first report on the detection of MGMT genes,
using rGO electrodes. However, the reproducibility and stability of the sensor over time
is still to be explored in the future. Additionally, the electrochemical performance of the
aminated rGO may still be improved using elevated temperatures and pressures during
ammonium hydroxide incubation. Finally, the response of the proposed technique in
plasma samples needs to be tested in future studies. The proposed technique can be
modified to detect other methylated target genes. This assay can form the basis for
clinical applications in diagnostics and patients monitoring due to its ability to rapidly

detect epigenetic biomarkers, high sensitivity and simplicity.
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Table 3.2: An overview of the electrochemical affinity biosensors to date for the detec-

tion of DNA methylation, which used anti-5mC as the main bioreceptor.
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PNA/Ab sensor
3.2.1 Background

The ability to detect double-stranded DNA (dsDNA) as a biomarker without denaturing
it to single-stranded DNA (ss-DNA) continues to be a major challenge. In this chapter,
we report a sandwich biosensor for the detection of the ds-methylated MGMT gene.
The purpose of this biosensor is to achieve direct recognition of the gene sequence,
as well as the presence of methylation. The biosensor is based on reduced graphene
oxide (rGO) electrodes decorated with gold nanoparticles (AuNPs) and uses Peptide
Nucleic Acid (PNA) that binds to the ds-MGMT gene (figure 3.19). This biosensor is
named PNA/ADb, for the purpose of simplicity and clarity. PNA is an artificially synthe-
sized nucleic acid analogue with N-(2-aminoethyl)-glycine motif backbones which are
linked together via peptide bonds (D’Agata et al., 2017). PNA/Ab complexes are shown
to be more stable than DNA/DNA systems with PNA probes being more efficient in hy-
bridization with its complementary target sequence which leads to an enhanced assay
sensitivity (D’Agata et al., 2017; Karimzadeh et al., 2018). Besides superior specificity
towards ssDNA and RNA, PNA has shown the ability to specifically target the sequence

of dsDNA by stranded invasion and form a triplex structure (Baker et al., 2006).

The reduction of GO was performed in two ways: electrochemically (ErGO) and ther-
mally (TrGO). XPS and Raman spectroscopy, as well as voltammetry techniques, showed
that the ErGO was more efficiently reduced, had a higher C/O ratio, showed a smaller
crystallite size of the sp? lattice, and was more stable during measurement. It was
also revealed that the electro-deposition of the AuNPs was more successful on the
ErGO surface due to the higher At% of Au on the ErGO electrode. Therefore, the
ErGO/AuNPs electrode was used to develop biosensors to detect the ds-MGMT gene.
PNA, which acts as a biorecognition element, was used to form a self assembled mono-
layer (SAM) on the ErGO/AuNPs surface via the amine-AuNPs interaction, recogniz-
ing the ds-MGMT gene sequence by its invasion of the doublestranded DNA and the

formation of a triple helix. The methylation was then detected using biotinylated-anti-
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Figure 3.19: Various layers of the PNA/Ab biosensor.

5mC, which was then measured using the amperometric technique. Streptavidin-HRP
was used to produce amperometric signal in the presence of hydroquinone (HQ) and
H,O, (Camacho et al., 2007; Dong et al., 2017). The selectivity study showed that
the proposed biosensor was able to distinguish between blank, non-methylated, non-
complementary, and target dsDNA spiked in mouse plasma. The LOD was calculated
to be 0.86 pM with a wide linear range of 1 pM to 50 uM. To the best of our knowledge,
this is the first report on using PNA to detect ds-methylated DNA.

3.2.2 Biosensor concept and preparation

With the aim of increasing the reproducibility of the SPEs, the electrodes were modified
using rGO and AuNPs. The working electrodes were first drop-coated with 0.15 mg/mL
of GO aqueous solution and were left to dry at room temperature for 3 h. After that,
the GO layers were reduced in two different ways in order to compare the impact of
the reduction techniques on the quality of rGO and AuNPs. The electrodes were either
reduced electrochemically (ErGO) or thermally (TrGO). The electrochemical reduction
of GO was performed using 10 successive CV scans in 10 mM PBS pH 7.4 solution

containing 10 mM K;[Fe(CN)s] and 1 M KCI over a potential range of 0.5 and —1.5
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Figure 3.20: A schematic of the surface modification procedure of a screen printed
electrode and the changes to the appearance of the working electrode.

V and a scan rate of 100 mV/S. Thermal reduction was performed at 250 °C for 1
h. After reducing GO, the AuNPs were electro-deposited on both ErGO and TrGO
electrodes from 0.5 mM H,SQ, solution containing 1 mM HAuCly, using 5 successive
CV cycles over a potential range of 1 and —1 V and a scan rate of 50 mV/s (figure
3.20). The electrochemical reduction of GO and electro-deposition of the AuNPs were

both performed at room temperature.

Modified electrodes were incubated in 10 uM PNA overnight at 4 °C to functionalize a
self assembled monolayer (SAM) on the surface of the working electrodes. On the next
day, the electrodes were incubated in 1 mM aqueous solution of MCH for 5 min to min-
imize the nonspecific binding and then they were incubated in PBS for 1 h to stabilize
the SAM. The prepared biosensors were then incubated in various concentrations of
dsDNA for 1.5 h at 37 °C, followed by incubation in biotinylated methyl binding antibody
for 2 h at room temperature. Biotinylated antibody was used to detect the methylation
sites on the dsDNA, and to provide binding sites for Streptavidin-HRP. Finally, to en-
able the amperometric detection technique, the biosensors were incubated in diluted

Streptavidin-HRP for 30 min prior to the measurements. Various preparation steps of
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Figure 3.21: A schematic of the developed biosensor. The preparation of the
AuNPs/ErGO electrode is depicted in figure 3.20.

this biosensor are depicted in figure 3.21. After each incubation step, the electrodes
were rinsed with ultra-pure water. All of the incubation steps were carried out in a high

humidity chamber.

3.2.3 Surface characterisation
GO reduction

GO-coated electrodes were reduced either electrochemically or thermally in order to
achieve a higher reproducibility and quality. The reduction process for both ErGO and
TrGO were described in Section 3.2.2. The reduction degree and the quality of the
rGO modified electrodes were compared using XPS, Raman, and cyclic voltammetry

techniques.

The electrochemical reduction of GO was obtained using CV scans for 10 successive
cycles. The voltammograms of reducing a GO modified electrode are shown in figure
3.22. As can be seen in this figure, a large cathodic peak is located between —1.0
and —1.5 V, disappearing after several cycles. This peak can be attributed to the

electrochemical reduction of the functional groups, mainly oxygenated groups which
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Figure 3.22: The voltammograms of the CV cycles used to electrochemically reduce
GO.

are present at the GO basal plane (Wang et al., 2009; Marrani et al., 2020; Devadas
et al., 2014, 2012). Therefore, after a few CV cycles, GO was reduced, rGO was
obtained, and subsequently, the electric properties improved (Wu et al., 2016). The
reduction of GO can also be seen from the color change in the working electrode,
which changes from black to silver after reduction, consistent with a third-party rGO

electrode (figure 3.20)

XPS measurements

XPS measurements were carried out in order to characterize and evaluate the chemical
composition of a bare electrode and the GO-, ErGO-, and TrGO-modified electrodes.
Wide scans (survey scans) as well as C1s high-resolution scans of all of the samples
are shown in figures 3.23 and 3.24 respectively. Table 3.3 shows a detailed information
for all of the peaks observed by the wide scan (figure 3.23), their position, FWHM, and
At%.

As can be seen in figure 3.23, the survey scan spectra of all of the samples show the
presence of carbon and oxygen and a trace of contaminants (Na, Cl, S, N), all less

than 3% At%. The C/O ratios for the bare, GO, ErGO, and TrGO electrodes were cal-
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Figure 3.23: XPS wide scan spectra of a bare electrode and GO-, ErGO-, and TrGO-
modified electrodes. The C/O ratios of these electrodes were 3.97, 2.49,
10.52, and 5.7, respectively.

culated to be 3.97, 2.49, 10.52, and 5.7, respectively. Schniepp et al. (2006) reported
that in temperatures below 500 °C, the C/O ratio only reached 7; however, if the tem-

perature was increased to 750 °C, the C/O ratio would rise to more than 13. Ren et al.
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Figure 3.24: C1s high resolution spectra of a bare electrode (A) and GO (B), ErGO
(C) and TrGO (D) modified electrodes.
96



3.2. PNA/AB SENSOR

Table 3.3: A detailed information of the XPS peaks, their positions, FWHM and At% for
a bare electrode and electrodes modified with GO, ErGO and TrGO. These
data are obtained from the XPS survey scans (figure 3.23).

Sample Peak nhame Position FWHM At%

Bare O1s 532.10 3.31 19.26
Cis 285.10 3.77 76.49

N1s 400.10 3.10 1.37

Cl2p 200.10 3.32 2.87
GO O1s 534.37 3.01 27.98
Cis 287.37 450 69.63

N1s 402.37 3.34 1.30

S2p 168.37 3.07 1.10

ErGO O1s 533.33 3.89 8.57
Cis 285.33 273 90.15

Nafts 1074.33 2.87 0.44

Cl2p 199.33 3.48 0.85
TrGO O1s 565.37 3.88 14.65
Cils 312.37 3.06 83.57

N1s 430.37 3.77 1.31

S2p 194.37 3.16 0.47

(2010) reported the C/O ratio ranging from 3.1 to 15.1, where the latter was obtained
by reducing GO in 95 °C for 3 h using hydrazine hydrate as a reducing agent. Yang
et al. (2015b) reported a C/O ratio in the range of 3.09 to 5.38 for the rGO samples
that were reduced by adding NaBH, and CaCl, as catalysts and stirring for 12 h at
room temperature. Chua et al. (2012) increased the C/O ratio from 3.0 to 16.0 by using
thiourea dioxide (CH4N,O,S) for 2'to 5 h at 90 °C. Although the C/O ratio of the ErGO
reported in this study was not as high as the ones reported above, the electrochemical
reduction of GO does not require a high temperature or any dangerous reductants. In

addition, the reduction process for each electrode took less than 5 minutes.

Figure 3.24 shows the high-resolution C1s spectra of bare, GO, ErGO, and TrGO elec-
trodes, where all of the spectra showed asymmetrical shapes. The C1s spectra of the
bare electrode (figure 3.24a) can be deconvoluted into three component peaks: a C-

C peak located at 284.37 eV, a C-O peak at 286.29 eV, and a C=0 peak located at
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288.34 eV. The C1s spectra of the electrode covered with GO (figure 3.24b) can be
deconvoluted into a C-C peak located at 286.43 €V, a C-O peak at 284.31, and a C=0
peak at 288.01 eV. The GO sample exhibited the highest amount of oxygen among the
samples in both the wide scan and the C1s high-resolution scan. The C1s spectra for
ErGO and TrGO exhibited a few tailing peaks. As can be seen in figure 3.24c for the
ErGO sample, a C-C peak is located at 284.40 eV, a C-O peak is at 285.55 eV, a C=0
peak is at 288.10 eV, and a O=C-O peak is located at 290.49 eV. Two n-7 peaks were
also observed at 292.99 eV and 295.53 eV, respectively. The C1s spectra for the TrGO
is shown in figure 3.24d. The spectra can be deconvoluted into the following peaks: a
C-C peak located at 284.29 eV, a C-O peak at 285.84 eV, and a C=0 peak at 288.68
eV. A n-m peak was also observed at 292.14 eV (Al-Gaashani et al., 2019; Yang et al.,
2009; Krishnamoorthy et al., 2013).

Raman Spectroscopy

Raman spectroscopy was carried out for a bare electrode and GO, ErGO, and TrGO
coated electrodes, and the spectrographs are shown in figure 3.25. The peaks at
around 1570 cm~! are G bands which are attributed to in-plane vibrations of the sp?-
bonded graphitic carbon atoms. The peaks at 1350 cm~! are D bands and represent
the out-of-plane vibration of the disordered structures. Ip/l ratio, or the intensity ratio,
is normally used to evaluate disorder level, or the ratio of structural defects in the GO
or rGO layers. Ip/lg was calculated to be 0.77, 0.88, and 0.89 for bare, GO, and TrGO
electrodes, respectively, but 1.15 for ErGO. The higher number in the intensity ratio
of ErGO indicates that the reduction process may change the GO structure, resulting

Table 3.4: The experimental values of the peak locations, Ip/lg ratios and the average
crystallite sizes of the sp? lattice (L) of all samples.

Sample D peak location (cm~!) G peak location(cm~!) Ip/l; L, (nm)

Bare 1340 1570 0.77 24.99

GO 1350 1570 0.88 21.84
TrGO 1340 1570 0.89 21.60
ErGO 1350 1570 115  16.72
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Figure 3.25: Raman spectra obtained from a bare electrode and electrodes modified
with GO, ErGO, and TrGO. The ID/IG ratios were 0.77, 0.88, 1.15, and

0.89, respectively.
in an increase of defects in the structure and a decrease in the average size of the
sp? due to the removal of the oxygenated functional groups (Lee et al., 2018; Le et al.,
2020; Wu et al., 2018) which is in agreement with results from XPS spectra. A 2D band

and a D + G band, which become significant in rGO, were also observed at 2680 cm !

and 2910 cm™~!, respectively, demonstrating the restoration of the graphite structures
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(Wu et al., 2018). The experimental values of the peak locations, Ip/l; ratios, and the
average crystallite sizes of the sp? lattice (L,) are listed in Table 3.4. The L, values

were calculated using the equation:

Lo(nm) = (2.4 x 107 A} (Ip /1) ! (3.6)

for all samples, where A, is the laser wavelength and I, and I; are the intensities of

the D and G Raman bands, respectively (Marrani et al., 2020).

Cyclic Voltammetry

Cyclic voltammetry was used to compare the stability of the electrodes during elec-
trochemical measurements. 10 successive CV scans were performed for a bare elec-
trode, an ErGO-, and a TrGO-modified electrode and the average of the anodic peak
currents(i,,) of the voltammograms was plotted in figure 3.26. As can be seen in this
figure, the ErGO reached a higher current compared to both the TrGO and the bare
electrodes. For 10 successive measurements, ErGO showed a higher stability and
lower fluctuation in the peak currents.
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Figure 3.26: Anodic peak currents (i,,) of 10 successive cycles of CV voltammograms
of a bare electrode, and electrodes modified with ErGO and TrGO.
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AuNPs

AuNPs were electrochemically deposited on the surface of ErGO- and TrGO-modified
electrodes and were characterized using XPS and EDS spectroscopy. SEM was also
used to confirm the presence of AUNPs on the surface. The electro-deposition method
was described in the experimental section (see Section 2.3). figure 3.27 shows the
voltammograms of the deposition process in five successive cycles with the potential
range of —1 to 1 V. As can be seen in this figure, a cathodic peak is located at 0.1 V
during the first scan, which can be attributed to the reduction of Au** ions to Au, as
well as the seeding of the AuNPs. This peak has shifted to 0.5 V in the next cycles, in-
dicating the easier electro-deposition of gold and the growth of the AuNPs. The Anodic
peak at 0.8 V can be ascribed to the surface oxidation of the AuNPs (Devasenathipathy

et al., 2014; Chiang et al., 2019; Lin et al., 2011).
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Figure 3.27: The voltammograms of 5 successive CV cycles, used to deposit AuNPs.

XPS measurements

Figure 3.23 shows a wide scan XPS spectra of a bare electrode and the GO-, ErGO-,
and TrGO-modified electrodes after the immobilization of the AuNPs. These electrodes
are named bare/AuNPs, GO/AuNPs, ErGO/AuNPs, and TrGO/AuNPs, respectively.

The bare/AuNPs wide scan spectrum showed two Au4f peaks centered at 83.83 eV
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and 87.81 eV and two Au4d peaks at 334.55 eV and 355.27 eV. A very small peak at
4.9 eV was also observed, attributed to Au5d. In the GO/AuNPs spectrum, no peaks
related to the AuNPs were observed. However, the ErGO/AuNPs spectrum showed
two Au4f peaks at 94.99 eV and 98.87 eV, respectively, as well as two Au4d peaks
located at 351.1 eV and 369.24 eV. An Au5d and an Aubp were also observed at 16.7
eV and 67.96 eV, respectively, for this sample. Similarly, in the TrGO/AuNPs spectrum,
the Au4f peaks were centered at 86.79 eV and 89.83 eV, respectively, while the Au4d
peaks were observed at 341.43 eV and 359.71 eV. An Au5d peak was also observed
for this sample at 5.77 eV. At% of Au for bare/AuNPs, ErGO/AuNPs, and TrGO/AuNPs
were 4.16, 7.38, and 4.08, respectively. This reveals that the ErGO was a better sub-
strate for reducing the AuNPs. Also, the ErGO/AuNPs electrode showed the highest
number of AUNPs on the surface, making it the most efficient and promising electrode
for further studies. Detailed information about the observed peaks, their positions, the

FWHM, and At% is shown in the supplementary information in Table 3.5.

SEM and EDS

SEM and EDS were performed to characterize the surface and confirm the presence of
gold nanoparticles. Figure 3.29 shows the SEM images of the ErGO electrode before
and after the deposition of the AuNPs on the surface, as well as the EDS spectra
of both and the area from which the spectra has been taken. Figure 3.29a shows the
surface of the ErGO electrode exhibiting cracks and wrinkles of 5-20 um. Figure 3.29b
shows the surface of the ErGO/AuNPs electrode where the AuNPs are homogeneously
spread on the surface. The diameter of the nanoparticles is mostly less than 100
nm. EDS spectrographs of the ErGO electrodes before and after the deposition of the
AuNPs are shown in figures 3.29¢ and 3.29d which are in agreement with XPS data.
The inset tables show the present elements, the relative concentration (Wt%), and the
measurement error for each element (X). EDS measurements confirm the presence of

the AuNPs on the surface.
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Figure 3.28: XPS spectra of the bare electrode and electrodes modified with GO,
ErGO, and TrGO after the deposition of the AuNPs. The ErGO showed
the highest At% for Au.

3.2.4 Assay development

Electrochemical measurements were used to evaluate the biosensor development steps
and the performance of the biosensor. CV scans were performed after each prepara-

tion step and amperometric detections were conducted after the biosensors were incu-
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Figure 3.29: SEM images of ErGO (A) and ErGO/AuNPs (B) electrodes. EDS spectra
of the ErGO(C) and ErGO/AuNPs (D) electrodes. The inset tables show
the present elements, the relative concentration (Wt%) of each elements

and their measurement errors (o).
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Table 3.5: A detailed information of the XPS peaks, their position, FWHM and At%
for a bare electrode after the deposition of AuNPs, and electrodes modified
with GO/AuNPs, ErGO/AuNPs and TrGO/AuNPs. These data are obtained
from XPS survey scans (figure 3.28).

Sample Peak name Position FWHM At%

Bare/AuNPs Ois 532.83 3.20 19.97
Cis 284.83 3.61 72.11

Nis 401.83 3.27 1.56

Cl2p 199.83 3.37 1.50

S2p 168.83 3.25 0.71

Au4f 83.83 2.50 4.16
GO/AuNPs O1s 531.89 3.00 29.40
Cis 284.89 4.26 63.83

N1s 400.89 2.84 2.76

S2p 168.89 3.01 4.00
ErGO/AuNPs O1ts 551.00 3.26 13.25
Cis 298.99 2.77 74.10

N1is 418.99 3.09 2.89

S2p 180.99 2.97 2.38

Au4f 94.99 2.80 7.38
TrGO/AuNPs O1s 542.79 3.43 17.65
Cis 298.79 2.99 75.06

N1is 408.79 3.43 1.75

S2p 171.79 2.96 1.46

Au4f 86.79 2.43 4.08

bated in various concentrations of ds-methylated-DNA (ds-MGMT). The ErGO/AuNPs
modified electrodes were used as the working electrodes for all of the following exper-

iments.

3.2.5 Optimization

The antigen incubation time and the Streptavidin-HRP concentration for the ampero-
metric measurements were optimized prior to incubating the biosensor in various con-

centrations (figure 3.30).

The antigen incubation time was optimized by incubating at least three electrodes in

the ds-methylated DNA for either 0.5, 1, 1.5, or 2 h. The results are displayed in figure
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Figure 3.30: Optimization studies results. Optimizing antigen (ds-MGMT) incubation
time (A) and Streptavidin-HRP concentration (B).

3.30a where it is shown that the incubation time of 1.5 h exhibits the highest difference
in the current before and after adding the H,O,. Consequently, 1.5 h was chosen as

the optimized incubation time for the antigen incubation.

The Streptavidin-HRP concentration was optimized by varying its concentration in PBS.
The tested concentrations were 0.2%, 0.4%, and 0.6%, and at least three electrodes
were incubated in either of these concentrations for 30 min at room temperature prior
to the amperometric measurements. As can be seen in figure 3.30b, the 0.4% concen-
tration showed the highest difference in the current before and after adding the H,O,.
Therefore, 0.4% was chosen as the optimized Streptavidin-HRP concentration and was

used in further experiments. In all of the above studies, the error bars are the standard
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deviations of at least 3 electrodes.

Cyclic Voltammetry

Figure 3.31a shows the voltammograms of the various preparation steps of the biosen-
sor (Bare, GO, ErGO, AuNPs, PNA, MCH, and ds-MGMT). As can be seen from the
voltammograms, the anodic peak current (i,,) of the bare electrode was first seen at
57.5 uA. After drop-coating the surface of the working electrode in GO, the i,, de-
creased to 1.05 pA due to the non-conductive nature of GO (Marcano et al., 2010).
Atfter the electrochemical reduction of GO, the i), increased to 117.5 uA. This increase
is due to the electrochemical reduction of GO and the production of rGO. RGO is elec-
trically conductive and has a high concentration of charge carriers, mobility, and a high
number of available electroactive sites on the surface, facilitating electron transfer (Pei
and Cheng, 2012; Benvidi et al., 2015). After the electrochemical reduction of GO, the
i, decreased to 107.2 uA by reducing the AuNPs on the rGO surface, followed by a
further decrease to 73.6 uA after overnight incubation in PNA, confirming the immobi-
lization of the AuUNPs and PNA on the surface, respectively. Amine groups (N-terminal
of PNA) are able to self-assemble on the AuNPs and form a SAM, decreasing the
electron transfer between the electrode and the electrolyte (de la Llave et al., 2014;
Olmos-Asar et al., 2014). The i,, decreased once more to 63.7 after uA blocking the
surface to decrease the chance of non-specific bonding. Finally, the i,, slightly in-
creased to 68.2 uA after the electrode was incubated in target ds-MGMT nucleotides,
confirming the presence of the dsDNA on the surface. The dsDNA was captured by
the strand invasion of PNA towards the DNA/DNA duplex and the formation of a triple
helix (Hu et al., 2018; Saadati et al., 2019). Additionally, after the reduction of GO,
the peak potential first shifted positively towards higher potentials, followed by a neg-
ative shift after the deposition of the AuNPs. Furthermore, a small positive shift in the
peak potential was observed after the immobilization of PNA, MCH, and triple forma-
tion, which might be due to the spatial blockage and hindered electron transfer on the

surface (Azimzadeh et al., 2016).
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Figure 3.31: Comparison of CV voltammograms of the various preparation steps of
the biosensor: Bare, GO, ErGO, AuNPs, PNA, MCH, and ds-MGMT (A).
Linear regression studies for the ds-MGMT gene using the amperometric
technique. Error bars are the standard deviation of at least three elec-
trodes (B). Comparison of the amperometric response of the biosensor
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The cathodic peak currents (i,.) of the CV voltammograms showed the same trend as
the anodic peak current after each incubation step, with corresponding positive and

negative shifts.

Linear regression

Amperometric detection was used to perform the linear regression studies. As ex-
plained in section 2.3.1, after the biosensor was incubated in Streptavidin-HRP for
30 minutes, the amperometric measurements were first preformed in HQ solution for
measuring the background signal followed by the addition of H,O, and measuring the

reduction of HRP labels. The possible mechanism is as follows:
HRP.q + H205 —HRPo, + H,0

HRPo, + HQ— HRPg., + BQ

BQ+Ht+2 e — HQ

Where HRPg,.,; is HRP in reduced state, HRP(, is the oxidation state of HRP and BQ

(ben-zoquinone) is the oxidation state of HQ.

Upon addition of H,O,, HRP will first react with H,O, and converts to HRP(, which
will then exchange electrons with HQ and produces BQ and HRPg,.,. Then BQ receive
electrons from the electrode, which electrochemically produces HQ. Recycling the HQ
and BQ result in a decrease in the current which is proportional to the concentration of
HRP and therefore the target biomarker on the surface (Camacho et al., 2007; Dong
et al., 2017). Subsequently, the difference between the background signal and the sig-
nal from HRP reduction (Ai) was plotted as a function of logarithm of the concentration
in figure 3.31b. As can be seen in this figure, the difference in current increases with
an increase in the concentration, which is due to the presence of more HRP labels;
this is correlated with the presence of more ds-MGMT nucleotides. The best fit linear

model is:

y = 0.461In(x) +0.20 (3.7)
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with R = 0.96 and the linear range of 1 pM to 50 uM. The LOD was calculated to be
0.86 pM using the equation (Singh et al., 2014; Shi et al., 2018):

LOD =3.30/m (3.8)

where o is the standard deviation of the amperometric responses of 4 blank samples

and m is the slope of the calibration curve.

Selectivity

The selectivity study was performed with 100 pM of target dsDNA (ds-MGMT) non-
complementary as well as non-methylated oligonucleotides spiked in mouse plasma
and a blank mouse plasma sample. As can be seen in figure 3.31c, there was a
significant difference (Supported by a two tailed T-test analysis) in the responses of the
blank and the ds-MGMT samples. Also, the fabricated sensor was able to distinguish
between the same concentration of target DNA and the non-complementary and non-
methylated DNAs. The higher response of the target DNA means that the biosensor
has successfully captured the target DNA, the antibodies have identified the methylated
cites on the target DNA, and the reduction of HRP has taken place as described in

Section 3.2.5.

3.2.6 Comparison with other works

In Table 1, the various parameters of the proposed biosensor, including the working
electrode, the bioreceptor, the dynamic range, the LOD, and the measurement tech-
niques, are compared with other electrochemical biosensors so far reported for the
detection of DNA methylation. Although most of the works summarized in Table 3.6
report a better LOD than the results in this work, they all detect single-stranded DNA
(ssDNA). In addition, some of the reported biosensors only detect the presence of
methylation, insensitive to the gene sequence, while in this work, the presence of the
methylation and the sequence of the double-stranded target gene are detected simul-

taneously.
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Table 3.6: An overview of the other bioser]iéc}rs assays to date for the detection of DNA

methylation, using various types of nanomaterials.
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3.2.7 Summary

A biosensor for the detection of the ds-MGMT gene has been developed in this work
using an ErGO/AuNPs-modified electrode. The electrochemical and thermal reduc-
tions of GO were also compared. A high C/O ratio was achieved using electrochemical
reduction of GO without using any harmful reductants and in a shorter period of time
compared to the techniques reported in other papers. The Ip/ls ratios showed higher
numbers of defect sites and a smaller crystallite size of sp? structures in ErGO. After
the electro-deposition of the AuNPs, the At% of gold for the ErGO/AuNPs was higher
compared to the TrGO/AuNPs. Therefore, the ErGO/AuNPs electrode was used as the
base electrode to develop the biosensor. PNA was used to form a SAM layer on the sur-
face via the amine AuNPs interaction where PNA acts as the biorecognition element.
The linear range was 1 pM to 50 uM and the LOD was calculated to be 0.86 pM without
any PCR amplification or bisulfite treatment. The detection time for this biosensor was
3 hours and 30 minutes. Selectivity studies showed that the biosensor is able to dis-
tinguish between blank mouse plasma, the target dsDNA, and the non-complementary
and non-methylated oligonucleotides spiked in mouse plasma. However, the stability
of the sensor over time and the sensor performance in human plasma is still to be
explored in the future. To the best of our knowledge, this is the first report on using
PNA to detect methylated DNA and to capture double-stranded methylated DNA. The
sandwich design can be tailor-made to detect other methylated genes, revealing it as
basis for clinical applications in diagnostics and a marking it as promising platform for

detecting ds-methylated biomarkers.
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Chapter 4

Conclusions and outlook

Conclusion

Glioma is an aggressive form of brain cancer that is currently difficult to diagnose and
treat. It is hoped that by exploring novel, simple and non-invasive techniques for the
detection or screening of life threatening diseases such as gliomas, the survival rate

and the quality of life of patients will increase.

In this work two biosensors for the detection of DNA methylation as a biomarker for
glioma were designed, developed and tested. The Ab/ssDNA biosensor reported in
this thesis is the first biosensor to detect MGMT gene, using rGO electrodes. The
PNA/ADb biosensor is the first report on direct detection of double stranded methylated

DNA, with no prior preparation.

The first biosensor is based on a commercially available reduced graphene oxide (rGO)
screen printed electrode, and uses anti-5mC as a bioreceptor agent and ammonium
hydroxide as a linker (aminated rGO). In this biosensor, the target ssDNA was first
hybridised by its complementary DNA to characterize its sequence and form a ds-
DNA, which was then captured by anti-5mC on the electrode surface due to the pres-
ence of methylation. Optimization studies were done to optimize various preparation
steps including the effect of BSA and protein G, amination incubation time, antibody
and antigen incubation time. In addition, various techniques such as electrochemi-
cal measurements, Raman and x-ray photoelectron spectroscopy (XPS) and scanning
electron microscopy (SEM) were used to characterize the electrode surface and un-

derstand possible surface reactions after amination. Finally linearity and selectivity
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tests were done using voltammetric techniques. The linearity test was performed for
methylated ssDNA and dsDNA, showing a different response for each of the targets
with LOD of 12 fM for ssDNA and 25 fM for dsDNA. The selectivity test showed that
the developed biosensor was selective towards the methylation in the target ssDNA vs.
non-methylated target with the same sequence. However, this biosensor relies on the
previous hybridization of the methylated DNA to select the target gene sequence, and
is not selective when detecting the target in a larger pool of ssDNA strands. This is a

drawback of the first biosensor.

To overcome the selectivity problem of the Ab/ssDNA biosensor and to be able to
achieve simultaneous recognition of the gene sequence, as well as the presence of
methylation, the PNA/Ab biosensor is developed using Peptide Nucleic Acids (PNA),
as the bioreceptor agents. The PNAs are anchored on gold nanoparticles (AuNPs)
which were previously electro-deposited on the ErGO surface. Similar to the Ab/ssDNA
biosensor, the PNA/Ab biosensor is also based on commercially available screen printed
electrodes. However, in this work the surface of the electrode was modified with rGO
and AuNPs to increase the reproducibility of the commercial biosensor. Here, two types
of GO reduction (Electrochemical and Thermal) were compared using various char-
acterization techniques including XPS, SEM, EDS, Raman spectroscopy and cyclic
voltammetry. After the aforementioned investigations, ErGO was used for continuing
the study due to its higher reduction degree and stability during the measurements.
After electro-deposition of the AuNPs, PNA was used to invade ds-MGMT genes in
buffer and in mice plasma, where its methylation was captured by biotinylated antibody
which was then detected by amperometric techniques using strep-HRP as the label.
The LOD for this biosensor was calculated to be 0.86 pM with dynamic range of 1 pM
to 50 uM.

Although both of the biosensors developed in this study were aimed to detect methy-
lated DNA associated with glioma, but they can be re-designed to detect methylated

genes with different strands, and therefore can be applicable to other diseases with
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Recommendations for future work

In this work, two different biosensors were developed, however these are just two ex-
amples of many potential biosensor designs based on graphene that can be developed

and validated to quantify methylated DNA.

In terms of electrode fabrication the rGO electrodes can be printed in house in a well
controlled clean-room to ensure uniformity of quality of the electrodes and improving
the reproducibility of subsequent applications, which is currently a major issue in com-
mercially available electrodes. The stability of the electrodes can also be investigated
to clear their shelf life in case of mass production and storage of the electrodes. In this
work, the biosensors were fabricated before their application and therefore the stability

was not investigated.

Other graphene based materials can also be explored as a working electrode and be
compared to the current rGO electrode. Graphene based electrode can be prepared
as a 3D foam to increase its surface to volume ratio and which allows the accommo-
dation of more biomolecules and may result in a higher sensitivity. Also, other types of
biosensors can be combined with graphene and be compared with AuNPs used in this

work.

In terms of biosensor fabrication and application, it would be interesting to investigate
the same sensor designs reported in this work to other methylated DNAs and especially
see their applications in real patients plasma or blood. Other body fluids mainly CSF
can be used to detect brain tumor related DNA methylation as well. Furthermore,

down or up regulation of the number of methylations on DNA strands or duplexes can
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be a valuable path to look into. Also, a similar biosensor concept can be applied to
other types of graphene based biosensors such as FET, SERS, plasmonic, etc and be

compared with electrochemical measurement.

Finally multiplexing the biosensor to detect a combination of biomarkers at the same
time and equipping the sensors to an automated sample delivery, incubation and wash
system such as microfluidics will reduce possible errors and increase the reliability of

the biosensor.

Publications, posters and presentations
4.4.1 Publications

» Mina Safarzadeh, and Genhua Pan, Detection of a Double-Stranded MGMT
Gene Using Electrochemically Reduced Graphene Oxide (ErGO) Electrodes Dec-
orated with AuNPs and Peptide Nucleic Acids (PNA), Biosensors 2022, 12(2), 98,

https://doi.org/10.3390/bios12020098

* Mina Safarzadeh, Ahmed Suhail, Jagriti Sethi, Anas Sattar and Genhua Pan,
A label free DNA-immunosensor based on functionalised rGO electrode for the

quantification of DNA methylation, Nanomaterials 2021, 11(4), 985,

https://doi.org/10.3390/nano11040985

» Sara Khorshidian, Mina Safarzadeh, Ghasem Rezaei, Behrooz Vaseghi, David
Jenkins, Niroj Kumar Sahu, and Arunima Raja, Co0. 50ni0. 50-Xznx Ferrite
Nanoparticle Decoration on Go Surface: Structural, Magnetic and Electrochemi-

cal Properties, MAGMA-D-22-00417,
https://dx.doi.org/10.2139/ssrn.4071733

« Jagriti Sethi, Michiel Van Bulck, Ahmed Suhail, Mina Safarzadeh, Ana Perez-
Castillo and Genhua Pan, A label-free biosensor based on graphene and reduced

graphene oxide dual-layer for electrochemical determination of beta-amyloid biomark-

ers. Microchim Acta 187, 288 (2020),
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https://doi.org/10.1007/s00604-020-04267-x

 Jagriti Sethi, Ahmed Suhail, Mina Safarzadeh, Anas Sattar, Yinghui Wei and
Genhua Pan, NH2 linker for femtomolar label-free detection with reduced graphene

oxide screen printed electrodes, Carbon (2021),

https://doi.org/10.1016/j.carbon.2021.04.074

» Ahmed Suhail, Genhua Pan, Jagriti Sethi and Mina Safarzadeh, Label-free elec-
trochemical biosensor for the detection of bodyfluid based biomarkers, patent

application number: EP20217463.7

4.4.2 AiPBAND network events

The project aim, plans and achieved results were presented in five AiPBAND network
events (In London (UK), Rome (lItaly), Utrecht (the Netherlands), Catania (ltaly), Leu-

ven (Belgium)) and three webinars, as planned for in the AiPBAND proposal.

4.4.3 Conferences

 7th International Conference on Bio-Sensing Technology, May 2022, Poster
presentation titled: Detection of a Double-Stranded MGMT Gene Using Electro-
chemically Reduced Graphene Oxide (ErGO) Electrodes Decorated with AuNPs
and Peptide Nucleic Acids (PNA)

« 7th International Conference on Sensors and Electronic Instrumentation
Advances (SEIA’ 2021), September 2021, Oral presentation titled: Quantifica-
tion of double stranded methylated DNA, using rGO and AuNPs decorated screen

printed electrode.

+ 31st Anniversary World Congress on Biosensors, July 2021, Poster presen-
tation titled: A label-free DNA-immunosensor based on aminated rGO electrode

for the quantification of DNA methylation.

+ International Nanoscience Student Conference, August 2020, poster presen-

tation titled: A graphene-based biosensor for highly sensitive quantification of
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DNA methylation

» The 2nd World Summit on Advances in Science, Engineering and Technol-
ogy, October 2019, Oral presentation titled: Electrochemical label free detection

of DNA methylation using screen-printed graphene electrodes

» PhD micro and nano-sensors summerschool, August 2019, poster presenta-

tion titled: Graphene based biosensors for the detection of DNA

4.5 Awards

+ Joint best poster winner, July 2021, 31st Anniversary World Congress on Biosen-

SOors

* University-wide 3 Minute Thesis Competition, May 2021, 2nd place

4.6 Self-development activities

All of the network training events proposed by AiIPBAND were attended. Also, PhD
micro and nano-sensors summerschool was attended in order to become more ex-
posed to the biosensors field and other relevant academic skills, such as networking.
Finally, various webinars and development sessions were attended at the University
of Plymouth, including "Designing an effective research poster”, "Presenting at confer-
ences", "Keeping Lab records", "Career planning for postgraduate research students”,
"How to transit from academia safely", "structuring your article correctly”, "Open access
publishing”, "Unconscious bias", "Diversity in workplace" etc. | also self-learned Latex,
Adobe lllustrator and Adobe In-Design. During the Covid-19 pandemic lock downs, |
took various courses on Linked In learning to expand my expertise on visual commu-

nication and presentation skills as well as courses to make my job applications more

effective.

4.7 Collaborative studies and placements

* A collaborative study with Dr.Sara Khorshidian was established in which the elec-

trochemical measurements of her project were performed at the University of Ply-
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mouth. In this study, various compositions of Co 5o Nig.so_x Znx Ferrite nanopar-
ticles were decorated on GO nanosheets using hydrothermal methods. The elec-
trochemical properties of the nanocomposites were measured in K;[Fe(CN)g] so-
lution using CV techniques. Furthermore, the nanocomposites were used to
measure the presence of paracetamol in PBS to confirm the electrochemical
behaviour of the nanocomposites. The results of this study were reported in a

journal paper which is listed in the publications.

* A one week placement at DTU, Denmark was done to gain experience with opti-

cal ELISA.
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